
Edited by

Mechanical 
Performance 
of Sustainable 
Bio-Based 
Compounds

Domenico Acierno and Antonella Patti
Printed Edition of the Special Issue Published in Polymers

www.mdpi.com/journal/polymers



Mechanical Performance of
Sustainable Bio-Based Compounds





Mechanical Performance of
Sustainable Bio-Based Compounds

Editors

Domenico Acierno
Antonella Patti

MDPI 
 Basel 
 Beijing 
 Wuhan 
 Barcelona 
 Belgrade 
 Manchester 
 Tokyo 
 Cluj 
 Tianjin



Editors

Domenico Acierno

CRdC Tecnologie Scarl

Regional Center of

Competence New

Technologies for Productive

Activities Scarl

Naples

Italy

Antonella Patti

Department of Civil

Engineering and Architecture

(DICAr)

University of Catania

Catania

Italy

Editorial Office

MDPI

St. Alban-Anlage 66

4052 Basel, Switzerland

This is a reprint of articles from the Special Issue published online in the open access journal Polymers

(ISSN 2073-4360) (available at: www.mdpi.com/journal/polymers/special issues/mech perform

bio compd).

For citation purposes, cite each article independently as indicated on the article page online and as

indicated below:

LastName, A.A.; LastName, B.B.; LastName, C.C. Article Title. Journal Name Year, Volume Number,

Page Range.

ISBN 978-3-0365-6685-6 (Hbk)

ISBN 978-3-0365-6684-9 (PDF)

© 2023 by the authors. Articles in this book are Open Access and distributed under the Creative

Commons Attribution (CC BY) license, which allows users to download, copy and build upon

published articles, as long as the author and publisher are properly credited, which ensures maximum

dissemination and a wider impact of our publications.

The book as a whole is distributed by MDPI under the terms and conditions of the Creative Commons

license CC BY-NC-ND.

www.mdpi.com/journal/polymers/special_issues/mech_perform_bio_compd
www.mdpi.com/journal/polymers/special_issues/mech_perform_bio_compd


Contents

Antonella Patti and Domenico Acierno
Special Issue “Mechanical Performance of Sustainable Bio-Based Compounds”
Reprinted from: Polymers 2022, 14, 4832, doi:10.3390/polym14224832 . . . . . . . . . . . . . . . . 1

Antonella Patti and Domenico Acierno
Towards the Sustainability of the Plastic Industry through Biopolymers: Properties and
Potential Applications to the Textiles World
Reprinted from: Polymers 2022, 14, 692, doi:10.3390/polym14040692 . . . . . . . . . . . . . . . . . 5

Jiraporn Phojaroen, Thitirat Jiradechakorn, Suchata Kirdponpattara, Malinee Sriariyanun,
Jatupol Junthip and Santi Chuetor
Performance Evaluation of Combined Hydrothermal-Mechanical Pretreatment of
Lignocellulosic Biomass for
Enzymatic Enhancement
Reprinted from: Polymers 2022, 14, 2313, doi:10.3390/polym14122313 . . . . . . . . . . . . . . . . 33

Mohd Salahuddin Mohd Basri, Nor Nadiah Abdul Karim Shah, Alifdalino Sulaiman, Intan
Syafinaz Mohamed Amin Tawakkal, Mohd Zuhair Mohd Nor and Siti Hajar Ariffin et al.
Progress in the Valorization of Fruit and Vegetable Wastes: Active Packaging, Biocomposites,
By-Products, and Innovative Technologies Used for Bioactive Compound Extraction
Reprinted from: Polymers 2021, 13, 3503, doi:10.3390/polym13203503 . . . . . . . . . . . . . . . . 43

Anastasiya O. Makarova, Svetlana R. Derkach, Aidar I. Kadyirov, Sufia A. Ziganshina, Mariia
A. Kazantseva and Olga S. Zueva et al.
Supramolecular Structure and Mechanical Performance of -Carrageenan–Gelatin Gel
Reprinted from: Polymers 2022, 14, 4347, doi:10.3390/polym14204347 . . . . . . . . . . . . . . . . 81

Marı́a A. Rodrı́guez-Soto, Camilo A. Polanı́a-Sandoval, Andrés M. Aragón-Rivera, Daniel
Buitrago, Marı́a Ayala-Velásquez and Alejandro Velandia-Sánchez et al.
Small Diameter Cell-Free Tissue-Engineered Vascular Grafts: Biomaterials and Manufacture
Techniques to Reach Suitable Mechanical Properties
Reprinted from: Polymers 2022, 14, 3440, doi:10.3390/polym14173440 . . . . . . . . . . . . . . . . 97

Mohamad Khalid Khairunnisa-Atiqah, Kushairi Mohd Salleh, A. H. Ainul Hafiza, Nyak
Syazwani Nyak Mazlan, Marhaini Mostapha and Sarani Zakaria
Impact of Drying Regimes and Different Coating Layers on Carboxymethyl Cellulose
Cross-Linked with Citric Acid on Cotton Thread Fibers for Wound Dressing Modification
Reprinted from: Polymers 2022, 14, 1217, doi:10.3390/polym14061217 . . . . . . . . . . . . . . . . 129

Muhammad Zulhelmi Muktar, Muhammad Ameerul Amin Bakar, Khairul Anuar Mat Amin,
Laili Che Rose, Wan Iryani Wan Ismail and Mohd Hasmizam Razali et al.
Gellan Gum Hydrogels Filled Edible Oil Microemulsion for Biomedical Materials: Phase
Diagram, Mechanical Behavior, and In Vivo Studies
Reprinted from: Polymers 2021, 13, 3281, doi:10.3390/polym13193281 . . . . . . . . . . . . . . . . 151

Kawkb M. El-Tamimi, Dalia A. Bayoumi, Mohamed M. Z. Ahmed, Ibrahim Albaijan and
Mohammed E. El-Sayed
The Effect of Salinized Nano ZrO2 Particles on the Microstructure, Hardness, and Wear
Behavior of Acrylic Denture Tooth Nanocomposite
Reprinted from: Polymers 2022, 14, 302, doi:10.3390/polym14020302 . . . . . . . . . . . . . . . . . 171

v



Vincenzo Titone, Antonio Correnti and Francesco Paolo La Mantia
Effect of Moisture Content on the Processing and Mechanical Properties of a Biodegradable
Polyester
Reprinted from: Polymers 2021, 13, 1616, doi:10.3390/polym13101616 . . . . . . . . . . . . . . . . 189

Pei-Yi Wong, Akiyoshi Takeno, Shinya Takahashi, Sook-Wai Phang and Azizah Baharum
Crazing Effect on the Bio-Based Conducting Polymer Film
Reprinted from: Polymers 2021, 13, 3425, doi:10.3390/polym13193425 . . . . . . . . . . . . . . . . 199

Amanda Mattsson, Tove Joelsson, Arttu Miettinen, Jukka A. Ketoja, Gunilla Pettersson and
Per Engstrand
Lignin Inter-Diffusion Underlying Improved Mechanical Performance of Hot-Pressed Paper
Webs
Reprinted from: Polymers 2021, 13, 2485, doi:10.3390/polym13152485 . . . . . . . . . . . . . . . . 213

Simona-Nicoleta Mazurchevici, Alina Marguta, Bogdan Istrate, Marcelin Benchea, Mihai
Boca and Dumitru Nedelcu
Improvements of Arboblend V2 Nature Characteristics through Depositing Thin Ceramic
Layers
Reprinted from: Polymers 2021, 13, 3765, doi:10.3390/polym13213765 . . . . . . . . . . . . . . . . 229

S. F. K. Sherwani, E. S. Zainudin, S. M. Sapuan, Z. Leman and A. Khalina
Physical, Mechanical, and Morphological Properties of Treated Sugar Palm/Glass Reinforced
Poly(Lactic Acid) Hybrid Composites
Reprinted from: Polymers 2021, 13, 3620, doi:10.3390/polym13213620 . . . . . . . . . . . . . . . . 251

Alexander Stadlmann, Andreas Mautner, Maximilian Pramreiter, Alexander Bismarck and
Ulrich Müller
Interfacial Adhesion and Mechanical Properties of Wood-Polymer Hybrid Composites Prepared
by Injection Molding
Reprinted from: Polymers 2021, 13, 2849, doi:10.3390/polym13172849 . . . . . . . . . . . . . . . . 277

Aranzazu Alejandra Ferrandez-Garcı́a, Teresa Garcia Ortuño, Manuel Ferrandez-Villena,
Antonio Ferrandez-Garcia and Maria Teresa Ferrandez-Garcı́a
Evaluation of Particleboards Made from Giant Reed (Arundo donax L.) Bonded with Cement and
Potato Starch
Reprinted from: Polymers 2021, 14, 111, doi:10.3390/polym14010111 . . . . . . . . . . . . . . . . . 293

Siti Hajar Zuber, Nurul Ab. Aziz Hashikin, Mohd Fahmi Mohd Yusof, Mohd Zahri Abdul
Aziz and Rokiah Hashim
Influence of Different Percentages of Binders on the Physico-Mechanical Properties of
Rhizophora spp. Particleboard as Natural-Based Tissue-Equivalent Phantom for Radiation
Dosimetry Applications
Reprinted from: Polymers 2021, 13, 1868, doi:10.3390/polym13111868 . . . . . . . . . . . . . . . . 313

Edgar Adrián Franco-Urquiza, Yael Ramı́rez Escamilla and Perla Itzel Alcántara Llanas
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The global production of plastic is increasing, and plastic represents one of the most
popular materials, widespread in countless applications in commercial and industrial
fields and everyday life. However, the main drawback to consider in this widespread
employment is the difficulty of properly disposing of plastic at the end of its life cycle,
and its consequent accumulation in nature. Plastic wastes, including microplastics (1 to
5000 µm particles), accumulate in the oceans, seriously altering the marine environment
and the lives of its inhabitants. Furthermore, millions of tons of CO2 are emitted into the
atmosphere, generated from both the production processes and the final incineration at the
end of the products’ life cycles. The huge emission of greenhouse gases such as CO2 further
contributes to global warming by inducing dramatic and irreversible weather changes [1].

In this context, scientific research should focus on alternative solutions for the sus-
tainable development of production processes, including biomass waste valorization [2]
and the use of green technologies, avoiding risks for human health, and limiting the en-
vironmental impact. For example, fruit and vegetable wastes have high water contents
and high concentrations of biodegradable organic substances (e.g., carbohydrates, lipids,
and organic acids). These can be efficiently recovered and valorized as sources of polymer
materials for active packaging [3]. Innovative technologies, involving both thermal and
non-thermal methods, have been applied for the extraction and fortification of sensitive
bioactive compounds, as reported in a recent review by Basri et al. [3].

The purpose of this Special Issue was to collect original contributions, both research
papers and reviews, showing recent results and/or positive advances in the behavior of new
sustainable biomaterials under applied mechanical stress, in both static and dynamic modes,
and evaluating the characteristics of resistance, moduli and/or viscoelasticity in view of
potential applications in biotechnology and biomedicine [4], tissue engineering [5], medical
devices [6,7], surgical or dental implants [8], agriculture [9], packaging [3,10,11], textiles [1],
automotives [12–14], green buildings and construction [15], radiation dosimetry [16], and
3D printing [17–19].

Wound-care products have been prepared by using gellan gum and virgin coconut oil
(VCO) and developing microemulsion-based hydrogels [7]. The effects of drying methods
on carboxymethyl cellulose and citric acid coating layers on cotton threads have been
examined in [6], with regard to wound-dressing applications.

Arboblend V2 Nature biopolymer (which features lignin as a basic matrix; a significant
amount of polylactic acid; and small amounts of natural additives such as resins, waxes,
and shellac) was covered with three ceramic powders: Amdry 6420 (Cr2O3), Metco 143
(ZrO2 18TiO2 10Y2O3), and Metco 136F (Cr2O3-xSiO2-yTiO2). These systems have been
considered suitable for operating in harsh conditions, such as in the automotive industry,
to replace plastic materials, in light of their adhesion strength; microindentation hardness;
and thermal, structural, and morphological properties [12].
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Bio-based fibers can be efficiently applied in packaging when the mechanical proper-
ties of the corresponding fiber materials exceed those of conventional paperboard. Hot-
pressing has been considered an efficient method for improving both the wet and dry
strength of lignin-containing paper webs. Different pressing conditions for webs formed
with thermomechanical pulp have been studied by Mattsson et al. [11].

Lignin and soy flour have been proposed as binders in the fabrication of Rhizophora
spp. particleboard, for use as a phantom material in radiation dosimetry applications [16].
An increased internal bond strength was confirmed in samples with binders, which may
indicate better structural integrity and physicomechanical strength.

A new sustainable food system based on rice bran biopolymers, in light of the potential
application of ultrasound technology for enhancing the production of resistant starch, was
proposed in [20].

An overview of recent potential applications of biopolymers in textiles was provided
by Patti and Acierno [1]. Here, the use of biopolymers in various textile processes, from
spinning processes to dyeing and finishing treatment, is proposed as a possible solution for
reducing the environmental impact of the textile industry.

Bio-based materials have been considered a broad class of organic components ranging
from agro-food renewable resources [3] (e.g., polysaccharides and proteins), bacterial activi-
ties (e.g., polyhydroxyalkanoates [21]), the conventional synthesis of bio-derived monomers
(e.g., polylactides [19] and polyglycolides), or synthetic monomers (e.g., polycaprolactones,
polyesteramides, bio-polyester, etc.).

These systems allow current needs to be met without dangerously burdening the
future from ecological, economic, and human points of view (sustainability).

Biomaterials can be converted into chemical elements through the action of biological
or physical agents (biodegradability) and can also be transformed into natural fertilizers
for agriculture, once degraded (compostability).

A schematization of four types of plastics (fossil-based and non-biodegradable plastics,
fossil-based and biodegradable, natural-based and non-biodegradable, and natural-based
and biodegradable) is provided in [1].

However, applications of biodegradable polymers to replace conventional fossil-based
plastics remain limited by the former’s poor water resistance, high-dimensional stability,
and processability [22]. Most biodegradable systems have been made from polyester. The
main drawback of these biopolymers is their absorption of moisture, which gives rise to
dangerous degradation phenomena. In this perspective, Titone et al. [9] investigated the
effect of moisture on the processing and mechanical properties of a biodegradable polyester
used for injection molding. The mechanical properties of sheep wool fibers under the
impact of humid air and UV irradiation have been analyzed in [23].

The addition of different fillers can effectively improve the performance of biopolymers
by allowing the functional properties and degradation rate to be controlled [22]. There have
been various attempts to improve the tensile, flexural, hardness, and impact strength of
bioplastics by incorporating reinforcement materials, such as inorganic and lignocellulosic
fibers [24]. PLA/boehmite composites were prepared using a twin-screw extruder by
investigating the effects of the modification of polylactide using dicumyl peroxide as
a crosslinker and Joncryl (a patented, multifunctional, reactive polymer with improved
thermal stability/chain extenders for specific food-contact applications) as a chain extender
on a boehmite distribution [19]. Hernandez et al. investigated the effects of microspheres,
carbon fibers, or polyethylene glycol added to polyhydroxybutyrate (PHB) resin on the
thermal and mechanical properties of the final compounds [21]. A polymer film based on
poly(lactic acid) (PLA) as a matrix and polyaniline (PAni) as a conductive filler was prepared
by Wong et al. [10], to obtain antistatic properties. Polyaniline was chosen due to to its
good biocompatibility and conductivity and excellent performance in combination with
a PLA matrix. The crazing technique has been applied to enhance the polymer-degrading
activity of enzymes.

2
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For specific applications, it is important to prevent alterations upon contact with
biological fluids, reactions with the human body, and the release of harmful species (bio-
compatibility). Zirconium oxide nanoparticles (ZrO2 NPs) have been recognized for their
high biocompatibility and resistance to wear and corrosion. El-Tamimi et al. [8] investigated
the effects of adding salinized nano ZrO2 particles on the microstructure, hardness, and
wear resistance of acrylic denture teeth.

Sustainable compounds can also be obtained from natural lignocellulosic fibers [14,17,18,25]
or plant residues [15,26]. Birch (Betula pendula Roth.) and beech (Fagus sylvatica L.) solid wood
and plywood were overmolded with polyamide 6 and polypropylene (PP) to investigate
the mechanical properties and interfacial adhesion in [14]. Wood flour and wood pellets
manufactured from secondary processing mill residues, originating from white cedar, white
pine, spruce-fir and red maple, were added to polypropylene, in the presence and absence
of the coupling agent maleic, to evaluate the tensile, impact, and flexural strength [25].
Wood flour, supplied from a wood-processing factory, was added to recycled polyethylene
that was made by regenerating films from greenhouse covers, to investigate the rheological
responses of the final materials [18]. Additionally, 3D-printed objects have been prepared
by depositing a PLA-fused filament onto jute fabrics and mainly characterized in terms
of their tensile and flame-retardancy properties [17]. Pandanus amaryllifolius (a member
of the Pandanaceae family, abundant in south-east Asian countries) fibers were extracted
via a water-retting-extraction process and investigated as a potential fiber reinforcer in
a polymer composite [26].

However, the main challenge in the full development of these bio-based compounds, as
replacements for traditional-plastic-based formulations, is the lack of good mechanical char-
acteristics, resulting from poor interfacial adhesion between the filler and matrix [13,27,28]
or weak miscibility between the two phases in blend preparations [29]. Different strategies
should be studied in order to adapt these systems to our needs and improve their efficiency.
An alkaline and benzoyl chloride treatment of sugar palm fibers was proposed by Sherwani
et al. [13]. The combination of treated sugar palm fiber/glass fiber reinforced PLA hybrid
composites resulted in good physical and mechanical properties, especially after the fiber
pretreatment. This composite was designed to replace acrylonitrile butadiene styrene (ABS)
plastic in motorcycle batteries [13]. A new modifying agent based on polyacrylic-acid-
grafted organosolv lignin was synthesized via free-radical copolymerization and used
in combination with chitosan fiber in polylactide acid in the study by Tanjung et al. [27].
Urea-treated halloysite nanotubes have been utilized to reinforce epoxidized natural rubber
and to improve the overall properties of composites [28]. Additives based on vegetable oil
(sunflower, rapeseed, and castor oil) have been synthesized and introduced in PLA/starch
blends to improve their miscibility [29].
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Abstract: This study aims to provide an overview of the latest research studies on the use of biopoly-
mers in various textile processes, from spinning processes to dyeing and finishing treatment, proposed
as a possible solution to reduce the environmental impact of the textile industry. Recently, aware-
ness of various polluting aspects of textile production, based on petroleum derivatives, has grown
significantly. Environmental issues resulting from greenhouse gas emissions, and waste accumula-
tion in nature and landfills, have pushed research activities toward more sustainable, low-impact
alternatives. Polymers derived from renewable resources and/or with biodegradable characteristics
were investigated as follows: (i) as constituent materials in yarn production, in view of their superior
ability to be decomposed compared with common synthetic petroleum-derived plastics, positive
antibacterial activities, good breathability, and mechanical properties; (ii) in textile finishing to act as
biological catalysts; (iii) to impart specific functional properties to treated textiles; (iv) in 3D printing
technologies on fabric surfaces to replace traditionally more pollutive dye-based and inkjet printing;
and (v) in the implants for the treatment of dye-contaminated water. Finally, current projects led by
well-known companies on the development of new materials for the textile market are presented.

Keywords: textiles; sustainability; biopolymers

1. Introduction

Currently, textile production is constantly expanding by catering to fashion, style,
and marketing needs, as well as increasingly competitive technical challenges [1]. The
prospect of innovation and development contrasts, however, with the high pollution of the
environment caused by this industrial activity [2]. Between 1975 and 2018, the production of
chemical and textile fibers nearly quadrupled, from 23.94 million metric tons to 105.6 million
metric tons: a more than fourfold increase in less than 40 years [3]. Concerns about the
environmental impact of fiber production and subsequent disposal operations have grown
in prominence as demand for fabrics has increased. Several recent studies show that the
textile industry endangers freshwater and atmosphere micro-systems due to the use of
industrially harmful and toxic chemicals during the manufacturing process, as well as the
release of these chemicals [4–6]. Inadequate collection and careless disposal of solid waste
pollutes the land and air, endangering human health and the environment. As a result,
countries should devote a significant portion of their effort to waste management [7].

In this context, emphasis was placed on the development of alternative eco-friendly
solutions, green technologies, and sustainable manufacturing processes in order to avoid
risks to human health while also limiting environmental issues.

In our previous work [8], attention was paid to recent scientific research activities pro-
moting the sustainability requirements of textile production and circular economy actions
through the recovery of textile waste products and recycling fibers into composite materials.
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However, bio-based materials, i.e., a broad class of organic constituents produced from
renewable resources endowed with specific structural and functional characteristics such
as biodegradability, composability, or biocompatibility, could offer a potential solution to
replace the conventional plastics (primarily made from polyester (PET) [9,10], polyamide
(PA), and polypropylene (PP) [11–13]) involved in fabric and yarn production [14]. Biopoly-
mers can be used in the textile industry as the constituent base material for the production
of filaments and yarns, or to replace harmful chemicals in pre-treatment and finishing
operations by providing textile substates with various potential functionalities, such as
antibacterial and flame-retardant activity, UV protection, electric conductivity, and hy-
drophobicity [15]. In this study, we aimed to collect the most recent studies on prospective
biopolymers in the development of textile production by demonstrating the potential of
these materials in replacing common oil-derived plastics.

2. Background

Several applications of plastic-based materials exist today, involving not only com-
mercial and industrial fields, but also everyday life products. The global production of
plastics is continuously increasing due to different intrinsic properties, such as lightweight,
low-cost, durable, and chemical resistant properties. In addition, the increase in the hu-
man population, together with rapid economic growth, continuous urbanization, and
lifestyle changes are other factors considered responsible for the growing demand for
plastic products [2].

However, the main drawback that should be considered in the widespread employ-
ment of plastic consists in the difficulty of properly disposing of plastic at the end of its
life cycle, and its consequent accumulation in nature. It has been predicted that millions
of tons of plastics will be released into the surroundings in the coming years [16]. Every
year, tons of plastic waste accumulate in the oceans, including microplastics (1 to 5000 µm
particles), seriously altering the marine environment and the lives of its inhabitants [17].

According to Jambeck et al. (2015) [18], 4.8 to 12.7 million tons of plastic debris enter
the ocean each year, with cumulative inputs expected to increase tenfold by 2025.

Furthermore, millions of tons of CO2 will be emitted in the atmosphere generated both
from production processes and also from the final incineration at the end of the products’
life cycle [19]. The huge emission of greenhouse gases such as CO2 further contribute
to global warming by leading to dramatic and irreversible weather changes. As a result
of the industrial revolution, the CO2 concentration rose to over 390 ppm, and the global
temperature rose by 0.9 ◦C. In 2019, the former rose to over 400 ppm, while the latter rose
by 1.0 ◦C. Based on current trends, it is possible to imagine these levels exceeding 450 ppm
and 1.5 ◦C in the next 20–40 years [20]. Environmental impact deriving from production,
use, consumption, and end of life of plastics, is illustrated in Figure 1.

At the end of 2019, with the spread of the severe acute respiratory infection syndrome
coronavirus 2 (SARS-CoV-2) pandemic, also known as COVID-19, which has affected
millions of people worldwide, hundreds of countries, and thousands of victims, the global
economy was influenced in three ways: directly, through production and demand, or
supply chain and market disruption; and indirectly, through its financial impact on firms
and financial markets [21]. As illustrated in a very recent paper by Mittal et al. [22],
with the closing of shops and restaurants during lockdowns, people’s living conditions
have been changed, causing concerns over waste generation routines. Plastic wastes have
increased due to the extensive use of face masks, vaccine containers, packaging from food,
medical industries, and online purchases. In order to reduce the cumulative effects, the
substitution of petroleum-based plastics with bio-based plastics has also been presented.
Data and hypothetical calculations on the amplified amount of plastic waste generated
during COVID-19 have been collected in the work of Shams et al. [23].

The textile, fashion, and style industries were hit particularly hard by the pandemic’s
spread and the associated containment measures. Shahbandeh (2021) [24] reported a drastic
decrease in European textile production (equal to 26.9%) compared to the same period
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in 2019 (April and June 2020), when coronavirus cases reached a global peak. However,
a remarkable increase in extra-EU textile trade of 154.2% was also confirmed. This was
attributed to the import of personal protective equipment (PPE) that was required during
Europe’s coronavirus crisis. Face masks and isolation gowns were identified as the first
weapons of contagion protection in 2020. Authorities all over the world have encouraged,
and in some cases mandated, the use of face masks in public places, and every adult on the
planet has worn one.
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Face masks and gowns are mostly made from polypropylene given the versatile nature
of this polymer, which allows thermal processes in different ways and forms, and the quick
production on a large scale from monomers via chain-growth polymerization [25].

However, the unpredictability of the pandemic left the municipal solid waste (MSW)
sector unprepared, even in countries with a longer tradition of sustainable waste man-
agement. Contrary to expectations, single-use masks and gloves have little impact on
waste management, accounting for only 1% of the residual municipal solid waste collected
annually. On the other hand, the dispersal of abandoned masks and gloves outside of
indoor environments is causing environmental issues [26].

3. Biopolymers

Biopolymers can be produced from vegetal or animal-derived polysaccharides (i.e.,
starch, cellulose, lignin), proteins (i.e., chitosan, collagen) and lipids (i.e., wax, fatty acids),
bacterial activities (i.e., polyhydroxyalkanoates (PHA)), the conventional synthesis of
bio-derived monomers (i.e., polylactides (PLA) and polyglycolide (PLG)) or synthetic
monomers (i.e., polycaprolactone (PCL)s, polyester-amides (PEA), an aliphatic or aromatic
co-polyester (PBSA, PBAT)) [27].

The term “bio-based” does not necessarily imply “biodegradable” [28]. According
to ASTM D6400-99 [29], a biodegradable plastic is a degradable plastic in which the
degradation results from the action of naturally occurring microorganisms, such as bacteria,
fungi, and algae. The ability to be decomposed by microorganisms depends on the chemical
structure rather than the origin: petroleum-derived plastics can also be biodegradable [28].
A compostable plastic is a plastic that undergoes degradation through biological processes
during composting to yield CO2, H2O, inorganic compounds, and biomass at a rate that
is consistent with other compostable materials, and leave no visible, distinguishable or
toxic residue [29]. Composting is a biological process in which the organic material is
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decomposed primarily by microorganisms, to produce a soil-like substance, called humus.
The composting conditions are affected by environmental factors, such as water or moisture
content, temperature, acidity, enzyme specificity; or polymer factors, such as polymer
structure and chain flexibility, crystallinity, and molecular weight, as well as copolymer
compositions, size, and shape [30].

Plastics can be broadly classified into the four categories listed below (Figure 2):
(i) fossil-based and non-biodegradable plastics (PET, PP; PE; PA, thermosets); (ii) fossil-
based and biodegradable (PCL, PBAT), (iii) natural-based and non-biodegradable (bio-PP,
bio-PE, bio-PET), and (iv) natural-based and biodegradable (PLA, PHA, lignocellulose,
starch, proteins) [31,32].
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A transition to more sustainable plastics requires the development of systems not
derived from fossil resources and towards carbon-neutral blocks, with specific functional
and recyclable properties. In general, there are three methods to synthesize biopolymers
from renewable sources: to make use of natural polymers that can be modified but remain
similar to a large extent (such as starch), to produce monomers from fermentation that
follow polymerization, and to produce biopolymers directly through microorganisms [33].
The following biodegradable products are currently on the market (Figure 3):

- Poly(lactic acid) (PLA) is one of the most commercially successful bio-plastics. The
monomer (lactide acid), is produced through fermentation from renewable sources
such as starch or sugar. Other carbohydrate resources include: leaves, stems and stalks
from corn fiber, corn stover, sugarcane bagasse, rice hulls, woody crops, and forest
residues [34]. Jem and Tan (2020) estimated the global production volume of PLA
in 2019 to be around 190,000 tons [20]. However, their modest thermal, mechanical
and rheological characteristics, as well as their incompatibility with the process and
recycling technologies [35], limit the practical application of PLAs, making necessary
their copolymerization or blending with other polymers;

- Polyhydroxyalkanoates (PHA) accumulate inside the cells of microorganisms as gran-
ules for energy storage under restrictive nutrient conditions and high concentrations
of carbon [28];

- Poly(3-hydroxybutyrate-co-3-hydroxyvalerate)(PHBV) is obtained by the biosynthesis
of diverse bacteria in the presence of specific nutrients (e.g., nitrogen, phosphorous, or
sulfur) and an abundance of carbon sources [36];

- Polycaprolactone (PCL) is obtained through the condensation of 6-hydroxycaproic
(6-hydroxyhexanoic) acid or ring-opening polymerization (ROP) of ε-caprolactone (ε-
CL). Industrially ε-CL is produced from the oxidation of cyclohexanone. The products
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ε-CL and 6-hydroxyhexanoic acid are also intermediary products in the oxidation
process using microorganisms [37];

- Poly(butylene-adipate-co-terephthalate) (PBAT) is produced through the polyconden-
sation reaction of butanediol (BDO), adipic acid (AA), and terephthalic acid (PTA),
using general polyester manufacturing technology [38];

- Poly(butylene succinate) (PBS) is produced through the polycondensation reaction of
succinic acid (or dimethyl succinate) and butanediol (BDO). The monomers can be de-
rived from fossil-based or renewable resources. Succinic acid can be obtained through
fermentation of the microorganism; renewable feedstocks, such as glucose, starch, or
xylose; or by chemical process via the hydrogenation of maleic anhydride [39];

- Poly(glycolic acid) (PGA) is attained by the direct poly-condensation polymerization
of glycolic acid, via the solid-state polycondensation of halogen acetates, by reacting
formaldehyde with carbon monoxide, or via the ring opening polymerization of
glycolide, the cyclic dimer of glycolic acid (current industrial route) [40];

- Biomass: polysaccharides (starch, lignocellulose, chitosan, gums) and proteins (silk,
collagen, soy, zein).
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In recent years, there has been a growing trend towards the replacement of fossil-based
conventional plastics with identical molecules derived from renewable sources [41]:

- Bio-poly(ethylene) (bio-PE) is produced from the dehydration of ethanol from sugar to
produce ethylene, which, upon purification and polymerization. produces polyethy-
lene [42];

- Bio-polypropylene (bio-PP). Biomass can be converted into bio-based propylene by
multiple processes, such as cracking, gasification, fermentation, metathesis, and de-
hydrogenation. Methanol, isopropanol, ethanol, butanol, and glycerin, are good
candidates for propylene synthesis [43];

- Bio-poly(ethylene terephthalate) (bio-PET) is obtained through bio-based ethylene gly-
col as the monomer. Its precursors, terephthalic acid (TA) and ethylene glycol (EG), are
both produced from biomass (forest residues, corn stover). Bis(hydroxyethyl)terephtha-
late (BHET) is synthesized from ethylene glycol (EG) via a transesterification reaction
with dimethyl terephthalate (DMT) or an esterification reaction with terephthalic acid
(TA). Next, BHET pre-polymerization and melt polycondensation form low-Mw PET
or solid-state polymerization to produce high-Mw PET [44];

- Bio-poly(trimethylene terephthalate) (bio-PTT) is produced from biobased 1,3-propane-
diol (1,3-PDO) [41];
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- Bio-polyamide (bio-PA). The main source of bio-based monomers (11-aminoundecanoic
acid, 1,8-octanedicarboxylic acid, 1,10-decanediamine) is castor oil derived from oil
crops. Other biomass (sugar, starch, lignocellulose)-derived monomers are adipic acid,
caprolactam, and 1,4-butanediamine [45].

Therefore, in light of sustainable green manufacturing, future developing fabrics
should be biodegradable. Fabrics made with similar fiber characteristics, but derived
from renewable resources, such as bio-PET and bio-PA, could be used as alternatives to
current fabrics made with synthetic fibers. However, the debate over the potential pollution
induced during the latter’s life cycle remains open, as the latter, not being biodegradable,
can equally cause an aggravation of problems already highlighted with the use of fossil-
based filaments during the life cycle and at the end of their use [46].

Nevertheless, the step forward in reducing the environmental impact during the pro-
duction of fibers from renewable sources cannot be neglected. The lack of biodegradability
could not be considered an issue as durable bio-plastics have identical performance com-
pared to petroleum-based ones, and could be directly applied in existing recycling systems.
Furthermore, during the production of durable bio-plastics, although these are still more ex-
pensive, a large reduction in greenhouse gas (GHG) imprint emission is obtained compared
to petro-equivalents [47]. Life-cycle assessments (LCAs) for bio-PE and PLA bioplastics
were compared to those of two fossil-derived plastics, high-density polyethylene (HDPE)
and low-density polyethylene (LDPE), in terms of greenhouse emissions (GHG) and fossil
fuel consumption (FFC). The results demonstrated the benefits of bio-based plastic path-
ways over fossil-based pathways by showing GHG equal to −1.0 and 1.7 kg CO2e per kg
for bio-PE and PLA with no biodegradation, compared with 2.6 and 2.9 kg CO2e per kg
for LDPE and HDPE; and FFC equal to 29 and 46 MJ per kg of bio-PE and PLA, compared
with 73 and 79 MJ per kg of LDPE and HDPE. However, despite the benefits of biogenic
carbon uptake, at the end-of-life, PLA emissions were increased from 16% to 163%, passing
from composting to landfill because less CH4 was emitted in the composting gas [48].

A comparison between the properties of bio-based and traditional plastics is presented
in Table 1.

Table 1. Main properties of common bio-based and traditional plastic materials.

Monomers and Sources
Tensile

Strength [MPa]

Biodegradability Water Vapor
Permeability

(g·mil/m2·Day·kPa)

Density
(g/cm3)Environment Biodegradability

(%)

PLA

Lactide acid from starch
or sugar cane corn stover,
sugarcane bagasse, rice
hulls, woody crops and

forest residues [34]

37−66 (at yield)
[49]

Compost
(30 days) 60–70 [49]

400 [50]
1.21–1.25

[51]61.6–49.6 [52] Soil
(120 days) 0 [49]

21–60 [51] Marine
(180 days) 3–4 [49]

PHA

Hydroxyalkanoates
accumulated inside the

cells of
microorganisms [28]

17–104 [52]

Compost
(180 days) 94 [53]

/ 1.25 [54]Soil
(90 days) 100 [53]

Marine
(365 days) 52–82 [53]
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Table 1. Cont.

Monomers and Sources
Tensile

Strength [MPa]

Biodegradability Water Vapor
Permeability

(g·mil/m2·Day·kPa)

Density
(g/cm3)Environment Biodegradability

(%)

PHBV

Hydroxybutyric
monomers and

hydroxyvalerate from
carbon sources [36]

20−40 (at yield)
[49]

Compost
(28 days) 80 [49]

30 [50] 1.18–1.262 [51]40 [51] Soil
(280 days) 48.5 [49]

Marine
(180 days) 38–45 [49]

PCL
6-hydroxycaproic acid,
ε-caprolactone [37]

25−33 (at yield)
[49]

Compost
(91 days) 100 [55]

200 [50] 1.11–1.146 [51]20.7–4 [51] Soil
(280 days) 50 [55]

Marine
(365 days) 30 [56]

PBAT

Butanediol (BDO), adipic
acid (AA) and

terephthalic acid (PTA)
[38]

13−15 (at yield)
[49]

Compost
(45 days) 34–67 [49]

1200 [50] 1.26 [57]Soil
(120 days) 6.6 [49]

Marine
(28 days) 1–1.4 [49]

PBS
Succinic acid from

glucose, starch, xylose, or
oil sources [39]

30−35 (at yield)
[49]

Compost
(160 days) 90 [49]

90 [50] 1.26 [58]24.8 [52] Soil
(28 days) 1 [49]

Marine
(28 days) 1 [49]

Bio-
PE Ethanol from sugar [42]

Similar to
petroleum-
based [49]

17.9–33.1 [52]

Very slow [52]/Not biodegradable
[59] 3 [50]

Similar to
petroleum-

based
[60]

Bio-
PP

Methanol, isopropanol,
ethanol, butanol, and
glycerin from biomass

[43]

29.3–38.6 [52] Very slow [52] /

Similar to
petroleum-

based
[60]

Bio-
PET

Terephthalic acid and
ethylene glycol from

biomass (forest residues,
corn stover) [44]

Similar to
petroleum-
based [49]

50 [52]

Very slow [52]/Not biodegradable
[59] /

Similar to
petroleum-

based
[60]

Bio-
PA

11-aminoundecanoic
acid,

1,8-octanedicarboxylic
acid,

1,10-decanediamine)
from castor oil [45]

37−41 (at yield)
[49] Not biodegradable /

Similar to
petroleum-

based
[60]

PE Ethylene from fossil
sources

10–32 (at yield)
[49] Not biodegradable 1.7–8.7 [61] 1.3–1.8 [60]

PP Propylene from fossil
sources

15–27.5 (at
yield) [49] Not biodegradable 4 [50] ~0.95 [60]

PET Terephthalic acid from
fossil sources

55−79 (at yield)
[49] Not biodegradable 20 [50] 1.33–1.48 [60]

PA
Caprolactam(nylon–6),
Adipic acid (nylon–6,6)

from fossil sources
49–69 [61] Not biodegradable 350 [50] 1.07–1.24 [60]
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4. Traditional Textile Materials

One of the most basic human needs since the Prehistoric Age has been to cover and
protect the body from cold and/or bad weather. Many anthropological and archeological
studies have demonstrated the practical and symbolic importance of fabrics throughout
human history, particularly in rituals, events, and ceremonies [62]. The first woven fibers
were discovered in Egypt during the Neolithic era: they were made of very fine-quality
hemp, i.e., linen, in a complex pattern (“brocaded”) with fringes at the edges [63]. There
is evidence of a wool trade in Iran, and there were woolen garments in Babylon. Around
3000 BC, Egypt and India had well-developed spinning and weaving of linen and cotton.
During the Bronze Age (2000 BC), discoveries of animal fibers for burial were made in
Northern Europe. Turkey became skilled in carpet manufacturing during the Middle Ages;
Palermo (Sicily) became famous for the production of elaborate silk and gold fabrics, and
Lyon (France) became the most important silk manufacturing center in Europe. Prior to
the industrial revolution, the textile industry grew more as a trade in fine ornamental
yarns and beautiful textiles than as a result of technological advancement. However, W.
Lee of Woodborough invented the knitting machine in England at the end of the 1500s,
followed by cotton gin in 1793, the flying shuttle for weaving, invented by John Kay, and
the mechanized loom, invented by Edmund Cartwright [64]. Textile production, based
on both natural and synthetic fibers, has grown significantly in tandem with population
growth, as well as with the economic and commercial aspects of fashion and style.

Textile fibers can be divided into two main categories: natural and synthetic fibers [65].
The former originate from animals, vegetables/plants, or mineral sources. Examples of
animal-based fibers are wool, silk, and hair (alpaca, goat, horse), whereas plant-based fibers
are constituted by seed, bast, leaf, wood; finally, mineral fibers include asbestos, fibrous
brucite, and wollastonite [66]. As confirmed in a recent study by Uddin [67], natural fibers
better meet human requirements in view of comfort and aesthetics. Cotton, silk, and wool
are the three most common natural textile fibers used in clothing production. Recently,
the market has witnessed the introduction of “organic” cotton, which is cotton grown
without the use of chemicals, pesticides, or fertilizers. This has shifted production toward
more sustainable development. Organic cotton is primarily produced in countries such as
Turkey, China, India, and United States [68]. Wool fiber is well known for its warmth and
is commonly used in winter clothing, with renewability and recyclability characteristics
that contribute to its popularity in this industry. Silk fiber is well-known for its unique
softness and low linear density, despite being produced in much smaller quantities than
cotton and wool.

Synthetic fibers, also known as man-made fibers, are typically made from synthetic
materials, such as petrochemicals (polyamide, polyester, polypropylene) [65]. However,
some synthetic fibers, such as rayon, modal, and the more recently developed Lyocell (a
regenerated cellulose fiber made from dissolving pulp), are made from natural cellulose
(bleached wood pulp). Synthetic fibers can often be produced at a lower cost and in greater
quantities than natural fibers. For clothing, natural fibers can provide some advantages,
such as comfort, over their man-made counterparts [69].

In 2019, more than 60% of the world consumption of natural and man-made fibers
belonged to synthetic fibers, primarily made from polyester, followed by cotton, cellulosic,
and wool [70]. Data on global fiber production are presented in Figure 4 [70]. In 2019,
China was the main consumer of natural and synthetic fibers, employing more than half of
the total, followed by other Asian, North American, and European countries [71].
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5. Polluting Aspects by Textile Industry

The manufacturing process of textiles consists of four primary stages: yarn production,
fabric production, textile production, and finishing treatment.

Pesticides, insecticides, and fertilizers are used in raw material treatments for cellulose-
and protein-based natural fibers. After the first step, which is the removal of impurities,
a series of continuous operations is followed. This series consists of blending, mixing,
cleaning, carding, drawing, roving, and spinning; these processes are mainly mechanical,
not requiring chemical applications [67]. By contrast, monomers, chemical agents, precur-
sors, catalysts, and a variety of auxiliary chemicals are used in the preparation of synthetic
polymer-based yarns [67].

Three general stages can be distinguished in man-made manufacturing yarn processes:
the preparation of the spinning fluid from solid polymers or monomers; fiber spinning by
extrusion; and, subsequently, solidification, mechanical, thermal and chemical treatment to
improve properties [72].

Several processes are applied during the production of fabrics, including: sizing chem-
icals to improve absorbent capacity; oxidizing agents to improve strength, hygroscopicity,
dye absorbency, and brightness; the use of pigment and chromophore agents, as well as
dyes, to improve color [8].

The ultimate appearance and aesthetic properties of textile materials are determined
by textile finishing, which has the potential to change various physical and chemical
properties of textile materials in response to consumer demands [73]. Specific finishing
treatments have been used to impart water and oil repellency, antibacterial resistance,
and flame resistance [8]. Textile finishing, including washing, bleaching, dyeing, and
coating, is applied to bulk textiles or garments after weaving and/or synthetic material
production [74]. These processes are conventionally performed through typical pad-dry-
cure techniques, consuming intensive amounts of energy and massive quantities of water,
usually discharged as effluent [74]. The pollutants involved in each operation of the textile
industry are summarized in Figure 5 [75].

With the growth of the world’s population and rising living standards, large amounts
of production and post-consumer fiber waste have accumulated in nature or in landfill [76].
Fibers, yarns, fabric scraps, and apparel cuttings are examples of production waste gener-
ated by fiber producers, textile mills, and fabric and apparel manufacturers. Pre-consumer
waste are products with mistakes in design, faults, or incorrect colors, while post-consumer
waste refers to garments or household items that the owner no longer requires and chooses
to discard [8].

The cleaning of clothing made of synthetic fabrics appears to be a significant source of
contamination for sewage due to the production of micro- and nano-sized plastic fragments
released in washing water. Recently, microplastics have been revealed as new sources
of pollution in the oceans. Because microplastics are not visible to human eye, and do
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not degrade in an aqueous environment, they can become food for plankton and other
organisms that live in the oceans by entering the food chain [77].
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6. Properties of Bio-Based Fibers and Fabrics

Choosing an appropriate fiber among various renewable fibers derived from biomass
necessitates an awareness of sustainability based on the product’s GHG imprint and the
energy requirements of its production and distribution [46]. The selection of material
should be based on the product’s value chain, previous use in clothing, and a comparison
of its physical parameters with the most commonly used synthetic fibers derived from PET
(terylene, dacron, etc.) [46].

6.1. Biodegradability

Polymer degradation occurs as an effect of different mechanisms (photodegradation,
thermo-oxidative degradation, and biodegradation) throughout chemical reactions such as
chain scission, crosslinking, side group elimination, chemical structure modification [78].
Biodegradation consists in the breakage of organic matter by means of microorganisms
through two main pathways developed under aerobic (in the presence of oxygen) and
anaerobic (in the absence of oxygen) conditions [79] (Figure 6). The final products of aerobic
biodegradation are carbon dioxide, water, biomass, and oxidation products of nitrogen and
sulfur; whereas, in the case of anaerobic biodegradation, hydrocarbons, methane, carbon
dioxide, biomass, and reduction products of nitrogen and sulfur are released [80].
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Environmental biodegradation occurs in the case of uncontrolled conditions (temper-
ature, moisture, pH, nutrients, oxygen level, presence of organisms, and composition of
the waste), without human involvement. If conditions are inadequate, the biodegradation
process leads to waste accumulation [79].

Once discarded in the environment, polylactide is hydrolyzed into low-molecular-
weight oligomers, and then converted into CO2 and H2O by microorganisms present in
the environment [81]. However, microorganisms able to degrade PLA are not widespread
in the soil, making PLA biodegradation less feasible than that of other polyesters, such as
PHB, PCL, and PBS [82].

Aliphatic bio-polyesters (PLA; PGA, PCL, etc.) have been commonly used in biodegrad-
able products. The hydrolytic and/or enzymatic chain cleavage of these materials leads
to αhydroxyacids, which could be assimilated by the human body or in composts [83].
However, poor mechanical properties and degradation time restrict the applications of
these biopolymers. Copolymerization or blending have been designed to increase the
performance enabling a range of mechanical properties and degradation rates [83]. The
fibers of PLA-PCL, PGA-PCL, PDO (polydioxone) and PGA, with two different diameters
(150 µm and 400 µm), were characterized in terms of degradation rate under three different
environments (water, NaCl and PBS). After immersion in an aqueous medium, the first
phenomenon to occur was the penetration of water from the surface to the center due to
the negative gradient of water concentration (pure diffusion), which was faster compared
with degradation. Therefore, it was considered that the hydrolysis of ester bonds started
homogeneously. Despite the usual low degradation of PCL, PGA-PCL, the correspond-
ing fibers were the fastest in terms of weight loss, followed by PGA, PDO, and the less
biodegradable PLA-PCL [83].

Cotton fibers are mostly made of cellulose, which is biodegraded by microorganisms
that secrete enzymes called cellulases. Cellulases catalyze the hydrolysis and oxidation of
the cellulose molecular chain into cellobiose units, which then degrade into glucose and glu-
cose derivatives, both of which are non-hazardous to the environment [84]. The biodegra-
dation of cotton fabric is affected by textile finishing (silicone softener, durable press, water
repellent, and a blue reactive dye). The rate of degradability of textile microfibers during
laundering decreased with durable press- and water-repellant finishing treatment. The
presence of crosslinking (durable press) and hydrophobicity (water repellent) on the surface
slows down the initial adsorption of enzymes excreted by microorganisms in the inocu-
lum. Therefore, the use of manufacturing techniques such as derivatization, blending, and
coating to improve bio-based material performance in practical applications affects the
environmental impact of the final product [85].

Experimental evidence of the aquatic biodegradation of cotton, rayon, and polyester-
based fabrics has demonstrated that during, laundering cellulose-based fabrics releases
more microfibers (0.2–4 mg/g fabric) than synthetic textiles (0.1–1 mg/g fabric). However,
cotton and rayon fibers degraded in aquatic conditions faster than polyester fibers, which,
by contrast, persisted in the environment for a long time [86].

The biodegradation of wool (natural keratin fiber), cotton (a natural cellulose fiber),
and fiber of PLA was evaluated at 35 ◦C for 42 days to determine the time-dependent
changes in weight loss, strength loss, and morphology under natural soil and aqueous
medium conditions. The results made it possible to determine that the degradation
rates in natural soil were higher than in aqueous medium, listed in the following or-
der: cotton > wool > PLA fiber. This led to the conclusion that natural fibers degrade more
easily than man-made biodegradable PLA fibers [87].

Based on a study by Egan and Salmon [79], the percentage biodegradation of tex-
tile fibers in various environments can be summarized as follows: (i) cotton fibers are
biodegradable in soil (180 days) and anerobic conditions (30 days), and semi-biodegradable
in compost (45 days); (ii) PLA-based fibers are biodegradable in compost (45 days), semi-
biodegradable under anerobic conditions (30 days) and seawater (90 days), and completely
non-biodegradable in soil (180 days); (iii) PET fibers are never biodegradable.
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6.2. Mechanical Performance

Polylactide acid (PLA) is one of the most promising biopolymers in textiles, since it
possesses similar characteristics to synthetic fibers, with superior biodegradability com-
pared to other biopolymers. It is soft to the touch, features a silky sheen, and offers good
durability. However, the breaking strength of pure PLA was very low, making it necessary
to set specific parameters for the production and processing of PLA fibers [88], or for
blending it with other polymers [89].

Persoon et al. [90] analyzed the effect of draw ratio and temperature on the tensile
and thermal properties of melt-spun monofilament and multifilament fibers from PLA.
The fibers were produced by melt spinning and subsequent solid-state, by choosing two
matrices, different in viscosity and molecular weight. The final results demonstrated that
the melt draw ratio, solid-state draw ratio, and drawing temperature strongly affected the
mechanical properties of PLA fibers. By increasing the solid-state ratio, the orientation and
crystallinity were increased. The authors concluded that a higher solid-state draw ratio
was preferable when manufacturing PLA fibers with higher orientation, crystallinity, and
tenacity, and that as a result, the melt draw ratio should be reduced accordingly.

Weft-knitted single-jersey fabrics were prepared by combining 100% PLA yarn or
PLA/lyocell blended yarns. By increasing the proportion of the lyocell fibers, the bursting
strength of corresponding fabrics was increased (bursting strength of basic PLA of 300 kPa),
although it remained lower than that of PET/cotton blended fabric [91].

Endowed with strong antimicrobial activity and excellent biocompatible and biodegrad-
able properties, PHBV can be represented as a potential candidate for replacing petroleum-
derived polymers. Unfortunately, the mechanical strength, water sorption and diffusion,
and electrical and/or thermal properties are all lacking, necessitating its use in conjunction
with other polymers [92]. In this regard, PLA/PHBV blends (100% bio-based and fully
degradable) have been investigated in terms of spinnability, as well as their mechanical
and thermal characteristics. The results made it possible to demonstrate the promising
application of these fibers to textiles: the addition of PHBV was shown to be compatible
with PLA and increased the flexibility of the blend. The highest tenacity and shrinkage
were recorded with PLA/PHBV blends of 95/5 and 90/10. At these concentrations, the
fibers were subjected to knitting to prepare knitting socks [93]. A further investigation of
dyeing processes of textiles made from PLA/PHBV was also performed by determining
the effects of different dyes, dyeing temperatures, dyeing times, pH and liquor ratio on
the dye exhaustion in the dyeing process, color fastness, and mechanical properties. The
final results confirmed commercially acceptable levels of the measured characteristics, and
the feasibility of the designed dyeing process. The calculated amount of energy required
for the whole dyeing was comparable with that of polyethylene terephthalate [94]. Other
studies went further in testing the antibacterial ingredient, polyhydroxy butyrate (PHB),
of the PHBV material as a potential candidate for antimicrobial activity, in textile fabrics
made from poly (hydroxybutyrate-co-hydroxy valerate)/polylactide acid (PHBV/PLA)
with natural cotton fibers [95]. The effects of blend yarn, fabric structures, and distributions
of fibers on the antimicrobial properties of the knitted fabrics were analyzed.

A comparison of the mechanical, thermal, and surface properties, as well as the
anti-bacterial behavior, of five different types of synthetic multi-filament yarn and the
corresponding knitted fabrics was presented in the work of Huang et al. [96]. Three bio-
based materials (PLA/PHBV, PLA, Cupro) and two petroleum-based materials (PET, PA6)
were considered. The final results made it possible to attest that the bursting strength,
extension, and recovery of jersey-knitted fabrics from PLA/PHBV yarns satisfy industrial
requirements. For these fabrics, a bursting strength of 375.8 kPa was measured, which
was higher than that of PLA fabrics, similar to that of PA 6, and significantly lower than
PET fabrics. Dyed PLA/PHBV knitted fabrics displayed the worst abrasion resistance
(2250 rubs) compared with other fabric samples (the highest: PET fabrics with abrasion
resistance > 50,000 rubs), promising tearing property, and good air permeability, as well as
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excellent antibacterial performance against staphylococcus aureus, klebsiella pneumoniae,
and candida albicans.

6.3. Breathability and Comfort

“Clothing is comfortable when we are unaware of it” [97]. Factors that increase the
awareness of wearing a garment, such as its pressure on the skin, its temperature, and its
wetness, decrease the comfort [98]. Depending on personal choices, discomfort arises when
the pressure approaches that of diastolic blood pressure (80 mmHg), three-quarters of the
body surface is covered by liquid sweat, and a constant core temperature is maintained
at different work rates for the body [97]. This means that during human activity, the
generated heat should be transferred to the environment. The main mechanism of heat
transport, especially during physical activities, is water evaporation and its transport to
the surroundings [98].

Polylactide acid has a higher natural hydrophilicity than most other thermoplastic
polymers, including polypropylene, nylon, and PET, because water molecules can enter
in PLA macromolecules through polar oxygen linkages [99]. Although PLA fibers are not
as wettable as cotton, the improved wettability characteristics of these fibers determine a
larger moisture vapor transmission compared to PET or nylon fiber-based fabrics. This
aspect allows the greater “breathability” of garments such as shirts, dresses, underwear,
and shoes composed of PLA-based fibers when these fibers are used in place of fibers such
as PET or nylon [99].

6.4. Antibacterial Properties

Resistance against microbial attack is one of the important aspects of the textile in-
dustry. A good contact area and the absorption of moisture are the two main causes of
microbial growth, which leads to unpleasant odors, dermal infections, allergic reactions,
and fabric deterioration. Thus, the incorporation of antimicrobial agents on textile products
capable of overcoming these issues is critical [100]. Chitin and chitosan are highly versatile
biomaterials that have gained widespread attention due to their unique properties, such
as nontoxicity, biocompatibility, biodegradability, low allergenicity, biological activity, low
cost, and so on [101]. One of the most common applications of chitosan in the textile
industry is as an antimicrobial agent, given its ability to provide protection against allergies
and infectious diseases, as well as moisture retention and wound-healing capabilities [102].
Because of the presence of reactive amino and hydroxyl groups along the backbone, chi-
tosan has some intriguing properties for use in textile dyeing and finishing. However, low
water solubility at neutral pH and poor durability on textile surfaces limit the widespread
use of chitosan [103]. Experiments have been conducted on the use of crosslinking and
graft polymerization to chemically modify chitosan to produce water-soluble bioactive
derivatives. For example, glutaric dialdehyde was chosen as the crosslinking agent to
chemically bond chitosan to cotton fabric by verifying the antibacterial behavior of chitosan
against Escherichia coli and the Hay bacillus. It was found that 0.3 g/L chitosan solution
effectively inhibited W. Escherichia coli, whereas 0.5 g/L chitosan solution was required
against Hay bacillus [104].

The worldwide epidemic caused by the coronavirus 2 (SARS-CoV-2) pandemic has
focused attention on rules, attitudes, and best practices for virus disease prevention. As a re-
sult, there has been a surge of interest in the development of surfaces that inhibit or prevent
the adhesion of these microorganisms [105]. The health risks posed by the SARS-CoV-2
viruses and the need to protect the environment have shifted the focus to safe and durable
antiviral and antibacterial textiles made from bio-based, renewable materials. New fibers
and environmentally friendly advanced technologies to improve the mechanical properties
and the antimicrobial behavior of textiles have been examined in [105]. Chemical treatment
to modify natural and synthetic fibers is one of the viable and promising methods used in
textile coating and finishing to improve their antibacterial, ultraviolet-protection, flame-
retardant, and anti-static properties [106]. However, the involvement of hazard chemicals
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during chemical modification treatments raised environmental concerns by encouraging
the use of a variety of natural and biodegradable coatings for wet chemical surface mod-
ification [107]. A series of novel chitosan-based water-dispersible polyurethanes have
been experimentally assessed for upgrading the antibacterial activity of polyester/cotton
textiles [108]. Nano-chitosan-polyurethane dispersions (NCS-PUs) were prepared via poly-
merization processes and applied on polyester cotton fabric (PCF) as a finishing agent,
using the pad dry cure technique. Antibacterial activity, ultraviolet protection factor, tear,
and tensile strength were measured for both dyed and printed textiles, demonstrating
the NCS-PUs treatment’s usefulness and effectiveness in increasing the desired properties
of coated samples. The gradual increase in concentration of chitosan into the PU back-
bone significantly enhanced resistance against B. subtilus, S. aureus (gram-positive) and
E. coli (gram-negative).

6.5. Flammability

A comparison of the flammability properties of PLA and PET fibers showed low
flammability and less smoke generation than PET [109]. However, the high flammability of
PLA is well known, which can result in the production of toxic gases during combustion in
vitiated atmospheres [110]. As a result, PLA’s flame-retardant properties have become an
issue, limiting the scope of its applications [111]. Although most systems have not yet been
commercialized, phosphorus-based PLA formulations have proven to be quite effective
at increasing the flame-retardant features of corresponding PLA-based materials [110]. In
this regard, intumescent formulations mainly composed of acid and carbon sources was
analyzed in the work of Cayla [112]. Lignin from wood waste was selected as the carbon
source, and added in different PLA-based preparations, to ammonium polyphosphate (AP)
by melt extrusion, and then hot-pressed into sheets. The spinnability, thermal behavior, and
flame retardancy of the developed PLA formulations containing lignin and/or ammonium
polyphosphate were explored. MFI results confirmed that not all the formulations were
spinnable and endowed with an increase in thermal flame-retardant properties. Depending
on the concentration, the presence of ammonium polyphosphate in blends may not only
degrade the macromolecular PLA chains, but also change interactions between all of the
compounds. This may result in an increase in free volume of the PLA matrix and lignin
agglomeration. A type of regenerated cellulose fiber that is widely used as bio-derived
material in textiles, public transportation, electrical equipment, and building industries is
viscose fibers. It offers numerous advantages, such as biodegradability, excellent air perme-
ability, non-toxicity, low cost, and environmental advantage, with the main disadvantage
being its high susceptibility to ignition. In order to overcame this drawback, alginate fibers
were added to viscose yarns, and the effect of the content on the thermal stability, flame
retardancy, and combustion behaviors of the prepared viscose/alginate-blended nonwoven
fabrics, were investigated. The final results confirmed changes in the thermal stability of
developed nonwoven fabrics by decreasing flammable gas emissions, thus improving the
flame retardancy and inhibiting the smoke release [113].

The tenancy values of common natural, man-made, and bio-based fibers, are sum-
marized in Table 2. The melting point and indications of moisture absorption in terms of
moisture regain (the weight percentage of water in a material versus the material’s dry
weight) or overall moisture management capacity (an index between 0–1 expressing the
ability of the fabric to manage the transport of liquid moisture, with 0–0.2 being poor,
0.2–0.4 being fair, 0.4–0.6 being good, 0.6–0.8 being very good, and 0.8–1 being excellent)
are also shown.
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Table 2. Main properties of most common natural, synthetic, and bio-based fibers.

Yarn Production
Process

Tenacity (cN/dtex) Melting Point (◦C)

Moisture Absorption

Moisture Regain
(%) -

Overall Moisture
Management

Capacity

PLA Melt spinning at
210 to 235 ◦C [93]

0.90–1.09 [93]
4–5.5 [114]

3.2–5.5 [115]

162.4–162.7 [93]
175–180 [114]

0.5 [114]
0.4–0.6 [115] /

PLA/PHBV 90/10
(w/w)

Melt spinning at
210 to 230 ◦C [93] 0.46–1.09 [93] 164.3–164.9 [93] / /

PLA/PHBV 80/20
(w/w)

Melt spinning at
210 to 230 ◦C [93] 0.59–0.64 [93] 164.4–164.8 [93] / /

Cotton /
1.8 [116]
3.1 [117]

1.9–3.1 [115]
/ 7.5 [88]

8.5 [115] 0.63 [116]

Viscose / 2 [116] / / 0.62 [116]

Viscose/Modal
50/50

Ring spinning
technique [116] 2 [116] / / 0.6 [116]

Viscose/Cotton
50/50

Ring spinning
technique [116] 1.5 [116] / / 0.64 [116]

Cotton/Silk
(85/15)

Ring and siro
spinning systems

[117]
1.6–2.2 [117] / / 0.58–0.62 [117]

Cotton/Silk
(55/45)

Ring and siro
spinning systems

[117]
2.42–2.52 [117] / / 0.57–0.66 [117]

Wool / 1–1.4 [115] / 14–18 [88]
14.5 [115] /

Silk / 4.7 [117]
1.9–5.1 [115] / 10.5 [118]

30 [117] /

Polyester (PET) Melt spinning at
280–290 ◦C [114]

3.5–5 [114]
5.6 [119] 265 [114] 0.2–0.4 [88]

0.4 [114] /

Polyamide Melt spinning 3.5–5 [114]
6.6 [119] 214 [114] 4.1 [88]

4.5 [114] /

Polypropylene Melt spinning 3.5–5 [114]
6.5 [119] 175 [114] 0 [114] /

7. Recent Applications of Biopolymers to Textiles
7.1. Textile Finishing and Treatment

Conventional textile wet processing poses a significant challenge to the development
of eco-friendly processes and green products given the negative effects on human health
and the environment due to the requirement of a significant amount of energy for heating,
drying, and/or steaming, in addition to the machinery, resulting in an increase in green-
house gas emissions and carbon footprint [120]. Recently, there has been an increasing
awareness of hygienic lifestyle, concern over carbon and water footprint, and a desire to
meet consumer demands at the same time, ensuring the sustainability of our eco-systems.
The application of green chemistry principles and aspects of cleaner production have been
considered for preserving the environment, economy, and society [121]. The use of en-
zymes in the textile pre-treatment of natural fibers, such as depilling, desizing, scouring,
and so on, has already proven to be a highly profitable and sustainable alternative to the
harsh toxic chemicals used in the textile industry [122]. Enzymes are proteins made up
of amino acids, responsible for thousands of metabolic processes that sustain life. They
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act as catalysts, accelerating chemical reactions in highly specific and efficient ways while
not altering or being consumed [121]. Different enzymes are already used in experiments
for the textile industry, and they are able to impart specific functional features to treated
textiles: chitosan [103], cyclodextrin [123], alginate [124], or plant-based bioactive materials
(aloe vera) [125], essential oils (jasmine) [126], natural dyes extracted from different parts
of plants such as bark, leaf, root, and flowers containing common coloring materials such
as tannin, flavonoids, and quinonoids [127].

In order to impart shrink resistance to wool fabric, an eco-friendly treatment involving
a sequential combination of enzymes followed by polysaccharide-based bio-polymers was
proposed by Kadam et al. [128]. For the experiments, wool fabric was considered and
treated firstly with laccase and protease enzymes, and then coated with three polysac-
charide biopolymers (chitosan, wheat starch, and gum arabic) using the pad-dry-cure
technique. On the developed samples, a characterization based on microscopy and IR
spectroscopy, tensile, frictional, and bending analysis was performed. Except for friction,
shrink-resistance treatment has no effect on tensile or bending properties. The combination
of treatments preserved the whiteness of the wool fabric while reducing its yellowness. The
result obtained in the presence of chitosan treatment was found to reduce the wool fabric
shrinkage to <4%, which is deemed comparable to traditional chlorine-based methods.

UV-B radiation (wavelengths from 280 to 315 nm) results in harm to humans, partic-
ularly in terms of its effects on the eyes and skin [129]. It can cause damage to DNA and
RNA structures in humans, leading to helix distortion and alterations in transcriptional pro-
grams [130]. In this regard, Dominguez-Pacheco et al. [131] examined the effect of adding
natural pigments, extracted from the cooking of commercial white corn kernels, on the
improvement of fabric protection against UV radiation. The optical absorption spectra of
natural pigments and treated textiles were obtained using photoacoustic spectroscopy. Dur-
ing the cooking of agricultural grains, several components, such as phenols and flavonoids,
contained in the superficial layers were released. Maceration and microwave oven-assisted
extraction were the two adopted methods to capture the natural pigments from the samples.
The experimental results confirmed the higher optical absorption coefficient of textiles
treated with bio-based additives, compared to textiles to which a chemical anti-UV agent
had been added, and a wider band in the optical penetration length. This indicated that the
previous systems possessed greater opacity and less penetration by UV light.

7.2. Printing on Textiles by Fused Deposition Modeling (FDM)

A recent development in 3D printing processes increased the potential of this technol-
ogy by promoting its accessibility and providing a new platform for design, customization,
and innovation [132]. Many fashion designers are taking advantage of this innovation by
producing textiles, clothing, jewelry, notions, or shoes [133]. Sophistication and fidelity
to style have been added to the printed textiles [134], but functional characteristics such
as rigidity [135] and abrasion resistance [136] have also been imparted. In the work of
Singh et al. [137], cotton-knitted fabric and tulle net fabric based on nylon were selected
for better deposition of the fused plastic material inside the fabric. The effect of the infill
percentage on the adhesion property was investigated. The authors concluded that the
fiber direction in the fabric and the first layer played a larger role in affecting the adhesion
properties than the platform temperature.

To improve the environmental footprint of the production process for smart and
functional textiles by avoiding unnecessary use of water, energy, and chemicals while
minimizing waste, Hashemi Sanatgar et al. [138] proposed 3D printing as a more cost-
effective textile functionalization process than conventional printing processes such as
screen and inkjet printing. They investigated the adhesion characteristics, depending on
the fabric and filler type, of polymers and nanocomposite layers, printed directly onto the
textile fabrics by using the FDM method. Nylon was printed on polyamide 66 (PA66) fabrics,
polylactic acid on PA66 and PLA fabrics, and finally nanocomposites of PLA and carbon
black or multi-wall carbon nanotubes on PLA fabric. The results demonstrated that different
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3D printing process variables, such as the extruder temperature, platform temperature,
and printing speed could all have a significant impact on the adhesion force. The breaking
strength of 3D printed layers was reduced by increasing the extruder temperature. This
was interpreted as a sign of increased brittleness caused by higher processing temperatures.
Next, as the printing speed increased, the adhesive force decreased. In fact, improving the
printing speed reduced macromolecule penetration into the fabric, resulting in cohesive
forces, which are greater than adhesive ones. No significant linear effect on the adhesion
force of the platform temperature (chosen close to the glass transition temperature) was
verified. This was attributed to the poor mobility of macromolecules, which reduced the
diffusion of the printed polymer in the fabric structure by leading to negligible adhesion.
The platform temperature was found to play an important role in increasing the adhesion
when the value was higher than the glass point. The highest value of the adhesive force
was verified for samples made from PLA-based nanocomposites applied to PLA fabrics.

By contrast, Mpofu et al. [139] concentrated their study on fabric properties af-
fecting the adhesion of 3D printed PLA polymer onto selected fabrics (acrylic, cotton,
polyester/cotton blend and polyester) (Figure 7). The effect of fabric areal density, warp
and weft count, fabric thickness and roughness, ends/inch and picks/inch, was analyzed
through a regression model. The former four parameters were discovered to have a positive
effect on the investigated property, while the last were revealed to exert a negative effect.
In terms of fiber types, acrylic-based fabrics had the highest adhesion force to PLA, while
polyester-based fabrics had the lowest.
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Many clothing companies have begun to use 3D printing to create accessories and
soles. However, due to a lack of flexible materials, it is still not possible to produce ready-
to-wear clothing. In this regard, Uysal and Stubbs [140] developed a new method for
printing textile-like surfaces. Different flexible structures were made of layers by combining
different materials, PLA and lay-foom (made from a rubber-elastomeric polymer and a
PVA-component), numbers of layers, and repeating patterns (polygon, rectangles, floral).
Sewing patterns were printed and assembled into a three-dimensional garment using a
single printing step instead of typical production steps in the textile supply chain, such as
fabric production, dyeing, colour printing, cutting, and the application of other components,
such as inner linings.
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7.3. Treatment of Dye-Contaminant Water

One of the aspects of textile production that causes the most pollution is the contami-
nation of fresh water, particularly from the dye treatment [141]. This reduces the quality of
water and renders it unfit for consumption by inhabitants. Some dyes are more resistant
and difficult to degrade completely by using photolysis, biological and chemical decom-
position, and other ordinary approaches [142]. Advanced treatment technologies, such
as adsorption processes, advanced oxidation processes (AOPs), and membrane processes
have been shown to be promising alternatives for micropollutant removal; however, high
operating costs and the formation of by-products and concentrated residues limit their
application [143]. From an environmental point of view, it is also essential to develop new
technologies for the wastewater treatment and recycling of dye-contaminated water. A
recent review by Sirajudheen et al. [144] analyzed the applications of chitin and chitosan to
the adsorption of textile dyes from water. Chitin and chitosan are among the most abundant
natural biopolymers on the planet. They are endowed with distinct chemical, mechanical,
optical, and physical properties as a result of their structural characteristics, such as high
porosity, low density, renewability, and biodegradability. Unmodified and modified chitin
and chitosan, as well as their various derivatives, are used in applications such as dye
adsorption [145], air pollution [146], and heavy metal adsorption [147]. However, their
main disadvantages include their low absorption capacity, poor mechanochemical stabil-
ity, and low surface area. In order to improve these features, various approaches have
been experimentally adopted: imprinting with metallic species [148] or minerals [149], the
modification of the biomaterial surface through the crosslinker [150], and grafting [151],
resulting in more active sites that produced more reliable dye–adsorbent interactions.

7.4. Composites

Numerous studies on the use of natural fibers of different types (hemp [152], ke-
naf [153], jute [154], flax [155], curaua [156]) and architectures (short-fiber [157], non-woven
mat [158], and woven fabrics [159]) as reinforcements for PLA polymer have been con-
ducted in order to improve the biodegradability, mechanical properties, thermal properties,
and flame retardancy of corresponding composites [160]. By interlacing 3D-braided yarn
produced by the solid braiding method, a plain woven fabric in flax material was produced.
The obtained system was then combined with PLA polymer to create a sheet using the
solution casting technique. Finally, composite laminates were prepared by film stacking
and compression molding, and their tensile, flexural, and impact properties were studied
in relation to the number of layers of fabric and loading along the warp and weft directions.
The final results confirmed that fax fibers worked as effective reinforcing agents for the
PLA polymer, improving its thermal and mechanical properties [161].

Polymers and composites can absorb varying amounts of water depending on their
chemical nature, formulation, and environmental conditions of humidity and tempera-
ture [162]. Composite applications, ranging from civil structures to medical implants,
necessitate long-term studies in moist environments [163]. The dominant mechanism
in the phenomenon of moisture penetration is the diffusion of water molecules into the
matrix, and also into the fibers, which is enabled by a capillary flow along the fiber–matrix
interface, followed by diffusion from the interface into the bulk resin and transport via
micro cracks [164]. Often, the surface damage and cracks caused by absorption facilitate the
entry of water into the composite [165]. Liquid swelling is an important experiment to un-
derstand the composites’ performance in wet environments. The mechanical and swelling
behavior of a fully biodegradable “green” textile composite made from Ecoflex polymer and
ramie fabric by using the hot compression molding technique was analyzed in the work of
Kumar et al. [166]. The tensile strength, tensile modulus, elongation at break, and diffusion
characteristics of the composites in water, naphthenic oil, and diesel were measured. From
the values, the tensile strength and Young’s modulus of Ecoflex/ramie mat composite were
more than that of the neat polymer. The mechanism of the diffusion followed the classical
Fick law of mass transport with good approximation. The polar molecules of water easily
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penetrated in the cellulosic polar fiber (ramie); thus, the Ecoflex/ramie fabric composite
absorbed more water than diesel and lubricating oil.

7.5. Personal Thermal Management

Personal thermal management is currently receiving significant attention and inter-
est because it can keep people comfortable while saving energy at the same time. This
technology aims to heat or cool the human body locally, without wasting energy used for
heating, ventilation, and air conditioning. Nonetheless, previous studies highlighted weak
points, such as limited working temperature, poor comfort, and low textile reliability. In a
study by Wu et al. [167], a skin-friendly personal insulation textile and a thermoregulation
textile capable of performing both passive heating and cooling with a single piece of textile
and zero energy input was developed. A freeze-spinning process was used to create a
micro-structured biomaterial from breathable and antibacterial silk fibroin, resulting in
good thermal insulation, low thermal emissivity, and good dyeability. Next, the obtained
microstructure fibers were filled with biocompatible phase-change materials (poly(ethylene
glycol), PEG) through the impregnation and coated with polydimethylsiloxane (PDMS)
to enhance the hydrophobic and mechanical properties and prevent material leakage
(Figure 8). As a result, the insulation textile was transformed into a thermoregulation
textile with good water hydrophobicity, mechanical robustness, and working stability.
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7.6. Counterfeiting Sector

Silk luminescence was achieved in the work of Zhang et al. [168] through the chemical
coating of the surfaces of natural fibers with luminescent gold nanoclusters (AuNCs). The
synthesis was achieved through an easy, eco-friendly, and highly reproducible method. The
silk was immersed in an alkaline aqueous solution containing hydrogen tetrachloroaurate
(III) hydrate (HAuCl4), and a redox reaction between the protein-based silk and an Au
salt precursor occurred. From the experimental data, the good optical properties of the
luminescent silk coated with AuNCs were established by its relatively long wavelength
emission, high quantum yields, long fluorescent lifetime, and photostability. Compared to
the pristine fibers, golden silk possessed superior mechanical properties, a good ability to
inhibit the penetration of UV radiation, and lower toxicity in vitro. The authors proposed
nanocluster-coated silk fibers as potential candidates for the commercial silk textile industry,
tissue engineering, cell adhesion, antibacterial materials, biosensors and, particularly, the
anti-counterfeiting sector.

7.7. Hospital Clothing

With the purpose of developing disposable hospital clothing and reducing the social
costs resulting from the harmful effects of pollutants, Reza Saffari et al. [169] studied the
improvement of antibacterial characteristics of nonwoven biodegradable textiles, made
from polylactide, by using titanium dioxide (TiO2) coating. The coating treatment involved
a clean and environmentally benign process, i.e., the low-temperature plasma technique.
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Through contact with cold plasma, several concurrent processes caused chemical and
physical changes to the fabric surface’s characteristics. To activate the plasma surface, gases
such as oxygen, nitrogen, hydrogen, and ammonia were used. The interaction of these
gases with the surface resulted in the formation of various chemical functional groups. The
solvents, surfactants, and drying ovens typically used in the pretreatment and finishing
of textile fabrics are not required in the case of plasma, by making this coating technique
clean and environmental safety. The final results made it possible to determine a reduction
in both bacteria, S. aureus and E. coli, in the treated textiles as a function of the coating
processing time.

8. Introducing Bio-Sustainable Textile Materials to the Market

In 2018, Aquafil and Genomatica announced a multi-year collaboration to create a
commercially viable bioprocess for producing caprolactam from plant-based renewable
ingredients. This process was applied to the production of 100% sustainable nylon by
combining the skills of the first (Aquafil) in the production of polyamide 6 with those
of the second (Genomatica) process technologies to produce chemicals from alternative
feedstocks in a more cost-effective, sustainable, and performance-oriented manner [170].

In 2019, in Trentino (Italy), a vegan and coated fabric named VEGEA was developed
by a company of the same name. The name originated from the union of VEG (Vegan)
and GEA (Mother Earth). It was chosen as an alternative material totally based on oil- and
animal-derived sources, characterized by a high content of vegetal/recycled raw materials
such as vegetal oils and natural fibers from agroindustry. In fact, VEGEA is a plant-based
technical fabric, obtained from the treatment of the fibers and oils of marc, a natural
derivative of wine production, including grape skins, seeds and stalks. Its production can
also be considered entirely sustainable and “vegan-friendly”), since it does not use oil or
pollutants, and does not consume water or animal derivatives [171].

The North Face and Spiber released the “Moon Parka” in 2019. This silk-like yarn was
made from bio-fabricated brewed proteins and produced through a fermentation process
involving sugars and microbes. Vivo Barefoot developed a bio-based vegan version of their
popular performance shoes, the Primus Lite, made with 30% biobased materials. Flexible
and stretchy characteristics were produced by a combination of an algae-based natural
foam, Vietnamese natural rubber, and biosynthetic material derived from corn [172].

Eastman and DuPont Biomaterials promoted a fabric collection made from sustainable,
bio-based materials by combining Eastman NaiaTM and DuPontTM Sorona fibers to create
garments with exceptional stretch and recovery, luxurious drape, and a smooth, soft feel
(September 2020). Eastman Naia is a cellulosic fiber applied in womenswear, whereas
DuPont™ Sorona is a high-performance polymer certified as a bio-based product. In June
2021, a new fabric collection made with sustainable, bio-based materials was launched by
Dupont and JayaShree Textiles [173].

DuPont Biomaterials and Welspun India announced a new, bio-based home textile
collection, including bath towels and bedsheets (October 2021). Bolt Threads, a material
solutions company, created a revolutionary, certified bio-material, called Mylo, by drawing
inspiration from nature. It is created by engineering mycelium, which is composed primar-
ily of renewable natural ingredients. It is marketed as a sustainable alternative to leather
that will be made available to the public in 2022 by a consortium of companies (Adidas,
Kering, Lululemon, and Stella McCartney) [174].

9. Conclusions

This work offers an overview of recent potential applications of bio-materials in
the textile industry. The majority of textile fibers used around the world are made from
petroleum-derived plastics (polyester, polyamide, polypropylene). However, in addition
to all the benefits of fossil-based plastics (such as their light weight, low cost, durability,
and chemical resistance), the negative environmental consequences of their production
and uses have recently received significant attention. Textile production is one of the most
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pollutive industries due to its use of hazardous chemicals, consumption of water and
energy, and high gas emissions. Other sources of contamination arise from the end-of-life
of these products due to waste accumulation in nature, in oceans, or in landfills, or due
to further gas discharges during incineration. Given the significant contamination of our
ecosystem caused by synthetic fibers involved in the textile industry, biomaterials derived
from renewable resources or endowed with biodegradability characteristics have been
proposed as a possible green solution for reducing the environmental impact of fabric
production. The use of polymers derived from renewable sources (both biodegradable
and non-biodegradable) would result in reduced greenhouses emissions (GHG) and fossil
fuel consumption (FFC) when compared to common fossil-based, non-biodegradable
polymers. Although less biodegradable compared to natural-based fibers (wool, cotton),
aliphatic polyester bio-based fibers are biodegraded more quickly compared to PET fibers.
Furthermore, the larger moisture vapor transmission of bio-based polymers compared to
PET, nylon and PP materials, allows greater breathability by corresponding fabrics. Bio-
based fibers are also endowed with good mechanical resistance and antibacterial properties.
Research studies confirmed the applicability of biopolymers in blend formulations to
the production of antibacterial fabrics, to increasing fabric resistance against harmful UV
radiation, to the thermoregulation of passive heating and cooling, to composites, or in
the anti-counterfeiting sector. The application of biopolymers was also found to be useful
in the pre-treatment or finishing of fabrics, in 3D printing to replace traditional printing
methods involving hazards chemicals, and in the purification of dye-contaminant water.
Finally, several suggestions from major brands to shift production toward environmentally
friendly materials and green technologies were also presented.
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Abstract: Pretreatment is a crucial process in a lignocellulosic biorefinery. Corncob is typically
considered as a natural renewable carbon source to produce various bio-based products. This study
aimed to evaluate the performance of the hydrothermal-mechanical pretreatment of corncob for
biofuels and biochemical production. Corncob was first pretreated by liquid hot water (LHW) at
different temperatures (140–180 ◦C) and duration (30, 60 min) and then subjected to centrifugal
milling to produce bio-powders. To evaluate the performance of this combined pretreatment, the
energy efficiency and waste generation were investigated. The results indicated that the maximum
fermentable sugars (FS) were 0.488 g/g biomass obtained by LHW at 180 ◦C, 30 min. In order to
evaluate the performance of this combined pretreatment, the energy efficiency and waste generation
were 28.3 g of FS/kWh and 7.21 kg of waste/kg FS, respectively. These obtained results indicate
that the combined hydrothermal-mechanical pretreatment was an effective pretreatment process to
provide high energy efficiency and low waste generation to produce biofuels. In addition, the energy
efficiency and waste generation will be useful indicators for process scaling-up into the industrial
scale. This combined pretreatment could be a promising pretreatment technology for the production
of biofuels and biochemicals from lignocellulosic valorization.

Keywords: hydrothermal-mechanical pretreatment; agricultural wastes; energy efficiency; waste
generation

1. Introduction

The amount of energy requirement has increased as part of a rapidly growing popula-
tion, which directly causes several problems in terms of environmental sustainability and
an economic crisis. The deficiency in conventional energy resources such as petroleum and
natural gases has been a struggle for the sustainable development goals.

Several proven alternative energy resources have been developed to partially replace
the main energy resources. Lignocellulosic biomass represents its potential for producing
various value-added products including biofuels, biochemicals, and biomaterials via a
biorefinery [1–4]. The utilization of lignocellulosic material as a renewable carbon source for
high value-added products has been developed over the last decade [5]. The lignocellulosic
biomass is typically composed of three major natural biomolecules including cellulose
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hemicellulose and lignin, which are associated together with complex chemical bonding
to form a recalcitrant structure [6,7]. This structural complexity and recalcitrance make
the proper lignocellulosic valorization become more difficult and have a low conversion
yield [8–10]. However, the scientific breakthrough and research on lignocellulosic valoriza-
tion have been emphasized to be more applicable on a large scale in order to reduce the
environmental concerns. To maximize the use of lignocellulosic biomass, one of the most
important processes in a biorefinery is the pretreatment process, which is responsible for
altering and deconstructing the complex structure for the release of active components to be
converted into active component biomolecules for further applications. The pretreatment
process mostly affects the physical and chemical barriers of the lignocellulosic structure for
its enhancement [11,12].

The existing pretreatment technologies have been divided into four categories in-
cluding physical, chemical, physicochemical, and biological pretreatment. The physical
pretreatment consists of alleviating the physical properties (crystallinity, degree of polymer-
ization, and porosity) of the material by using several technologies such as mechanical size
reduction and irradiation. The chemical pretreatment is mostly the use of acid and alkaline
pretreatments, which are typically responsible for breaking down the chemical bonding in
the lignocellulosic structure. Moreover, ionic liquid and deep eutectic solvents (DESs) have
recently been developed for lignocellulosic pretreatment, which significantly enhances the
delignification. The physicochemical pretreatment mostly consists of the steam explosion
and liquid hot water, and the biological pretreatment consists of mainly using the enzymes
of fungi for the removal of lignin [1,7].

However, these pretreatment technologies possess drawbacks such as high energy
consumption, undesired waste generation, high installation costs, and long duration. The
pretreatment process basically counts for 40% of the total capital cost of lignocellulosic
valorization because of the high energy consumption, high chemical usage, and undesired
waste generation [2,13]. Even though the existing pretreatment technologies lead to the
enhanced utilization of lignocellulosic material, the single pretreatment process is inade-
quate to cover all of the biorefinery processes in terms of the technological, economic, and
environmental considerations. Moreover, the existing biorefinery process is still developing
because of the high investment cost, in particular, the pretreatment process, which generally
counts for 30–40% of the total investment cost.

The recent challenges in developing the proper biorefinery processes include the
reduction in investment costs, no undesired waste generation, no inhibitors for biological
conversion, and a comparable production yield. Several studies have revealed that the
combination of pretreatment has been effective in various aspects such as high active
component recovery, less waste generation, economic feasibility, and environmentally-
friendly processes.

Hydrothermal pretreatment presents an industrial potential for integration into the
biorefinery process. It consists of hemicellulose solubilization and lignin removal via the
autohydrolysis reaction of water at high temperature and pressure, and in particular, this
process does not require the addition and recovery of chemicals different from water, and
it can be said that hydrothermal processes are environmentally-friendly fragmentation
processes [14,15]. Autohydrolysis is used to pretreat the lignocellulosic material to disrupt
the linkage between cellulose-hemicellulose and lignin, which could enhance the enzymatic
hydrolysis. Several cellulosic enzymes such as cellulase provide an effective saccharification,
in particular, cellulose [16].

The hydrothermal pretreatment consists of using the liquid state of water at high
pressure and temperature to form an H3O+ for hemicellulose solubilization and partial
lignin removal [17]. The hydrothermal pretreatment is typically operated at an elevated
temperature between 140–200 ◦C and high pressure in the range of 10–20 bar in a Parr
reactor [18,19]. A number of studies on hydrothermal pretreatment indicated its efficiency
to solubilize the hemicellulose component by approximately 60–80% compared to the
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untreated samples [20,21]. Furthermore, the hydrothermal pretreatment, along with the
chemical catalysts, could achieve a high lignin removal for further enzymatic accessibility.

On the other hand, one of the most efficient physical pretreatments is mechanical size
reduction, which can tackle the physical properties including cellulose crystallinity and the
degree of polymerization of lignocellulosic material for further processes [22–24]. However,
the mechanical size reduction process typically needs a high energy input to break down
the internal structure, and this technology has its own limitations with regard to integration
into the biorefinery process.

To overcome these aforementioned limitations of pretreatment technology, a combina-
tion of hydrothermal and mechanical pretreatment is an effective and promising strategy in
an integrated biorefinery for the production of biofuels, biochemicals, and biomaterials [25].
The hydrothermal pretreatment, followed by mechanical size reduction, leads to the solubi-
lization of the hemicellulose and partial lignin removal for enzymatic enhancement as well
as making the material softer and more porous. Moreover, the combined process affects
the crystallinity of the cellulose to be more amorphous, thus increasing the reactivity of
the particles in subsequent processing [26]. This current study investigated the effect of a
combined hydrothermal-mechanical pretreatment of corncob on its performance on the
production of fermentable sugars. The combined process was evaluated in terms of energy
efficiency and waste generation compared to its efficiency in enhancing the production yield
of fermentable sugars. Two established indicators, energy efficiency and waste generation,
can be used as the crucial factor for the further techno-economic analysis of the process. The
process integration could define the holistic bioethanol production from corncob material.
This research could lead to further development, application management, and valorization
of agricultural byproducts to create a bio-circular economy and to decrease CO2 emissions,
which would consequently slow down global warming.

2. Materials and Methods
2.1. Raw Material Preparation

Corncob (CC) was obtained from farmers in Maetha District, Lampang Province, Thai-
land. Samples were oven-dried until the moisture content in the samples was approximately
8–10%. Samples were coarsely ground by knife milling to obtain the particle size of approx-
imately 2–4 mm and subjected to a sieve with a screen size of 1 mm. The samples were
stocked in a Ziploc plastic bag at room temperature for the further pretreatment process.

2.2. Hydrothermal Pretreatment

CC was pretreated by using a hydrothermal technique without a chemical catalyst. A
sample of 30 g CC was placed in a stainless-steel Parr reactor 1 L. This pretreatment was
conducted by using distilled water boiled under a pressure of 20 bar and a temperature
between 140–180 ◦C for two different durations (30 and 60 min) and a rotation speed
of 200 rpm [26]. The solid fraction was collected and washed with distilled water for
neutralization and oven-dried at 60 ◦C to obtain a constant weight. The dried CC was
stocked at room temperature for the mechanical size reduction process.

2.3. Mechanical Pretreatment

In this study, the CC samples hydrothermally pretreated at three different temperatures
and two different durations were used to conduct the mechanical size reduction. The CC
samples were ground by using centrifugal milling using a 0.25 mm screen size. The
centrifugal milling was equipped with a digital wattmeter to measure the intensity and
voltage during the grinding process.

In the case of the specific energy consumption calculation due to the mechanical size
reduction, this can be solved with Equation (1)

Esp =
∫ t

t0

(Pt − Pt0)dt/m (1)
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where Esp is the total specific energy consumption (kWh/kg); Pt is the power in watt
consumed at time t; Pt0 is the average power consumption in Watt under empty conditions
(without biomass); and m is the mass in kg of material to be ground.

2.4. Monosaccharide Concentration Analysis

The monosaccharide concentration including glucose, xylose, and arabinose of the
biomass was determined using the standard method for biomass analysis provided by the
National Renewable Energy Laboratory (NREL), Golden, CO, USA [27]. The concentration
of monosaccharides such as glucose and xylose in the soluble fraction was measured
using high-performance liquid chromatography (CTO-10AS VP, Shimadzu, Kyoto, Japan)
equipped with an Aminex HPX-87 H column (Bio-Rad Laboratories, Inc., Hercules, CA,
USA). The column temperature was 65 ◦C with 0.005 M of sulfuric acid as the mobile
phase at a flow rate of 0.5 mL/min. Monosaccharides of an analytical grade with a known
concentration were used as the standards [12].

2.5. Enzymatic Saccharification

Enzymatic hydrolysis of the untreated and pretreated CC was performed by using
commercial enzymes Cellulast CTec2 (Novozymes, Belgrave, Denmark). The reaction
(5 mL total volume) contained 5% of the solid biomass sample (on a dry weight basis) with
10 FPU/g enzyme loading in 50 mM of sodium acetate buffer, pH 5 adjusted with acetic
acid. Sodium azide was added at the end of the experiment to inhibit microbial growth.
The reaction was incubated at 50 ◦C for 72 h with 200 rpm agitation [12]. The experiment
was performed in triplicate. The amount of monosaccharide concentration was quantified
by HPLC as described above. Moreover, the enzymatic efficiency was calculated as:

Enzymatic Efficiency (%) =
The amount o f glucose (kg)

The amount o f cellulose (kg)
∗ 100 (2)

2.6. Energy Efficiency and Waste Generation Evaluation

Energy efficiency was used to evaluate the performance of an integrated hydrothermal-
mechanical pretreatment. It was defined by the ratio of output and input, where the input
is the total energy consumption and the output is the total fermentable sugars released by
enzymatic hydrolysis. The energy efficiency was calculated according to Chuetor et al. [12] as:

Energy Efficiency
(

kg
kWh

)
=

Total amount o f f ermetable sugars (kg)
Total energy consumption (kWh)

(3)

Waste generation was used to investigate the undesired waste generated during the
pretreatment process, which was defined by the ratio of total waste generation and the total
amount of fermentable sugars obtained from enzymatic hydrolysis. The waste generation
was calculated as:

Waste generation
(

kg
kg

)
=

Total amount o f waste generation (kg)
Total amount o f f ermentable sugars (kg)

(4)

where the total waste is calculated by the difference between the total reactant (biomass + water)
and the total fermentable sugars.

3. Results and Discussion
3.1. Effect of Temperature and Duration on Enzymatic Hydrolysis Efficiency

Hydrothermal pretreatment of CC was conducted at different temperatures ranging
from 140–180 ◦C with two different durations (30 and 60 min). Figure 1 illustrates the
variation of the biochemical compositions, cellulose, hemicellulose, lignin, and others of
each sample. It was noticed that the cellulose content relatively increased with the in-
creasing temperature whereas the hemicellulose content decreased in a solid fraction. The
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maximum cellulose content was 52.90%, obtained by CC 180 ◦C at 60 min, which corre-
sponded to a 100% increase compared to the native CC. Furthermore, Figure 1 indicates
that the hemicellulose content trended to decrease significantly because of its solubiliza-
tion during hydrothermal pretreatment. Imman et al. revealed that the hydrothermal
pretreatment of corncob was effectively caused by the solubilization of hemicellulose,
which was due to the hydronium ions being responsible for breaking down the cellulose–
hemicellulose–lignin linkages [28,29]. Concerning the lignin content, it still remained in the
solid fraction and was hard to remove during hydrothermal pretreatment, which would
certainly restrict the enzymatic hydrolysis of CC due to the lignin content and its derived
inhibition impact [30,31].

Figure 1. The biochemical composition and enzymatic hydrolysis efficiency of corncob pretreated by
the hydrothermal pretreatment.

From the aforementioned results in the biochemical composition, it interestingly no-
ticed that the hydrothermal pretreatment was effective for hemicellulose solubilization
and cellulose enrichment, which was subsequently favorable for further enzymatic hy-
drolysis [32,33]. Figure 1 also shows that the enzymatic efficiency increased with the
temperature. The highest enzymatic efficiency was 75.30% obtained by CC at 180 ◦C at
30 min, which corresponded to a 216% increase compared to a native CC. This large aug-
mentation of enzymatic hydrolysis efficiency was due to the hemicellulose solubilization
during hydrothermal pretreatment [34].

3.2. Evolution of Energy Consumption during the Combined Pretreatment Process

In this study, the CC was pretreated hydrothermally in the Parr reactor at three
different temperatures (145, 165, and 180 ◦C) and two different durations (30 and 60 min),
followed by mechanical size refining, and evaluated for energy consumption and enzymatic
hydrolysis. The combined hydrothermal-mechanical pretreatment led to a decrease in the
particle size, which subsequently increased the specific surface area for further enzymatic
digestibility. Table 1 shows the amount of energy used in each process of the combined
pretreatment method. The total energy consumption during the hydrothermal pretreatment
increased when the temperature increased, while the energy consumption during the
grinding process decreased because the CC structure had been destroyed due to the
hydrothermal pretreatment process before.
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Table 1. The energy consumption of corncob pretreated by combined pretreatment at different conditions.

Temperature (◦C) Time (min) E Mechanical
(kWh/kg)

E LHW
(kWh/kg)

E Drying
(kWh/kg)

140 30
60

0.532
0.321

6.628
6.534

0.649
0.650

165 30
60

0.126
0.102

9.964
9.972

0.650
0.652

180 30
60

0.033
0.025

16.567
16.639

0.659
0.660

The highest total energy consumption was obtained from CC pretreated for 30 min at
180 ◦C, which corresponded to 17.8 kWh/kg of biomass. It was approximately 66% of the
addition of energy compared to the lowest total energy consumption that was obtained
by CC pretreated for 60 min at 165 ◦C, which corresponded to 10.7 kWh/kg of biomass.
Interestingly, the essential energy consumption was due to the energy-consuming during
hydrothermal pretreatment, which was in the range of 6.5–16.5 kWh/kg biomass. This
indicates that the energy consumption of the Parr reactor increased with the increased
temperature. Concerning the energy consumption due to the mechanical size reduction, the
energy consumption decreased with the increased temperature that caused the structural
changes during pretreatment [35,36].

3.3. Effect of Pretreatments on Enzymatic Hydrolysis

The effect of pretreatment duration on the enzymatic hydrolysis was evaluated. In this
study, three different temperatures and two different durations were used to investigate the
evolution of fermentable sugar concentration after pretreatment. The total fermentable sugar
content was calculated to evaluate the performance of a combined hydrothermal-mechanical
process. Figure 2 illustrates that when the temperature increased, the amount of fermentable
sugar increased (T180 ◦C > T165 ◦C > T140 ◦C), respectively. In the case of pretreatment du-
ration, the longer the duration in the reactor, the more fermentable sugars were released
(D60 min > D30 min). These indicate that the temperature and duration of the pretreatment
affected the internal structural deconstruction of the corncob to enzyme accessibility.

Figure 2. The total fermentable sugars from the enzymatic hydrolysis of different pretreatment
conditions.
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The highest fermentable sugar was 0.488 kg/kg of biomass obtained from CC pre-
treated at 180 ◦C for 30 min, which corresponded to a 356.07% increase in the fermentable
sugar compared to the control (0.107 kg/kg of biomass). This increase in fermentable
sugar was due to the structural deconstruction of the biomass and the removal of the
hemicellulose and lignin. The high amount of fermentable sugars obtained by enzymatic
hydrolysis was related to the enzymatic efficiency, as seen in Figure 1. Several studies
have suggested that the augmentation of fermentable sugar concentration was due to the
structural alteration through the combined pretreatment process, which is typically an
important stage for lignocellulosic valorization.

3.4. Evaluation of Energy Efficiency and Waste Generation of Combined
Hydrothermal-Mechanical Pretreatment

To evaluate the performance of the combined hydrothermal-mechanical pretreatment,
the relationship between the total energy consumption and total fermentable sugars was
evaluated through the estimation of the energy efficiency. The energy efficiency was used to
evaluate the performance of this developed combined pretreatment to provide fermentable
sugars. Energy efficiency is defined as the ratio of the total product (fermentable sugars) to
the total energy consumption consumed during pretreatment. Table 2 indicates that the
highest energy efficiency was obtained by the CC pretreated at 165 ◦C for 60 min, which
corresponded to 0.041 kg of product/kWh. The effect of temperature on energy efficiency
showed that the elevated temperature provided the high energy efficiency that was due to
the high fermentable sugars obtained from enzymatic hydrolysis. On the other hand, the
effect of pretreatment duration revealed that the longer duration released more fermentable
sugars. These obtained results were relatively associated with the obtained results of the
biochemical compositions and enzymatic efficiency, as seen in Table 1.

Table 2. The comparison of the energy efficiency and waste generation at different pretreatment
conditions.

Temperature
(◦C)

Reducing Sugars
(kg/kg Biomass)

Total Energy Consumption
(kWh/kg Biomass)

Energy Efficiency
(kg FS/kWh)

Waste Generation
(kg Waste/kg Product)

30 min 60 min 30 min 60 min 30 min 60 min 30 min 60 min

140 0.095 0.152 17.808 17.505 0.0055 0.0088 26.71 15.34
165 0.421 0.432 10.740 10.726 0.0396 0.0406 8.42 8.9
180 0.488 0.487 17.259 17.324 0.0283 0.0282 7.21 7.23

Beyond sustainability, the combined hydrothermal-mechanical pretreatment has also
been investigated for waste generation during pretreatment. The waste generation rep-
resents the total amount of waste generated during the pretreatment process, which is
calculated from the ratio of the total waste generated and total fermentable sugars. The
obtained results showed that the minimum waste generation was 7.21 kg of waste/kg
product obtained from the CC pretreated at 180 ◦C at 30 min, as seen in Table 2. The
waste generation was the total waste generated in solid and liquid form in the process.
To compare different pretreatment conditions, the waste generation was varied between
7.2–26.7 kg of waste/kg of fermentable sugars.

4. Conclusions

The development of an economically environmentally-friendly pretreatment technol-
ogy for integration into a biorefinery is important for industrial-scale production. The
combined hydrothermal-mechanical pretreatment is potentially an alternative solution
process for lignocellulosic valorization. The integrated hydrothermal and mechanical pre-
treatment could achieve the structural alteration of lignocellulosic material for enzymatic
enhancement. The combined pretreatment provided a high fermentable sugar concentra-
tion compared to the untreated material. The maximum fermentable sugar was 0.488 kg/kg
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of biomass obtained at 180 ◦C at 30 min, which was due to the hemicellulose solubilization
via the hydrothermal pretreatment and the increase in the specific surface area via the
mechanical size reduction. The energy efficiency was used to evaluate the performance of
the combined pretreatment, which could be used for further economic analysis. The highest
energy efficiency was 0.0283 kg of fermentable sugars/kWh. On the other hand, the waste
generation was investigated in terms of the environmental impacts of the process. The
lowest waste generation was 7.21 kg of waste/kg product obtained at 180 ◦C at 30 min. The
aforementioned results showed that the combined hydrothermal-mechanical pretreatment
provided a high fermentable sugar concentration, which consequently enhanced further
biofuel production.

These obtained results suggest that the combination of hydrothermal-mechanical
pretreatment could be a promising pretreatment technology in terms of energy efficiency
and an environmentally-friendly process for lignocellulosic valorization.
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Abstract: According to the Food Wastage Footprint and Climate Change Report, about 15% of all
fruits and 25% of all vegetables are wasted at the base of the food production chain. The significant
losses and wastes in the fresh and processing industries is becoming a serious environmental issue,
mainly due to the microbial degradation impacts. There has been a recent surge in research and
innovation related to food, packaging, and pharmaceutical applications to address these problems.
The underutilized wastes (seed, skin, rind, and pomace) potentially present good sources of valu-
able bioactive compounds, including functional nutrients, amylopectin, phytochemicals, vitamins,
enzymes, dietary fibers, and oils. Fruit and vegetable wastes (FVW) are rich in nutrients and extra
nutritional compounds that contribute to the development of animal feed, bioactive ingredients, and
ethanol production. In the development of active packaging films, pectin and other biopolymers are
commonly used. In addition, the most recent research studies dealing with FVW have enhanced
the physical, mechanical, antioxidant, and antimicrobial properties of packaging and biocomposite
systems. Innovative technologies that can be used for sensitive bioactive compound extraction and
fortification will be crucial in valorizing FVW completely; thus, this article aims to report the progress
made in terms of the valorization of FVW and to emphasize the applications of FVW in active
packaging and biocomposites, their by-products, and the innovative technologies (both thermal and
non-thermal) that can be used for bioactive compounds extraction.

Keywords: fruit waste; vegetable waste; waste valorization; bioactive compound; active packaging;
biocomposites; by-product; extraction; thermal processing; non-thermal processing

1. Introduction

Food waste (FW) is already acknowledged as a major global issue that threatens the
long-term viability of the food supply chain [1]. FW in the European Union is estimated to
be at 89 million tonnes per year. This is expected to rise by 40% in the next four years [2].
According to the Food and Agriculture Organization of the United Nations [3] and the
International Food Policy Research Institute [4] estimated one-third of food produced
globally, or 1.3 billion tonnes, is thrown away each year. Over half is generated at the final
consumption stage in food services (e.g., restaurants, school canteens) and households [5,6].
The Sustainable Development Goals (SDGs) recognize the importance of this issue. By
2030, SDG Target 12.3 calls for the reduction by half of the per-capita global FW at retail

43



Polymers 2021, 13, 3503

and consumer levels, diminishing food losses in production and supply chains, including
post-harvest losses [7]. The call was agreed to by all 193 UN member states, which comes
as no surprise.

Every year, more than 1748 million tonnes of fruit and vegetable waste (FVW) are
produced worldwide [8]. Due to rapid economic growth, FW generation in Asia is predicted
to increase by 278 to 416 million tonnes [9], resulting in an increase in world anthropogenic
(carbon) emissions [10]. Malaysia is expected to produce 6.7 million tonnes of FW per year
by 2020 [11]. In the EU, households account for over half of all FW [12]. Around 12 percent
of the total EU food production is wasted in the United Kingdom [13], while the United
States recorded the highest FW rates per capita at 278 kg [14]. FVW is a major component
of FW, particularly in industrialized countries [15,16]. Figure 1 shows the FW management
practices and the novel or emerging valorization approaches [17].

Figure 1. Food waste management practices and the novel or emerging valorization methods.
Reproduced with permission from Ref. [17]. Copyright 2021 Elsevier.

According to Fabi et al. [18], median losses are estimated to be higher than 10 percent
in Africa and Latin America for fruits and vegetables. In comparison, they range between
4 and 7 percent in Europe and North America. Figure 2 depicts the amounts of fruits
produced globally, including 124.73 million metric tonnes (MMT) of citrus, 114.08 MMT of
bananas, 84.63 MMT of apples, 74.49 MMT of grapes, 45.22 MMT of mangoes, mangosteens,
and guavas, and 25.43 MMT of pineapples. Besides the production of potatoes, which
was recorded at a considerable 3820.00 MMT, other vegetables are also shown in Figure 2,
including tomatoes (171.00 MMT), cabbages and other brassicas (71.77 MMT), carrots and
turnips (38.83 MMT), cauliflowers, broccolis (24.17 MMT), and peas (17.42 MMT) [19]. Due
to losses in sales and transportation costs, such wastage, including subsequent generation
of FVW, raises market operation costs, resulting in higher inflation.

The dairy, meat, fishery, and seafood processing sectors are the primary contributors
of trash from animal wastes. Numerous types of residues can be identified from vegetable
wastes, including grains, roots and tubers, oil crops and pulses, and fruits and vegetables,
depending on the source [20]. Typically, FVW is characterized by a high water content
and a high concentration of biodegradable organic substances (e.g., carbohydrates, lipids,
and organic acids) [21]. As a result of these varied organic wastes, typical solid waste
management systems (such as landfills and incineration) may cause serious environmental
impacts, such as the discharge of leachate and the production of greenhouse gases [22].
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Figure 2. A significant amount of fruits and vegetables (in MMT) are produced globally.

FVW is generated in large quantities in open markets, but little information is avail-
able on the actual volume of waste generated. Since significant amounts of waste are
produced by the fruit and vegetable value chains, biorefinery concepts have been de-
veloped to valorize these wastes [23]. Waste from the FVW can be reused or recycled,
which is more environmentally beneficial than disposal through open dumpsites or in-
cineration [24]. Wholesale marketplaces, supermarkets, and agricultural activities are the
traditional sources of FVW. Fruits and vegetables produce FVW at every stage of the chain,
including production, transportation, storage, distribution, and consumption [25]. The
valorization of FVW and potential products are shown in Figure 3.

Figure 3. Valorization of FVW and potential products.

There are several reviews on the applications of fruit and vegetable wastes. A review
conducted by Bayram et al. [26] focused on the potential applications of fruit- and vegetable-
based by-products such as biopolymers, biocomposites, active or intelligent packaging,
and edible films and coatings. The authors discussed the advantages, disadvantages,
and applications of these by-products as well. Kadzińska et al. [27] reviewed the role of
specific chemical compounds found in fruits and vegetables, particularly in designing the
physicochemical and functional properties of edible packaging materials. The advantages
and disadvantages of using fruit and vegetables as components in matrix-forming solutions
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and their potential applications, future trends, and issues to consider when commercializing
these products were discussed within the context of sustainable development.

In the fruit and vegetable processing industry, by-products such as peels, seeds, and
shells are produced in large quantities [28,29]. These by-products contain high concen-
tration of bioactive components such as antioxidants (polyphenols and dietary fibers),
pigments and flavor compounds, proteins, essential oils, enzymes, and dietary fibers [30].
Coman et al. [31] looked at the bioactive potential of fruit and vegetable by-products
and how they could be used in the food industry (functional foods) or the health sector
(nutraceuticals). Several applications of food vegetable waste incorporated into the meat
and its derivatives were reviewed by Calderón-Oliver and López-Hernández [32]. The
peels and seeds of fruits, such as grapes, pomegranates, avocados, and citrus, are the most
commonly used vegetable by-products because they help inhibit oxidation (lipid and pro-
tein) and the growth of pathogenic and deteriorating bacteria in the food supply. Adding
these by-products to meat products can sometimes improve the quality of the product
while also extending its shelf life. In food processing of waste and biomass by-products,
pectin is one of the most common constituents; therefore, improving pectin extraction and
recovery is critical to completely valorize these significant feedstock resources [29]. As a
result, it is crucial to investigate the composting process of FW, particularly FVW, within
this framework.

Given the potential for the valorization of such organic waste, research on the proper
use of waste materials obtained from horticulture commodities may generate sustainable
development initiatives to minimize environmental problems [19]. Significant products
can be produced from these organic wastes, including active packaging, biopolymers,
biocomposites, and other by-products. This review also explores the innovative technol-
ogy (thermal and non-thermal) for bioactive compounds extraction based on the natural
resources from fruit and vegetable losses and waste.

2. Active Packaging and pH Indicator Film
2.1. Active Packaging

The integration of additives into the packaging system to maintain or enhance the qual-
ity of food products and shelf life is referred to as active packaging [33]. Active packaging
concepts include moisture absorbers, gas scavengers, carbon dioxide emitters, antioxi-
dant, and antimicrobial-releasing and-containing systems. For example, the addition of
antimicrobial additives into the packaging materials can minimize the risk of food spoilage
and contamination from microorganisms [34]. Several additives have been successfully
incorporated into packaging materials, including organic acids and their salts, bacteriocins,
enzymes, chelators, and a range of plant extracts [35–37]. Due to concern about the health
hazards of synthetic additives, researchers have been implementing various natural plant
extracts to the biopolymers as active components [38]. In addition, active ingredients from
FVW have added another level to active packaging systems as a solution for reducing FW.
Several studies have focused on utilizing these wastes to make active films and investigated
their properties, as summarized in Table 1.

For example, Luchese et al. [39] added blueberry pomace into cassava starch films. The
aromatic compounds in blueberry pomace improved the light barrier properties, indicating
the films’ ability to preserve food against UV lights. At the same time, the films were
structurally stable when immersed in water for more than 24 h. The authors suggested the
feasibility of the films for packaging aqueous food products.

In another study, fiber and ethanolic extracts from blueberry juice from processing
waste were used to make active films from gelatin capsules wastes [40]. The study found
that the films with fiber showed reduced tensile strength and increased water vapor per-
meability with improved light barrier activity against UV light, which effectively reduced
the lipid oxidation of sunflower oil. Both films showed significant decreases in light
transmission and stability in antioxidant activity over 28 days.
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Table 1. Utilization of fruit and vegetable wastes in food packaging systems.

Film Type Polymers Fruit/Vegetable
Waste Applications Findings Ref.

Active film
Hydroxypropyl
high-amylose

starch

Pomegranate peel
(PGP) -

PGP inhibited the growth
of S. aureus and Salmonella

bacteria.
[34]

Active film Cassava starch Blueberry pomace
(BP) -

BP improved the barrier
properties and released
active compounds into

acidic medium.

[39]

Active film Gelatin capsule
waste

Fiber and ethanolic
extract from

blueberry juice
processing waste

Sunflower oil

Improved light barrier
properties; reduced the

lipid oxidation of
sunflower oil and stability

in antioxidant activity.

[40]

Active film Tapioca starch
thymol

Jackfruit skin and
straw as filler Cherry tomato

Jackfruit skin and straw
resulted in higher tensile

strength with lower water
solubility and water vapor

permeability.

[41]

Active packaging

Poly (butylene
adipate-co-

terephthalate)
(PBAT)

Cinnamon
essential oil

Cellulose
nanofibers (CNF) Strawberry

High thermal stability,
decreased water vapor

permeability.
[37]

Active packaging Chitosan
Apricot kernel

essential oil
(AKEO)

Bread slices

AKEO improved water
resistance, water vapor
barrier, and mechanical

properties. Inhibited
E. coli, B. subtilis and

fungal growth.

[42]

Biodegradable film Tapioca starch Banana
pseudostems (BP) -

BP reduced the
mechanical and optical

properties, improved the
barrier properties.

[43]

Active film

Mango kernel fat
(MKF),

phenolic extract
from mango kernel

(MKPE), mango
kernel starch

(MKS),

Mango kernel -

Films exhibited
antioxidant activity,

UV-absorbing capacity,
and good barrier

properties.

[44]

Biodegradable film

Pectin, sodium
carboxymethyl

cellulose (CMC−
Na)

Thyme essential oil

Okara soluble
dietary fiber -

Higher mechanical,
barrier, optical, and

antioxidant properties.
Antimicrobial activity

against E. coli and
S. aureus was not

significant.

[45]

Active edible film
Basil seed gum

Zataria multiflora
essential oil

Basil seed gum
(BSG) -

Efficient antimicrobial
activity against E. coli and

B. cereus.
[46]
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Ali et al. [34] utilized pomegranate peel as a filler and an antimicrobial agent in
developing films with hydroxypropyl high-amylose starch. The results showed that the
tensile properties of the films improved and the pomegranate peel inhibited the growth of
both Gram-positive (S. aureus) and Gram-negative (Salmonella) bacteria. On the other hand,
research done by dos Santos Caetano et al. [47] produced biodegradable films based on
minimally processed pumpkin residue extract (PRE) (0 to 6%) incorporated with cassava
starch, glycerol, and oregano essential oil (OEO) (0 to 2%). The addition of pumpkin residue
is crucial, since it provides opacity to the films, but it was not effective in improving the
antioxidant and antimicrobial properties.

Other researchers also used pomegranate peel as an antibacterial additive with sodium
caseinate powder [48]. The peel resulted in a decrease in tensile strength and increased
water vapor permeability (WVP). The films showed profound growth inhibition for Gram-
positive (S. aureus) rather than Gram-negative (E. coli) bacteria. Shukor et al. [41] prepared
tapioca-starch-based films incorporating thymol, jackfruit skin, and straw. Improvement
in mechanical and barrier properties was observed for the films. The incorporation of
skin and thymol retarded bacterial and fungal growth due to the antimicrobial activity of
the films.

2.2. pH Indicator Films

Researchers are currently attracted to intelligent packaging systems, whereby active
ingredients such as dyes and pigments are added into the film as pH indicators to trace and
monitor food freshness throughout the storage period. This is related to the interactions
between the food and its environment and the packaging material [49]. Table 2 shows some
of the fruit and vegetables used as pH indicators in packaging films.

Table 2. Utilization of fruit and vegetable wastes as pH indicator in packaging films.

Polymers Fruit/Vegetable Waste Applications Findings Ref.

Cassava starch Blueberry residue (BR)
powder, two particle sizes

Distilled water, sucrose,
sodium chloride, soybean

protein, milk protein,
whole milk powder, orange
juice, corn oil, chicken meat

BR films displayed changes in
color responding to the pH of

tested samples.
[50]

Corn starch Blueberry juice processing
waste -

The blueberry residue film
showed visual color

differences in different
pH ranges.

[51]

Sweet potato starch Sweet potato peel Chicken flesh

SPP reduced the mechanical
and barrier properties, did not
influence the color response of

the films.

[52]

The colorimetric pH indicator films display apparent color changes with alterations
of the food pH due to food deterioration and extrinsic environmental changes [53]; thus,
from these color changes, the consumers receive authentic information regarding the food’s
quality and its edibility, which is not achievable from the expiry date written on the package.
As a pH indicator dye replacing synthetic pigments, natural dyes are now used mainly in
biodegradable packaging materials [54,55]. Interestingly, the natural dyes and pigments
from waste and by-products from fruits and vegetables have also been implemented as pH
sensing dyes into packaging films to ensure food safety [56].

A study was conducted by developing colorimetric indicator film from mulberry based
on gelatin and polyvinyl alcohol (PVA), whereby anthocyanin extract from the residue of
mulberry processing was incorporated. This study showed that the mechanical properties
were improved and visible color changes were shown when monitoring fish spoilage [57].
In addition, an earlier study produced films from cassava starch and blueberry residue
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that were rich in anthocyanin. Insertion of blueberry residue produced less compact films
with high oxygen permeability. The films exhibited visual color changes in the pH range
of 2 to 12 [56]. Luchese et al. [50] developed biodegradable pH indicator films based
on cassava starch, utilizing the blueberry residue obtained after juice processing. The
researchers deliberated on two different particle sizes for the blueberry residue powder
for film preparation. They found that the films with smaller particles were more uniform
and homogenous in appearance and the color change with pH was more intense than films
with large particles.

In addition, the tensile strength of the films decreased whereas elongation increased;
simultaneously, the water vapor permeability of the films increased due to the presence
of the particles and their heterogeneity. In another study, blueberry agro-industrial waste,
a co-product from juice processing, was successfully used to develop pH indicator films
based on corn starch [51]. The films changed their colors in response to different pH, and
the color changes were visually perceptible to the human eye.

Black chokeberry (Aronia melanocarpa) pomace extract (a residue material after juice
pressing) was chosen as a pH sensing dye of chitosan films. The addition of pomace extract
reduced the solubility and swelling of chitosan, and these indicator films maintained
integrity in acidic pH environments [58]. Sohany et al. [52] utilized sweet potato peel
powder (SPP) as a filler to develop sweet potato starch (SPS)-based pH indicator films
incorporating purple sweet potato anthocyanin. The films with peel exhibited reduced
tensile strength with higher swelling and WVP values. Visually, the films were dark maroon
and changed their color in response to various pH buffers, as shown in Figure 4. The films
successfully indicated chicken freshness by changing their color with changes in pH of the
deteriorated chicken.

Figure 4. Visual appearance of SPS and SPS/SPP films at CA of 0, 1, 1.5, and 2%. Reproduced with permission from Ref. [52].
Copyright 2021 Taylor & Francis.

3. Biocomposites

Several biocomposites products are produced from agro-industrial wastes whereby
the fibs, proteins, carbohydrates, organic acids, and oils are extracted from the wastes,
followed by fermentation and enzymatic processing [59]. Biocomposites produced from
natural fillers/fibers and biodegradable plastics are examples of biodegradable materials.
Starch can be obtained through the extraction process [60], whereas polylactic acid (PLA),
polybutylene succinate (PBS), and polyethylene (PE) are produced by fermenting, chemical
processing, and polymerizing their monomers [61,62]. The polyhydroxyalkanoate (PHAs)
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are synthesized by bacterial fermentation [63]. The carboxymethyl cellulose (CMC) can be
produced via etherification [64]. Starches are partially modified to make biopolymer; PLA
is widely used in food packaging; PHAs used for water-resistant packaging and injection
molding [65].

Further, the peel/skin, seeds, and pomace of fruits and vegetables contain fibers used
as filler in the film matrix to improve the biopolymer properties [39,52]. Pectin is another
compound extracted from wastes and used in the polymeric matrix [35]. Also, peel and
seeds contain more phenolic compounds than their fleshy parts [26]. For example, mango
peel has a high level of phenolic content compared to its flesh [66]. The presence of phy-
tochemicals and bioactive compounds provide preservative effects such as antimicrobial
activity with anti-inflammatory and antioxidant attributes [67]. The blending of additives
to polymers is found to improve the mechanical and barrier properties. Depending on
the presence of additives, the polymers also function as pH indicators (sensor) or antimi-
crobial films [34,39]. Moreover, abundant organic wastes are available in skin and pulp,
including citrus fruits such as orange, grapefruit, pineapple, mandarin/tangerine, lemon,
and lime; seed waste from mango, grape, and pumpkin; skin from potato, sweet potato,
jackfruit, pomegranate, and banana [65]. The utilization of these wastes into packing
materials offers an essential alternative to conventional plastic packaging and contributes
to a sustainable environment.

Despite substantial research on natural fiber composites, little is known about incorpo-
rating FW into biocomposites. Most biocomposites from FW research have focused on the
biomass such as olive, pineapple, and banana. The mechanical and thermal properties of
composites made from these biomasses and from other fruits are thoroughly investigated.
Fiber treatment, type of polymer matrix, amount of fiber, compatibilizer, and process
techniques have significant impact on the properties of biocomposites. Table 3 summarizes
the residues from fruits and vegetable waste used in the production of biocomposites.

Table 3. Residues derived from fruit and vegetable waste.

Residue Fruit/Vegetable Matrix Properties Ref.

Cellulose nanofibrils
(CCNF) Carrot pomace PLA Mechanical, hydrophilic, thermal, and

antibacterial [36]

Nanofiber Durian skin PLA Tensile strength [68]

Fiber Banana peel PP Sound insulation [69]

Fiber Durian skin PLA Production energy [70]

Fiber Durian skin PLA Tensile strength, modulus of elasticity, and
enzymatic degradation [71]

Fiber Sea mango peel PP Flexural strength, flexural modulus, and
thermal [72]

Pomace extract Chokeberry, blackcurrant,
apple, and raspberry

Rapeseed meal,
microcrystalline cellulose Flexural strength and water contact angle [73]

Extract Coconut shell Polyvinyl alcohol (PVA)
and corn starch Antioxidant activity and thermal [74]

Extract Date fruit Gelatin Moisture content and water solubility [75]

Powder Cocopith Wood powder, tapioca Thermal conductivity [76]

Powder Date and tamarind seed PLA Tensile, flexural, and impact strength [77]

Powder Grape and acerola Cassava starch Antioxidant, physicochemical, and mechanical [78]

Powder and fiber Jackfruit skin PLA Tensile strength and tensile modulus [79]

Powder Sour cherry shell PE Elastic modulus, tensile strength, moisture
absorption, and water vapor transmission rate [80]

Husks Chestnut Starch Elastic modulus and tensile strength [81]
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3.1. Lignocellulosic Fiber

Fibers extracted from agricultural residues such as fruit and vegetable waste, wood-
land residues, and farming deposits are rich in cellulose, hemicellulose, lignin and are
termed lignocellulose. These lignocellulosic fibers are obtained from biosources such as
bast, foliage, fruit, kernel, timber, farmed excess, lawn, etc. Natural fibers possess compara-
ble or even better mechanical properties like glass or aramid fibers [82]. Nanocomposite
films based on lemon waste, 3% cellulose nanofiber (CNF), and 3% savory essential oil
(SEO) are fabricated and are shown to enhance the barrier and mechanical properties. Film
from lemon waste showed antibacterial properties against five foodborne pathogens [83].

Szymańska-Chargot et al. [36] evaluated the mechanical, hydrophilic, thermal, and
antibacterial properties of nanocomposite made of PLA and nanocellulose. The nanocellu-
lose is a carrot CCNF isolated from carrot pomace modified with silver nanoparticles. The
nanocellulose modified with metal nanoparticles at a concentration of 0.25 and 2 mM was
prepared earlier before combining with PLA. Composite containing CCNF with 2 mM of
AgNPs showed the most significant improvement in mechanical properties. The degrada-
tion temperature was lower for PLA with CCNF/AgNPs, and this addition also increased
hydrophilicity. The addition also improved transmission rates of oxygen, nitrogen, and car-
bon dioxide. It also acquired antibacterial function against Escherichia coli and Bacillus cereus,
suggesting the lack of migration of nanoparticles from the composite.

Mohd Nordin et al. [68] studied the effect of freeze-dried durian skin nanofiber on the
physical properties of PLA biocomposites. Durian skin nanofiber (DSNF) was developed
using a freeze-drying (FD) process from durian skin fiber (DSF), and cinnamon essential oil
was added as a plasticizer for PLA biocomposites. The tensile strength of these composites
showed significant changes in the presence of DSF and DSNF in PLA.

Fibers from bananas have the potential to be incorporated into sound insulation
composites. Singh and Mukhopadhyay [69] studied the effect of hybridization on sound
insulation of coir-banana-PE hybrid biocomposites. These were prepared as shown in
Figure 5 with chopped and randomly oriented coir and banana fibers. PP was used as
a matrix, and a compression molding technique for composite fabrication. Hybrid and
nonhybrid composites from coir and banana fibers were prepared at total fiber loading
of 5, 10, 15, 20, and 25% by volume. The ratio of both fibers in hybrid biocomposites was
maintained at 1:1. It was found that an increase in fiber loading considerably improved
sound insulation up to a certain limit. The difference in transmission loss at the minimum
and maximum fiber loadings for nonhybrid was higher for the finer banana fibers.

Figure 5. The process includes (a) fiber treatment followed by layering of fibers to form (b) fibrous
bed, composite sample preparation through (c) compression molding, and (d) final composite
samples. Reproduced with permission from Ref. [69]. Copyright 2021 Taylor & Francis.

51



Polymers 2021, 13, 3503

Anuar et al. [70] developed durian skin fiber (DSF)-reinforced PLA biocomposites
with the addition of epoxidized palm oil (EPO). The amount of energy required for the
production of the biocomposites was studied. The results showed that the PLA/DSF/EPO
biocomposites had lower negative impacts as compared to the PLA/DSF biocomposites
because the EPO improved the workability and processability of the biocomposites. They
concluded that the plasticized PLA/DSF biocomposites could be potential biodegradable
food packaging materials, as they have acceptable properties and produce no waste.

Gisan et al. [71] investigated the tensile, water absorption, and biodegradation proper-
ties of PLA/durian husk fiber (DHF) biofilms. The PLA/DHF biofilms with different DHF
contents (0, 5, 10, 15, and 20 wt.%) were prepared via a simple solvent casting method. The
results revealed that the tensile strength and modulus of elasticity of the biofilms increased
with increasing DHF content from 5 wt.% to 10 wt.%. The tensile strength and modulus of
elasticity of the PLA/DHF biofilms decreased compared to the neat PLA film due to the
plasticized effect in the biofilms; however, the enzymatic degradation with α-amylase and
the water absorption properties of the PLA/DHF biofilms increased with the DHF content.

Sea mango (SM) fiber was used as a filler in PP polymer biocomposites. Ong et al. [72]
investigated the flexural and thermal properties of 5 to 25 weight percentages of SM added
into the PP. The results showed an improvement in the flexural strength and stiffness when
the SM content increased. The thermal stability and degree of crystallinity results were
positive when a compatibilizer (such as PP-g-MA) was incorporated into the biocomposites.

3.2. Extract

Several natural extracts have been used as active additives to develop antioxidant-
enriched films for food packaging applications. Natural antioxidants of plant extracts (PE)
derived from various non-edible portions of fruit and vegetable by-products, such as peels,
stones, and seed extracts, often contain a high amount of phenolic substances [84] and have
been used as active ingredients in the manufacture of active films.

The valorization of fruit pomace (chokeberry, blackcurrant, apple, and raspberry
pomace) in biocomposites was achieved by Żelaziński [73]. The mechanical and physic-
ochemical characteristics were studied. The results showed that adding 30% chokeberry,
apple, raspberry, and currant pomace substantially contributed to the improvements in
flexural strength (between 11.1 and 12.3 MPa) and the increase of the water contact angle
of the surface by 40%.

Tanwar et al. [74] investigated the characteristics of PVA starch incorporated with
coconut shell extract and sepiolite clay as an antioxidant film for active food packaging
applications. An active antioxidant film was fabricated using polyvinyl alcohol (PVA) and
corn starch (ST) and incorporated with 3, 5, 10, or 20% (v/v) coconut shell extract (CSE) and
sepiolite clay (SP) for the first time. It was found that the addition of CSE to films enhanced
their antioxidant activity properties by up to 80%. Further, increasing the amount of CSE
resulted in color changes in the active films and improved their thermal properties.

Rangaraj et al. [75] investigated the effects of date fruit syrup waste extract (DSWE)
on the physical properties of gelatin films. The results showed that the loading of DSWE
did not affect the thickness of the material. The moisture content and water solubility, on
the other hand, increased with an increase in DSWE from 5 to 25 wt.%. PE/sour cherry
shell powder biocomposite was investigated as a potential food packaging by Farhadi
and Javanmard [80]. The addition of 2.5% sour cherry shell increased the elastic modulus,
tensile strength, and mechanical properties of the composite. The increased sour cherry
shell powder loading from 2.5 to 7.5 wt.% increased the moisture absorption and water
vapor transmission.

Grapefruit and pomelo are commonly consumed fruits with higher levels of essential
oils in the peels than other fruits [85]. Previous studies have reported that 10% extract of
Citrus paradisi (grapefruit) peel obtained by microwave-assisted extraction (MAE) incorpo-
rated with multilayer low-density polyethylene (LDPE)/polyethylene terephthalate (PET)
showed high antioxidant levels and acts as a free radical scavenger [86]. Pumpkins seeds
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and peels are the waste types generated from the processing industry, with high poten-
tial for utilization as biodegradable films. Defatted pumpkin seeds (DPS) and pumpkins
peels (PP) with glycerol and lecithin are produced in the process. The films exhibited the
highest tensile strength values (1401 ± 5.4 kPa) and good elongation (9.74 ± 0.46%). The
properties of the films were improved using ultrasound treatment. Generally, waste from
the pumpkin processing industry is successfully developed as biodegradable films [87].

3.3. Powder and Husk

The incorporation of pomegranate (PMG), papaya (PPY), and jackfruit (JF) peel into
gelatin/PE bilayer films led to significant increases in thickness, opacity, and moisture
content (p < 0.05) but reduced film solubility in water. Films incorporated with pomegranate
(PMG) exhibited high antimicrobial and antioxidant properties [88].

Mardijanti et al. [76] examined the material characteristics of cocopith and evaluated
the potential of a mycelium-based biocomposite as an insulator. Dry cocopith, which is
the residue from the coconut coir milling industry, was mixed with wood powder, pollard
(bran), lime, tapioca, and Ganoderma mushroom seeds and then put into baglogs. The
solid baglogs were then removed from the molds, dried, and compacted to the desired size
using a hot press. The potential as an insulator was validated via a thermal conductivity
test at temperatures of 13 to 40 ◦C. The test showed a thermal conductivity value range of
0.0887241 to 0.002964 W/mK. A value ranges of 0.01 to 1.00 W/mK is recommended for
thermal conductivity insulators.

A study on the enhancement of the mechanical behavior of a PLA matrix using
tamarind and date seed micro fillers was conducted by Nagarjun et al. [77]. The composites
were manufactured using the compression molding technique. The tensile results showed
that the seed filler reinforcement significantly improved the tensile strength of the PLA
matrix. The maximum tensile strength values achieved with TI/PLA and PD/PLA were
72.42 MPa and 61.39 MPa, respectively. The particulate reinforcements of both tamarind
and date almost doubled the flexural and impact strengths of the PLA matrix. Moreover,
the date seed powder-incorporated composites showed a 34.68% improvement in micro-
hardness. The uniform dispersion of the filler was evident in TI/PLA and PD/PLA with
2 wt.% filler, which contributed to their better tensile strength. Conversely, increasing the
filler content to 4 wt.% resulted in agglomeration of the fillers and subsequently contributed
to the low mechanical strength of the composites.

Reinaldo et al. [78] investigated the effects of grape and acerola residues on the antioxi-
dant, physicochemical, and mechanical properties of cassava starch biocomposites. Various
concentrations of grape skin (Gr) and acerola (Ac) residues (0.1, 1.0, 5.0, and 10.0 wt.%)
were prepared using extrusion and injection molding processes. The large size distribution
of cassava starch may favor the plasticization stage to obtain TPS compared to the different
types of starch obtained from other plant sources. The results showed that the addition
of grape skins and acerola residues to the cassava thermoplastic starch resulted in better
antioxidant characteristics. The addition of grape residue in TPS resulted in decreased in
elongation at the break compared with pure TPS, which was more significant with higher
concentrations of grape residue (5.0 and 10.0 wt.% of Gr). The similar mechanical behavior
was recorded by Gutiérrez et al. [89] and Deng and Zhao [90].

Marzuki et al. [79] studied the effects of jackfruit skin powder (JSP) and fiber bleaching
treatment in PLA composites incorporating thymol. The insertion of 30 wt.% jackfruits
fibers gave the best tensile performance. The elongation at the break decreased with in-
creased fiber loading, regardless of treatment, but no significant changes from 10 to 30 wt.%
loading of powder were observed. All JSP or bleached jackfruit skin fiber (BJSP) composites
showed higher tensile modulus than pure PLA, and the results were in agreement with
Suradi et al. [91]. The SEM micrographs in Figure 6 show the fiber surface differences
between unbleached JSP and BJSP, respectively. Following bleaching treatment, a rougher
fiber surface is shown, indicating effective removal of the non-cellulosic components’
potential for good mechanical fiber locking with the matrix.
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Figure 6. Scanning electron microscopy (SEM) micrographs of (a) unbleached jackfruit skin powder
(JSP) and (b) bleached jackfruit skin powder (BJSP). Reproduced with permission from Ref. [79].
Copyright 2021 Elsevier.

Torres et al. [81] evaluated the influence of chestnut husk content on the mechanical
properties of novel starch/chestnut husk biocomposites. This was developed by incor-
porating 2.5, 5, and 7.5 wt.% chestnut husks via an extrusion molding procedure. The
results showed that the pure starch samples had an average elastic modulus of 3.30 MPa,
while starch samples with 7.5 wt.% chestnut husks displayed an average elastic modulus
of 4.85 MPa. The ultimate tensile strength value was independent of the chestnut husk con-
tent, while the elongation at the break point decreased as the filler content increased. These
results were in agreement with those of previous reports on starch-based biocomposites
reinforced with cellulosic fillers such as cotton, hemp, and winceyette fibers [92–94].

Othman et al. [43] developed tapioca-starch-based biodegradable film incorporating
banana pseudostems (waste) powder for the starch-based films. The mechanical and optical
properties of the films were reduced but the barrier activity improved. The optimum
percentage composition of 40 wt.% pseudostem powder can be used for incorporation into
starch-based films as food packaging.

Cassava starch-based films have been investigated by Leites et al. [95] to determine
the effect of waste from the production of orange juice on the properties of the films. The
orange waste was added in two different forms, which are powder and aqueous extract
(by soaking the powder in water followed by filtration). When comparing the moisture
content, water solubility, and thickness of the extract to that of the powder orange residue,
it was discovered that the extract had higher values.

3.4. Isolation of Fiber from FVW

For the extraction of cellulose from carrot waste, polysaccharides were extracted in
acidic and alkaline environments before being treated with sodium hypochlorite solution to
remove lignin and other lignin-containing compounds. With this treatment method, carrot
cellulose was obtained as a 4% concentration in water suspension after the treatment. The
nanocellulose was created by homogenizing cellulose with ultrasonically homogenized
cellulose. Because the sonication system included a temperature probe, an ice bath was used
to keep the samples from becoming too hot. The amplitude of the ultrasonic homogenizer
was maintained at 90% of its maximum. Finally, carrot CCNF samples containing 0.1 wt.%
carrots were obtained [36].

The extraction of fiber from durian skin required only a few simple procedures. The
durian skin was cut into smaller pieces and thoroughly washed with tap water to remove
any dust or adhering particles before being prepared. Next, the skin was dried at 70 ◦C
for 24 h. The dried skin was ground to obtain fibers ranging in length from 100 to 150 µm.
Approximately 300 g of raw durian skin fibers was used in this process. The alkali treatment
of DSF was carried out with the help of sodium hydroxide (NaOH). [70].

The chemical treatment was used to isolate the orange peel. Eight grams was kept at
room temperature under mechanical stirring for 16 h in a 5% KOH solution. Following the
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alkaline treatment, the insoluble residue was bleached with NaClO2 solution for one hour
at 70 ◦C, pH 5.0, which was adjusted with 10% acetic acid. The residue was neutralized,
washed, and centrifuged at 6000 rpm for 20 min at 25 ◦C. The second alkaline treatment
was repeated with a concentration of 5% KOH. The insoluble residue was subjected to acid
hydrolysis for an hour at 80 ◦C with 1% H2SO4 for one hour. Following centrifugation
and washing of the final residue, the diluted suspension was stored at 4 ◦C in a sealed
container. The cellulose suspension was dried by lyophilization and stored at 4 ◦C, where
it was designated as NFC [96].

The cellulose fiber from banana peels was obtained by removing the hemicellulose
and lignin. The banana peel was treated with 10% (w/v) natural lye, which was made by
soaking wood charcoal ash in water for 48 h before being applied. The extracted cellulose
fiber was then bleached twice with 10% (v/v) hydrogen peroxide at 90 ◦C for 10 min each
time. As previously described, the white cellulose fiber was retreated with a lye solution.
Finally, cellulose was obtained [97].

4. By-Products

Fruits and vegetables are crucial for human nutrition, providing significant amounts
of daily vitamin, mineral, and fiber needs. The fruit and vegetable processing industries
generate significant amounts of waste in the form of liquid and solid, which contain several
reusable high-value substances with significant economic potentials. Fruit and vegetable
by-products accumulated from industrial operations. such as bagasse, peels, trimmings,
stems, shells, bran, and seeds, make up more than half of all fresh fruit and have nutritional
and functional contents that are sometimes higher than the finished product [98]. These
by-products can be applied in food and other non-food applications, including medical,
pharmaceutical, energy, and chemical production.

Typically, the fruit processing activities generate solid wastes (peel, skin, pulp, po-
mace, seeds, bunch, stems, and shells) and liquid wastes (crude extracts and wash water).
With proper management, these wastes can be utilized for the production of by-products.
Efforts have been made to explore the potential of these by-products in many applications,
including in food and non-food industries.

Based on recent literature, most of the progress on utilizing fruit waste has been
towards food and polymer applications, particularly in the production of flour, fiber, and
pectin as fillers. Khoozani et al. [99] used banana pulps and peels to produce flour by
varying the drying process using oven drying, a spouted bed drier, ultrasound, a pulsed
vacuum oven, a microwave, spray drying, and lyophilization. Additionally, flour made
from ripe “Prata” banana (Musa spp.) peels was used in the development of edible coatings,
as shown in Figure 7 [100].

Figure 7. Development of edible coatings from banana peel. Reproduced with permission from
Ref. [100]. Copyright 2021 Elsevier.

Reißner et al. [101] processed the pomace of different berries (blackcurrant, redcurrant,
chokeberry, rowanberry, and gooseberry) into flour and fruit powder. de Andrade et al. [102]
used orange, passion fruit, and watermelon to produce flour. The prebiotic potential of
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the fruit-based by-product flour obtained from the solid waste from fruit processing was
evaluated after undergoing in vitro gastrointestinal digestion process.

In addition to flour, fiber is another food application for fruit waste by-products.
Sharma et al. [103] processed apple pomace to produce fiber to prepare fiber-enriched
products. The dried pomace was packed in gunny and PE bags and stored at low (0–4 ◦C)
and ambient temperatures (13–26 ◦C) after washing, blanching, and drying in a polytun-
nel drier (45 ± 8 ◦C). The apple fiber can be used in product formulations with good
cholesterol-lowering characteristics and for the establishment of polymer composites such
as reinforcements with epoxy resin to form hybrid composites [104].

Begum and Deka [105] used banana bract to extract dietary fiber (DF) using an
ultrasound-assisted extraction method combined with alkaline extraction. This antioxidant
DF is vital because it is linked to various health benefits, including preventing and treating
chronic and degenerative diseases. Additionally, Mir et al. [106] produced gluten-free
crackers with high fiber from brown rice flour and apple pomace. Apple pomace flour
blends were made by combining brown rice flour with 0, 3, 6, and 9% apple pomace.

Another common use of fruit waste is that of pectic substances for use in other
applications. Khamsucharit et al. [107] extracted pectin from the peels of five banana
varieties through a conventional hot acid extraction method with a citric acid solution.
Another study on pectin extract from banana peel was conducted by Maran et al. [108]
using an ultrasound-assisted, citric-acid-mediated extraction method, optimized through
the response surface methodology (RSM) approach. Moorthy et al. [109] used jackfruit
peels to produce pectin using an ultrasound-assisted extraction method, a similar approach
to that used by Hosseini et al. [110] and Guandalini et al. [111], who respectively extracted
pectin from orange and mango peels. Chaiwarit et al. [112] found that pectin extracted
from mango peel (Figure 8) can be regarded as a potential biopolymer for an edible film for
food packaging.

Figure 8. Fabrication of thin polymer films from mango peel waste. Reproduced with permission
from Ref. [112]. Copyright 2021 Elsevier.

Fruit waste has also been used for the production of non-food by-products. One
of the most common applications of fruit waste is for the production of bioadsorbents.
Laysandra et al. [113] used durian skin to produce adsorbent by mixing it with acid-
activated bentonite (AAB) and natural surfactant (rarasaponin). They found that the
rarasaponin/bentonite-activated biochar from the durian shell composite (RBAB) was
effective for use as a new composite adsorbent for the removal of crystal violet and Cr (VI)
from aqueous solutions. Meanwhile, fruit waste is also utilized to make films. Mango peel
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was used in the production of fish-gelatin-based films [114]. The films were prepared via
the solution casting method with three different concentrations of the mango peel extract
(1 to 5%). The films produced were then tested for their physical, barrier, mechanical, and
antioxidant qualities. Based on their findings, the addition of mango peel extract in the
formulation produced a thicker, denser, and continuous structure with outstanding free
radical scavenging activity (Figure 9).

Figure 9. Gelatin films with various concentrations of mango peel extracts. Reproduced with
permission from Ref. [114]. Copyright 2021 Elsevier.

Fruit waste has also been used in the production of edible coatings to improve their
properties. Blackberry pomace has reported been used for its the antioxidants and an-
timicrobials sources in the production of edible coatings for foods and consisting of car-
boxymethylcellulose, bacterial cellulose fibrils, and pectin sweets, with high lipid con-
tents [115]. Meanwhile, grape seed extract has been included in pectin–pullulan edible film
production for the storage of peanuts [116]. This coating successfully extended the shelf
life of the stored peanuts by delaying rancidity.

Similar to fruit wastes, flour is the common by-product produced from vegetable
waste. de Andrade et al. [102] used solid products from eight types of vegetables, including
carrot, courgette, cucumber, lettuce, mint, rocket, spinach, and taro, to produce flour, then
tested the modulatory effects on the gut microbiota composition. Amofa-Diatuo et al. [117]
produced flour from cauliflower stems and leaves as a source of isothiocyanates (ITC) in an
apple juice beverage. Cauliflower waste was also utilized in producing fermentable sugar.
Majumdar et al. [118] pre-treated cauliflower stalks and leaves with dilute phosphoric
acid prior to enzymatic hydrolysis to better release fermentable sugars. Vegetable waste
is also a source of fiber and pectin. Iwassa et al. [119] produced and characterized fiber
concentrates from asparagus by-products. They concluded that the fiber concentrates had
high potential for use in formulating functional food products. Kazemi et al. [120] used an
ultrasonic extraction method to extract pectin from eggplant peels. Eggplant peels provide
substantial extraction yields and are considered to have high potential in pectin production

Waste from vegetables was also used for the extraction of essential oils. Chiboub et al. [121]
extracted essential oils from the tops of carrots. The result showed that the essential oil pro-
duced was a good source of natural antimicrobials or aromatic agents. A similar finding was
reported by Caliceti et al. [122] for peptide extract from cauliflower leaves. In contrast, the
tops and roots of carrots were reported to be used to produce biodegradable composite
films [123]. To improve the composite properties, they mixed and optimized the formu-
lation with hydroxypropyl methylcellulose (HPMC) and high-pressure microfluidized
cellulose fibers. Garlic peel extract was reported to be added in the formulated gelatin film
as a source of antioxidant and antibacterial agents [124]. The gelatin film was proven to
maintain the qualities of the rainbow trout fillets during refrigerated storage. Additionally,
vegetable waste was also used for the production of the highly antioxidant edible coat-
ings. Asparagus waste extract was incorporated into a hydroxyethyl cellulose–sodium
alginate edible coating to significantly extend the postharvest life and retain the quality of
strawberry fruit [125].
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5. Innovative Technologies Used for Bioactive Compound Extraction
5.1. Thermal Extraction

Thermal extraction includes decoction, reflux, Soxhlet, hydro, and steam distillation
techniques [126]. Incorporating bioactive compounds such as flavonoids, phenolic acids,
and polysaccharides into polymer materials improves both the antioxidant and antibac-
terial activity [127]. Temperature increases the solubility and diffusivity in solid–liquid
extraction, resulting in high yields of extracted compounds. Thermal degradation of
enzymes and desired bioactive compounds occurs during prolonged extraction at high
temperatures [128]. Regarding the extraction of FVW and FVB for industrial applications,
various methods are used, such as fermentation and separation (lactic acid extraction
from potato peels), hot dilute acid treatment and alcohol precipitation (pectin extraction
from citrus peels), and steam distillation and alkali treatment (D-limonene extraction from
citrus peels) [129]. These methods are appropriate for batch and large-scale processing.
Meanwhile, emerging thermal processes, such as microwave-assisted extraction (MAE),
pressurized liquid extraction (PLE), and subcritical water extraction (SWE), offer additional
benefits and have the potential to replace conventional methods due to being efficient,
economical, and environmentally friendly [17].

5.1.1. Conventional Heat Extraction

One of the oldest extraction methods is conventional heating extraction (CHE). CHE
involves direct contact with a thermal source either by conduction or convection as the
heating mechanism. The CHE thermal source usually is an used oven, hot plate, or
water bath, while acidic solutions are used as the agents. Recent research on the FVW
and FVB extraction methods showed that CHE was not favored as compared to the new
emerging extraction technologies, such as MAE [130–132] and ultrasonic-assisted extraction
(UAE) [133–135]. Although the CHE method produced more bioactive compounds than the
MAE method, such as pectin extracted from black carrot pomace [132] and lime peel [136],
the CHE method has several drawbacks, including high energy requirements and long
processing time, making it inefficient in industrial applications; however, the combination
of CHE and other techniques has shown tremendous potential in FVW and FVB processing.
High PLE [137] and UAE [133] are two technologies that can be integrated with CHE,
which can increase the extracted yield by over 50%. Table 4 shows the optimal yields of
bioactive compounds from FVW that have been achieved in recent years.

Table 4. Progress studies of FVW using conventional heating extraction.

Fruit and
Vegetables Waste

Bioactive
Extraction Process Condition Agent Optimum Yield (%) Ref.

Red and white
dragon fruit peel,
passion fruit peel

Pectin
43—107 min,

60–80 ◦C (Dragon Fruit),
60–120 ◦C (Passion Fruit)

Citric acid

15.12% (red dragon
fruit), 14.11% (white
dragon fruit), 13.18%

(passion fruit)

[130]

Grape (white
and red) skin TPC 60–90 min,

40–70 ◦C Ethanol 1.74–2.12 gGAE/L [131]

Black carrot
pomace Pectin 90 min, 110 ◦C Acidic solution 0.22 kg pectin/kg

pomace [132]

Wheat bran Phenolics 3, 6, and 24 h,
50–90 ◦C

99% glycerol, citric
acid,

Folin–Ciacalteu
4.57–16.11 mgFAE/gdm [133]

Grapefruit peel Pectin 90 min, 80 ◦C HCl MW 385.55 kDa [135]

Lime peel Pectin 60 min, 95 ◦C HCl or citric acid 16.12–23.52% [136]
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5.1.2. Soxhlet Extraction

Another traditional thermal extraction method is Soxhlet extraction (SE), which in-
volves high temperatures, long extraction times, and a large amount of solvent, meaning
this method triggers environmental concerns. Similar to conventional heating extraction,
the SE method also results in highly extracted bioactive compounds from FVW and FVB,
including papaya [138], grape [139], and soapberry seed oil [140]. This classical extrac-
tion method has been compared to MAE [141–143] and UAE [144,145]. Table 5 shows
the findings from the latest studies on SE methods using FVW. Throughout the experi-
ments, Fernandez-Pastor et al. [142] showed that olive peel took 30–90 min to yield around
19 to 23% of bioactive compounds as compared to other studies that required longer times
for the extraction technique (4 to 8 h).

Table 5. Progress studies of FVW in the application of Soxhlet extraction.

Fruit and Vegetables Waste Bioactive Extraction Process Condition Agent Optimum Yield (%) Ref.

Olive Oil (Alperujo) solid waste TPC 4 h, 70 ◦C n-Hexane 0.75–3.76 g/kg raw alperujo [139]

Indian Soapberry seed Oil 6 h, 80 ◦C n-Hexane 40.63% [140]

Mango peel, Soursop peel, Grape
peel, Grape seed AOA, TPC, TFC 8 h, 40 ◦C 60% Ethanol; 1:25

solid/liquid ratio

52.28% (Mango peel),
50.63% (Soursop peel),
64.65% (Grape peel),
18.45% (Grape seed)

[141]

Olive skin/peel Triterpene acids unmilled/milled,
30–90 min, 65–70 ◦C

Ethyl Acetate/Methanol
(1:40, 1:20, 1:10

sample/solvent ratio)

unmilled, ratio 1:40 g/mL:
22.24% [142]

Bitter Gourd peel AOA, TPC, TFC 6 h, 40–50 ◦C Methanol 26.48% [145]

Sukatta et al. [146] studied the bioactivity levels and characterization of rambutan
peel extract (RPE) and the feasibility of RPE as a bioactive compound for antimicrobial
and antioxidant applications in whey protein isolate (WPI)/cellulose nanocrystal film.
The RPE was extracted for 16 h in a Soxhlet extractor with 95% ethanol. Using the HPLC
chromatogram, the main components of RPE were corilagin, ellagic acid, geraniin, and
gallic acid. The main bioactive components were classified as phenolic compounds, which
exhibited antioxidant and antimicrobial properties.

As an alternative to existing synthetic packaging films, Jridi et al. [147] developed
grey triggerfish skin gelatin films containing phenolic extracts from blood orange (Citrus
sinensis) peel. The dried orange peel extract (DOPE) was obtained by extracting the dried
orange peels via Soxhlet extraction using 300 mL of ethanol for 6 h. Similarly, fresh orange
peel extract (FOPE) was obtained by extracting the fresh orange peels. It was found that
the extraction yield of the DOPE was 31.2% (w/w), which was significantly higher than
that of FOPE (25.3%).

5.1.3. Microwave-Assisted Extraction

Microwave-assisted extraction (MAE) is a powerful alternative method for extracting
bioactive compounds from FW. It is mainly used for extraction because it reduces sol-
vent usage, energy consumption, extraction times, heating rates and increases extraction
efficiency and selectivity, resulting in quality target products [148]. Many studies were
conducted using MAE methods on FVW and FVB, including longan seed [149], tomato
peel waste [150], apple pomace [151], banana peel [152], pitaya fruit peel [130,153], passion
fruit peel [130], lemon peel, mandarin peel, and kiwi peel [154]; thus, MAE is mostly used
to extract pectin from fruit waste. This approach has been used to extract high-quality
pectin with biomasses such as mango peels [155], citrus mandarin peels [156], fig skin [157],
orange peel, apple pomace, mango peel, carrot pulp [158], pumpkin biomass [148], and
banana peels [159]. The study conducted by Zin et al. [160] showed that the highest mi-
crowave power used on the fruit waste (sour cherry pomace) was 700 W. Other biochemical
compounds can also be obtained using this technique, such as antioxidants from black car-
rot pomace [161], pitaya peel [153], and mango seed kernels [162]; flavonoids from Jocote
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pomace [163]; anthocyanins from grape juice waste [164] and sour cherry pomace [165];
and essential oil from lemon peels waste [166]. Casas et al. [167] also showed the potential
of cocoa butter produced from mango kernel butter by extracting discarded seed kernels.
Table 6 shows the summary conditions used for optimal bioactive compound extraction in
recent studies on FVW.

For optimum yield extraction of the targeted compound, focused microwave-assisted
extraction is preferred to conventional or household microwave ovens, as the parameters,
namely the pressure and temperature, can be monitored [163]. A previous study showed
that the combination of MAE with other methods could help produce high-yield com-
pounds. Sequential ultrasound-microwave assisted extraction (UMAE) of fig skin extract
resulted in higher pectin yield ~14.0%, with citric acid used as the solvents. Brönsted acidic–
ionic liquid-based ultrasound-microwave synergistic extraction (BUME) from pomelo
peels achieved the highest pectin yield of 328.64 ± 4.19 mg/g with optimum conditions
involving 10 mM [HO3S(CH2)4mim]HSO4 solvent, 15 min of extraction time, 360 W of
microwave irradiation power, and 27 mL/g liquid–solid ratio compared as compared to
MAE (210.39 ± 5.82 mg/g).

Utama-Ang et al. [168] studied MAE of dried ginger and developed a rice-based edible
film containing ginger extract. The optimal MAE conditions were determined to be 400 W
microwave power and one minute extraction time. At high temperatures and microwave
power, 6-gingerol dehydrates water (H2O) from its structure, resulting in the formation of
6-shogaol4. Microwave power accelerated the retro-aldol reaction of 6-gingerol, and it is
suggested that zingerone constituents be generated with aldehyde to deliver the products.
The optimized extract showed good results in terms of the levels of total phenolic com-
pounds (198.2 ± 0.7 mg GAE/g); antioxidant activity as measured by DPPH (91.4 ± 0.6%
inhibition), ABTS (106.4 ± 3.1 mgTE/g), and FRAP (304.6 ± 5.5 mgTE/g); and bioactive
compounds, including 6-gingerol (71.5 ± 3.6 mg/g), 6-shogaol (12.5 ± 1.0 mg/g), paradol
(23.1 ± 1.1 mg/g), and zingerone (5.0 ± 0.3 mg/g).

In contrast, industrial potato peel by-products allowed greater antioxidant extraction
yields than in combinations with ultrasound treatment [169]. Radiofrequency-assisted
extraction (RFAE) with a frequency range of 1 to 300 MHz is another method used in
dielectric heating as compared to microwave-assisted extraction (300 to 3000 MHz) in
electromagnetic field-based thermal processes. An analysis discovered that the optimum
conditions for RFAE were similar to MAE for pectin extraction from apple pomace. Still, the
physicochemical properties (DE, GA, color values, and thermal stability) of apple pomace
showed better RFAE pectin values [151].

Table 6. Progress studies of FVW in the application of microwave-assisted extraction.

Fruit and Vegetables Waste Bioactive Extraction Process Condition Agent Optimum Yield (%) Ref.

Red and White Dragon fruit
peels, Passion Fruit peel Pectin

10–12 min,
75 ◦C,

153–218 W

Methanol
(pH: 2.9–3.0)

17.01 ± 0.32% (Red Dragon Fruit),
13.22 ± 1.42% (White Dragon Fruit),

18.73 ± 0.06 (Passion Fruit)
[130]

Black Carrot pomace
Phenolic,

Antioxidants,
Anthocyanins

5 min, 110 ◦C, 20%
output power of

900 W

Hot Acidic Water
(pH: 2.5)

phenolic content: 1692 ± 79.4 mg GAE/l
(0.17 kg pectin/kg pomace); antioxidant:

60 ± 9.6 MTE/mL; anthocyanins:
456.8 ± 38.2 mg/L

[132]

Longan seeds Pectin 3.5 min,
700 W 50% Ethanol 64.95 + 20.56 mgGAE/gdw [149]

Lemon, Mandarin and Kiwi
peels Pectin

1–3 min,
60–75 ◦C,

360–600 W

HCl, Nitric Acid
(HCl)

17.97% (kiwi peels),
7.47% (mandarin peels),

7.31% (lemon peels)
[154]

Apple pomace;
Orange peel;
Mango peel;
Carrot pulp

Pectin
10–180 min,

90 ◦C,
50–200 W

Water

Orange peel, 60 min, 200 W: 12.9 ± 1.0%;
Mango peel, 120 min, 200 W:

14.7 ± 0.6%; Apple pomace, 120 min,
200 W: 14.7 ± 0.1%;

Carrot pulp, 60 min, 200 W: 6.3 ± 0.7%

[158]

Black Carrot pomace Phenolic, Flavonoid,
Anthocyanins, AOA

9.8 min,
348.07 W 20% Ethanol

polyphenolic content: 264.9 ± 10.025 mg
GAE/100 mL; flavonoid:

1662.22 ± 47.3 mgQE/L; AOA:
13.14 ± 1.05 MTE/mL; anthocyanins:

753.40 ± 31.6 mg/L; color density;
68.63 ± 5.40

[161]

60



Polymers 2021, 13, 3503

Table 6. Cont.

Fruit and Vegetables Waste Bioactive Extraction Process Condition Agent Optimum Yield (%) Ref.

Jocote (Spondias purpurea L.)
pomace Pectin, Flavonoid 20 min,

68 ◦C, 100 W 80% Ethanol phenol: 0.897 g GAE/g (3.42%),
flavonoid: 1.271 g QE/g, [163]

Mango kernel Crude butter 3.5 min,
160 W Water 48.85% [167]

Lemon peel Essential oil, Pigment 50 min,
20 ◦C/min, 500 W 80% Methanol Essential oil: 2 wt.%, Pigment: 6 wt.% [166]

Watermelon rind Pectin 12 min,
279.3 W Acetic Acid 3.93–5.77%

(DE: 56.86–85.76%) [170]

Table 7. Progress studies of FVW involving pressurized liquid extraction.

Fruit and
Vegetables Waste

Bioactive
Extraction Process Condition Agent Optimum Yield (%) Ref.

Grape pomace:
skin, seed

Polyphenols,
Antioxidants

5 min with
250 s nitrogen

purge,
100–160 ◦C,

~10 atm

20–60%
Ethanol

Polyphenols content,
160 ◦C, 60% ethanol,

Skin:1.98 ± 0.06 mgGAE/gdw;
Seeds: 12.54 8 ± 0.02 mgGAE/gdw;

Antioxidant by DPPH,
100 ◦C, 20% Ethanol,

skin: 121.91 8 ± 0.08 mg/mL,
Seeds: 39.63 8 ± 0.01 mg/mL;

Antioxidant by ORAC,
160 ◦C, 60% Ethanol,

Skin: 36.33 8 ± 0.06 MTE/gdw,
Seeds: 137.65 ± 0.11 MTE/gdw

[172]

Pomegranate peel

TPC,
Punicalagin

content,
antimicrobial

activity

200 ◦C 77%
Ethanol

Polyphenols content:
164.3 ± 10.7 mgGAE/gdw;

Punicalagin content:
17 ± 3.6 mg/gdw

[174]

Olive pomace TPC, AOA,
TFC

65–18 ◦C,
supercritical

carbon dioxide
(scCO2)

8–92%
Ethanol

TPC, 160.7 ◦C, 75%
Ethanol: 280.37 mgGAE/gDE;

AOA, 125 ◦C, 50%
Ethanol: 6.88 MTE/gDE;

TFC, 89.3 ◦C, 25%
Ethanol: 15.82 mgRE/gDE

[175]

Mulberry pulp TPC,
Anthocyanins

10 min, 75.5 ◦C,
200 atm,

purge time 90 s

47.2%
Methanol (pH3.01)

TPC: 2186.09 ug/g,
AOA: 164.53 ug/g [176]

Beetroot waste:
residues, leaves

and stems
TPC, AOA

40 ◦C,
7.5–12.5 MPa,

3 mL/min
70–100% Ethanol

Leaves-
TPC, 40 ◦C, 10 MPa, 100%

Ethanol: 252 ± 2 mgGAE/g;
AOA by ABTS, 40 ◦C, 12.5 MPa,
100% Ethanol: 823 ± 48 MTE/g;

Stems-
TPC, 40 ◦C, 10 MPa, 100%

Ethanol: 14 ± 2 mgGAE/g; AOA
by DPPH, 40 ◦C, 10 MPa, 100%

Ethanol: 515 ± 89 G/mL
(Leaves > Stems)

[177]

Cejudo-Bastante et al. [178] investigated the extraction process used in developing
bioactive jute-fiber-based food packaging using pressurized liquid extraction (PLE) and
enhanced solvent extraction (ESE) techniques. The extraction yield and antioxidant capacity
levels of the red grape pomace extract (RGPE) obtained using ESE and PLE were compared
under varying pressure (10 and 20 MPa), temperatures (55–70 ◦C), and co-solvent (C2H5OH

61



Polymers 2021, 13, 3503

or C2H5OH:H2O) conditions. They discovered that the PLE technique produced the most
bioactive extract with 20 MPa, 55 ◦C, and one hour residence time using C2H5OH:H2O
(1:1 v/v), providing antibacterial capacity against Escherichia coli, Staphylococcus aureus, and
Pseudomonas aeruginosa.

5.1.4. Subcritical Water Extraction

Compared to conventional extraction procedures, sub-critical water extraction (SWE)
is a green extraction technology that yields superior quality extraction products and is
cost-effective with a short extraction or treatment time [179–182]. SWE is also known as
pressurized hot water or superheated water extraction, as it uses water at temperatures
between 100 ◦C and 374 ◦C (critical temperature) and at pressures of up to 22.1 MPa
(greater than vapor saturation) to keep the water molecules in a liquid state throughout the
process [183]. Water is a polar solvent with a dielectric constant (ε) of 79.9 and a density of
1000 kg/m3 [184,185]. When water is heated to higher temperatures, its hydrogen bonds
break down, resulting in a drop in its dielectric constant (ε), demonstrating water’s ability to
act as a material reaction medium. Water has a density of 79.9% at ambient temperature and
atmospheric pressure. Water may be lowered to 27–32.5% while remaining in liquid form
by increasing the temperature to 250 ◦C and increasing the pressure to 5 MPa. Water has a
similar density to methanol (32.5%) and ethanol (27%) at ambient temperature [186,187].
The latter enables water to interact with polar compounds, lowering the binding force and
allowing substances to dissolve in water at greater temperatures and pressures.

The ionic constant of water (Kw) increases with increases in the reaction temperature
according to Pourali et al. [188], and is nearly three times greater than at room temperature.
Water’s reactivity increases as the concentrations of H+ and OH– in the aqueous medium
increase, causing it to act as an acid or base catalyst that is appropriate for hydrolysis
reactions. Organic waste can, thus, be hydrolyzed and the necessary components contained
inside can be removed using sub-critical water treatment [189]. Sub-critical water treatment
is an environmentally favorable procedure because no chemical solvent is required. As a
result, less effluent is created. Table 8 shows several examples of the application of SWE
on FVW.

Table 8. Progress studies of FVW involving sub-critical water extraction.

Fruit and Vegetables
Waste Bioactive Extraction Process Condition Agent Optimum Yield (%) Ref.

Grape pomace Phenolic compounds 50–190 ◦C Water 29 g/100 g extracts [190]

Kiwifruit peel TPC, TFC, AOA
5–30 min
(20 min)

120–160 ◦C (160 ◦C)
Aqueous mixture

TPC: 51.24 mg GAE/gdw, TFC:
22.49 mgCE/gde
AOA by ABTS:

269.4 mM TE/gdw

[191]

Citrus
(C. unshiu) peel TFC 145–175 ◦C

15 min Water TFC: 59,490 g/gdb [192]

Tamarind seed
Xyloglucan

component, TPC,
AOA

100–200 ◦C
(175 ◦C)

5.03–13.55 min
Distilled Water

Xyloglucan component: 62.28%,
TPC:

14.65–42.00 gGAE/g,
AOA: 1.93–3.20 MTE/g

[193]

Dates seed TPC, AOA, TFC,
Dietary fiber

120–180 ◦C (144 ◦C)
10–30 min
(18.4 min)

Aqueous mixture

TPC: 9.97 mgGAE/g,
TFC: 3.52 mgQE/g,
AOA 1.67 mgTE/g,

Dietary fibers: 29 g/mg

[194]

The extraction mechanism of SWE begins with solute desorption under elevated
pressure and temperature, followed by the diffusion of extracted chemicals into the solvent.
Finally, the extracted solutions are eluted from the extraction cell and transferred to a
collection container [195,196].

Several process parameters influence the extraction efficiency of SWE, including the
reaction temperature, pressure, reaction duration, solid-to-water ratio, sample particle size,
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pH, solute properties, and surfactant addition [197]; however, the reaction temperature,
reaction duration, and solid-to-water ratio have the greatest influence on the SWE process.
Because the viscosity and surface tension of the extraction solvent diminish with increas-
ing temperature, Thani et al. [198] discovered that increasing the treatment temperature
enhances the mass transfer rate and solubility of bioactive chemicals; however, if the tem-
perature is raised above a certain point, the selected chemicals may degrade. As a result,
the closely associated process temperature and duration should be optimized for each
unique situation and are highly reliant on the desired product’s qualities.

Ho et al. [199] investigated the influences of P. palatiferum freeze-dried powder (PFP)
using SWE on the antioxidant activities and physical properties of gelatin–sodium alginate
(GSA)-based films. P. palatiferum (Nees) Radlk. leaves were extracted with subcritical
water, which increased the total phenolic content (TPC) and antioxidant activity as the
PFP concentrations increased. The increase in antioxidant activity occurred in parallel
with TPC. The antioxidant activity was attributed to the phenolic compounds [200] and
gelatin–sodium alginate [201]. In addition to TPC, P. palatiferum leaves also contained a
variety of other compounds, including protein, saponin, total sugar, and phytosterol [202],
all of which can contribute to the antioxidant activity of GSA-based films.

Mohd Thani et al. [203] conducted an exhaustive review on SWE of sugar from FW.
Monosaccharides and oligosaccharides are important carbohydrate molecules that can
be hydrolyzed from FW. Sugar extraction from bakery waste, for example, is an effective
way of valorizing this type of FW [198]. The leftover croissants had the most fructose
and glucose at 4.74 and 3.76 mg/g substrate, respectively [198]; however, the sugar yield
increased to a maximum value following SWE and then steadily decreased over time,
whereas the yield of the degradation products increased over time [204,205].

Additionally, SWE can be successfully employed to extract antioxidant-rich extracts
from yarrow by-products. The obtained extracts are rich in total phenols and flavonoids
and have high antioxidant activity [206]. Oilseed cake extracts derived using subcritical wa-
ter show a significant amount of promise for application in the fortification of various food
goods and cosmetics. Depending on the type of oilseed, specific components such as the fla-
vor amino acids aspartic acid, glutamic acid, and alanine can be extracted. This biowaste’s
favorable chemical composition and high nutritional content provide it with high utiliza-
tion potential [207]. The most significant yield of phenolic compounds (4855 mg/100 g
dry weight) was obtained using subcritical water extraction from pomegranate seed rem-
nants [208]. Similar results were obtained for phenolics in white wine grape pomace [209]
and peach palm by-products [210].

5.2. Non-Thermal Extraction

Each non-thermal extraction process has its own set of advantages and disadvantages,
as summarized in Table 9. Several factors must be considered to obtain the best results
when extracting phenolic compounds from FVW. The operation’s success depends on the
understanding of the nature of the target compounds, source materials, and waste matrices.
Additionally, the process type and operating parameters used in the recovery process
are critical determinants of the yield and quality of the recovered chemicals. The FVW
matrix, the materials’ physicochemical properties, and the type of compounds extracted
may affect the chosen approach. Conventional extraction processes with low yields require
longer extraction times, large amounts of energy, and significant capital investment. Due
to the difficulties associated with achieving high-purity target compounds, conventional
technologies are regarded as inadequate compared to the emerging non-conventional
approaches, such as ultrasound-assisted, HPP, and PEF.
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Table 9. Comparison of innovative extraction methods.

Extraction Method Working Principles Parameters Advantages Disadvantages

High Pressure
Processing (HPP)

• Works by increasing
pressure up to 600 MPa.

• Isotactic pressure cause
rupture to the cell
membrane and increase
mass transfer from the
inside cell to the outside
environment and vice
versa [211].

• Mild temperature improves
further the mass transfer.

• Pressure
• Temperature (mild)
• Solid/liquid ratio
• Processing time

• Green technology.
• Good with

thermo-sensitive
bioactive components

• Reduces
pressure-sensitive
bioactive
components [212].

• Need to be hurdled with
other technologies to
improve the extraction
process.

Ultrasound-assisted
extraction (UAE)

• UAE produces acoustic
waves in the solvent that
lead to cavitation bubbles.
The developed cavitation
bubbles burst at the surface
of the plant sample matrix,
disrupt the plant cell wall,
and help in the release of
the phenolic bioactive
compound into the
solvent [213].

• Suitable for phenolic
compounds, lipids,
chlorophyll,
carotenoids [214]

• Concentrations of
solvent

• Solvent-to-sample
ratio

• Extraction time
• Temperature
• Frequency
• Power
• Particle size
• Liquid height
• Duty cycle

• Analytically simpler
(reduce unit operations),
more efficient, lower
extraction temperature,
and faster processing
time [215].

• Reduction in energy and
power usage.

• Higher yield and less
chemical solvent
usage [214].

• Conducted under room
temperature or heat and
at atmospheric pressure.

• Water, aqueous and
non-aqueous solvents.

• Quick return of
investment

• Deterioration of phenolic
compounds due to the
generation of hydroxyl
radicals with the
formation of cavitation
bubbles.

• Lack of uniformity in
UAE energy distribution
and potential change in
the constitutive molecules
[216].

• Proper optimization in
US frequency, the
nominal power of the
device, propagation of
cycles, input power,
system geometry is
required for maximum
yield [214].

Supercritical fluid
extraction (SFE)

• A process based on the use
of solvents above or near
their critical temperature
and pressure to recover
extracts from solid matrices.

• Uses supercritical fluids
(CO2 and H2O) for the
extraction of phenols from
the plant matrices.

• Suitable for volatile
compounds [217].

• Temperature
• Pressure
• Time
• Solvent-to-sample

ratio
• Sample particle size
• Processing before

extraction

• Faster, selective, and
improved recovery of
phenolics without using
toxic organic
solvents [215].

• Conducted under room
temperature and at high
pressure.

• Automated system, no
filtration required, recycle
and reuse of the
supercritical fluid,
polarity of CO2 can be
retuned and extraction of
thermolabile compounds
possible at low
temperature.

• Increased time due to
solutes, lower diffusion
rate from the solid matrix
into the supercritical
fluid.

• Initial cost of the
equipment is high.

• Greatly impacted by the
property of the fluid used
[215].

• Elevated pressure
required, risk of volatile
compounds losses, many
parameters to optimize.

Pulsed electric field
(PEF)

• Causes electroporation,
which involves the
formation of localized pores
in the cell membranes,
increasing the extraction
yield [218].

• Best for phytosterols and
various polyphenols [219].

• Electric field strength
• Treatment time
• Pulse shape
• Pulse width
• Pulse frequency
• Pulse polarity
• Temperature
• Treatment flow mode

• Shorter extraction time
(µs), consumes less
energy, environmentally
sustainable [215].

• Conducted under room
temperature or heat and
at atmospheric pressure.

• Water, aqueous and
non-aqueous solvents.

• Can be applied in
continuous mode up to
10000 kg/h [19].

• Increases in electric field
strength and treatment
time could lead to
increased energy
consumption.

• High equipment cost [19].

When combined with a properly chosen extraction method, media, and optimized
parameters, these technologies have been shown to increase the yield of specific chemicals
from FVW while minimizing carbon footprints [220]. Although selective for lipophilic and
volatile compounds such as fats and oils, certain methods such as SFE utilize CO2; thus,
co-solvents are indicated to boost extract purity. As such, green extraction media should
be thoroughly evaluated prior to extraction, especially when the desired chemicals are
food-grade. In order to turn the FVW problem into a solution for recovering the valuable
qualities of bioactive substances that are now being wasted, more research is required.

As such, this sub-section will focus on the innovative technologies used to extract
bioactive compounds from FVW and will be limited to notable articles published in the
previous decade.
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5.2.1. High-Pressure Processing

High-pressure processing (HPP) is commonly used to produce commercially available
commodities such as minimally processed fruit juices, guacamole, jellies, dips, salsas, meat
and poultry, seafood, and ready-to-eat meals [221,222]. Pasteurization at high pressures
ranging from 400 to 600 MPa and temperatures ranging from 20 to 70 ◦C is a common
industrial process. On the other hand, high-pressure sterilization at pressures greater than
600 MPa and temperatures ranging from 90 to 120 ◦C is more commonly used to eliminate
resistant food enzymes, bacteria, and spoilage spores [223,224]. In addition, this technology
is being researched for various applications, such as reducing allergenicity in meals, inacti-
vating fruit and vegetable enzymes, and valorizing food matrices. High pressure benefits
both fresh produce and FW by-products [225,226]. High-pressure extraction and infusion
technologies, for example, may show promise for agricultural and FW valorization.

High-pressure treatment is a green method for extracting bioactive compounds from
agricultural commodities. Flavonoids, polyphenols, ginsenosides, anthocyanins, lycopene,
caffeine, salidroside, corilagin, and momordicosides are bioactive compounds that have
varying polarity levels [226,227]. The steps in specific bioactive compound extraction
methods are breaking down plant cell walls to free intracellular molecules, isolating the
bioactive compounds from auxiliary components, and purifying them [228]. High-pressure
extraction improves the bioactive and heat-sensitive chemical extraction processes while
requiring less time and energy [226].

Plant tissues, cellular membranes, and organelles are disrupted, allowing the solvent to
enter the cell and dissolve the bioactive compounds [211]. The mass transfer rate is directly
proportional to the applied pressure because solubility increases with pressure [229]. As a
result, high-pressure treatments improve extraction rates and the availability of bioactive
molecules, particularly from difficult-to-release matrices. Pressure has been shown to
reduce intracellular pH [230], which aids in the extraction of acylated anthocyanins because
they are more stable at low pH [231]. High-pressure treatments also reduce the dielectric
constant of water and solvents, which aids in releasing phenolic compounds and the most
stable anthocyanins in acylated form, which is less polar [231].

5.2.2. Supercritical Fluid Extraction (SFE)

Supercritical fluid extraction (SFE) is another non-conventional extraction method that
obeys the principle of the Green Extraction of Natural Products (second principle) [232].
This is due to the use of supercritical fluids such as CO2, which can reduce the solvent
consumption and amount of waste [233]. SFE operates at temperatures and pressures
above the critical points of the solvents used, whereby gas and liquid exist as separate
phases. These fluids exhibit the properties of the liquid (density and salvation power) and
gas (viscosity, diffusion, and surface tension), facilitating higher extraction yield within a
short time [234].

Compounds that are soluble in CO2, such as oil, fatty acids, carotenoids, and toco-
pherols, have benefited from the low critical temperature (31 ◦C) and pressure (7.4 MPa) of
CO2 [232]; however, due to CO2’s low polarity, co-solvents (methanol, ethanol,
dichloromethane, acetone, ethylene glycol, water) are sometimes required to extract polar
molecules from water-rich FVW [235]. These co-solvents are used to change the polarity
of CO2, improve its solvating power, and increase the extraction efficiency by reducing
interactions between analytes and plant cell matrices [216].

The sample particle size, temperature, pressure, time, co-solvents, solvent-to-solid
ratio, and processing before extraction are important SFE operational factors [216]. Pressure
and temperature are essential elements in SFE, and adjusting them is critical to achieve
optimal yield and economic performance. The performance of SFE is strongly temperature-
dependent, as increasing temperature reduces the solvent density, lowering the yield,
while increasing the solute vapor pressure increases the yield; however, temperatures that
are too high can damage fragile molecules such as carotenoids, altering their structure
and bioactivity [236]. Pressure, on the other hand, causes the fluid density to increase as
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the pressure increases so that the extraction yield improves. In general, high pressure,
temperature, and flow rate maximize polyphenol extraction in FVW.

Despite its many benefits, SFE has some drawbacks, including limited solvent dif-
fusibility into the matrix, prolonged extraction times, high pressure requirements, costly
infrastructure, inconsistency, and lack of repeatability during continuous processes [234].
Furthermore, even with identical chemicals, SFE process conditions can differ amongst
plant matrices. Pre-treatments such as lyophilization, micronization, maceration, and
decoction often impact the final extraction yields and compositions; thus, before using
SFE for bioactive extraction, it is imperative that the appropriate operating conditions and
pre-treatment are thoroughly investigated.

5.2.3. Pulsed Electric Field (PEF)

PEF has been gaining traction for FW recycling and by-products due to its ability to
extract valuable ingredients [237]. It is able to decrease energy costs, improve the extraction
yield, lessen the degradation of heat-sensitive substances, and purify the extraction process
with no environmental impacts [238]. In the PEF process, which occurs at ambient temper-
atures (20–25 ◦C), the sample is positioned in the middle of two or more electrodes before
being exposed to high-voltage electric field pulses for short processing times with repeated
frequency. This results in high electric field strengths (EFS) in batch mode of 100–300 V/cm
and in continuous mode of 20–80 kV/cm [239].

PEF works by breaking down the structure of plant cell membranes with a high electric
field. Due to their dipole nature, the electric charge separates the molecules of plant cell
membranes. Because charged molecules repel each other, the pores on the weak sides
of the membranes expand, causing permeability [240]. This electroporation or electrop-
ermeabilization element allows targeted chemical release from plant matrices [235]. For
delicate plant tissues (e.g., pericarp or mesocarp of few fruits), a voltage of 0.1 to 10 kV/cm
is sufficient, although for robust materials (e.g., seeds), a voltage of 10 to 20 kV/cm is
required [241]. Another benefit of a low EFS (500–1000 V/cm) is the ability of the system to
keep the temperature low [242]; thus, PEF reduces heat-labile chemical degradation [243].

The efficiency of PEF-assisted extraction is dependent on the PEF system configuration
and extraction parameters. The intensity of the electric fields applied to the processed
material is related to the electrode gap, the delivered voltage, the electrode geometry,
and their placement in the reactor. Additionally, the extraction yield can be improved
by considering the pulse width, number of pulses, treatment time, and total specific
energy (kJ/kg). The physicochemical aspects of the treated matrix (size, shape, electric
conductivity, cell structure, and membrane characteristics) and nature and cell location of
the targeted molecules being extracted can also influence the extraction yield [218].

The EFS affects the physical properties of the targeted molecules, such as their diffu-
sivity, surface tension, viscosity, and solubility [244]. The electric fields must be dispersed
consistently across the treatment chamber. There are many waveforms that can be used
to deliver electric field energy. In PEF extraction, high-energy exponential square wave
pulses are typically used. Due to strong energy transfer in the plant cell matrix, boosting
EFS also increases the chemical extraction. The treatment temperature also impacts the PEF
extraction process [245], which is commonly conducted at room temperature; however,
a high voltage electric field or inefficient delivery pump may increase the overall energy
and sample temperature. Higher temperatures may reduce the solvent viscosity, affecting
extraction. The treatment time (pulse numbers and width) and solvent selection are equally
critical in assessing the PEF performance [128]. An increase in solvent conductivity allows
for faster electroporation of the cell membrane. It also aids in mass transfer and increases
the extraction rate due to its high solubility in the solvent [246].

Further applications of PEF extraction should be explored; however, the high invest-
ment cost is the major hindrance to this technology being widely employed in industry.
Nevertheless, its principal benefits outweigh conventional extraction methods; namely, im-
proved extraction yields with minimal thermal degradation while reducing the extraction
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time, temperature, and solvent usage, subsequently lowering the energy consumption and
environmental effects.

5.2.4. Ultrasound-Assisted Extraction (UAE)

Ultrasound-assisted extraction (UAE) is an established extraction method that has been
successfully employed to extract polyphenols, carotenoids, volatiles, and polysaccharides
from various FVW [117,247–251]. This approach reduces the extraction time (saving energy)
and solvent usage while increasing the bioactive component yield from FVW. It is also
one of the most common green extraction methods because it is fast and straightforward.
UAE utilizes mechanical waves from 20 to 100 kHz [252]. These waves are composed
of compression and rarefaction cycles that can travel through any media, displacing and
dislodging the treated FVW cell matrix. The cavitation bubbles implode forcefully at the
end of the rarefaction cycle, releasing tremendous amounts of energy at temperatures up
to 5000 K and pressures up to 50 MPa [253]. The collapsing cavitation bubbles will cause
microjets, fragmentation due to rapid interparticle collision, localized erosion, pore creation,
shear forces, enhanced absorption, and enhanced swelling index values in the treated plant
cells. Reduced particle size, higher surface area, and high mass transfer rates in the border
layer of the solid matrix contribute to the solubilization of bioactive components [254]; thus,
by improving the mass transfer between the plant cells and solvent, UAE can improve
extraction. Despite the considerable energy produced by collapsed cavitation bubbles, the
timeframe for these processes is too short to affect the overall system; hence, UAE is the
ideal method to extract heat-sensitive compounds [255].

Combining two or more operating factors (frequency, power, duty cycle, temperature,
solvent type, and extraction time) creates synergistic effects [256]; thus, determining the
extraction kinetics is critical to optimizing extraction times and lowering energy use.
In experiments involving sonoporation, capillarity, and detexturization in plant cells,
frequency has been shown to have a significant impact on the bioactive chemical yield
and characteristics [257]. Low-frequency, high-intensity ultrasound produces strong shear
and mechanical forces that are desirable in the extraction process, whereas high-frequency,
low-power density ultrasound produces a large number of reactive radicals [247,249,258].

Low frequency is preferred due to large cavitation effects that diminish with ultra-
sound frequency. Extraction with more than 20 kHz energy affects the physicochemical
properties of phytochemicals, causing chemical deterioration and free radical produc-
tion [259]. Using response surface methods, González-Centeno et al. [248] determined
that 40 kHz was most successful in extracting phenolics from grape pomace. The yields
were high at both low and high frequencies but low at intermediate frequencies for all
examined responses.

The power levels used for UAE bioactives from FVW vary depending on the com-
ponent to be extracted and the plant matrix chosen for extraction [254]; however, UAE
power is inversely proportional to the cavitation bubbles generated within the solvent
or solid media. This relationship is significant because as cavitation bubbles collapse,
they increase the contact area between the solid and solvent, the shear forces causing
turbulence behavior, and ultimately cell wall rupture and solvent penetration. Although
increasing the power increases the extraction yield, it should only be increased to a point
where the cavitation effects do not diminish. The influence of power on yield also de-
pends on other extraction parameters such as the temperature and solvent extraction time.
Achat et al. [260] discovered that the UAE power (60 W) and solvent temperature (olive oil,
16 ◦C) had significant impacts on oleuropein extraction, with TPC extraction increasing by
53% (414 mg oleuropein eq./100 g). The maximum TPC extraction yield (30.7 mg GAE/g)
was achieved by Martínez-Patiño et al. [261] using high amplitude percentages (70%) and
extended ultrasonication periods (15 min); however, elevated temperatures (>75 ◦C) were
reached at the end of the experiment, perhaps restricting the extraction yield.

The combined impacts of the sample particle size, solvent-to-solid ratio, pH, tem-
perature, and extraction time on the yields of targeted bioactive chemicals should not be
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underestimated. More surface area means a higher yield, especially when combined with a
higher reaction temperature and the correct solvent-to-solid ratio. The bigger concentration
difference improves the solute diffusivity and solubility in the solvent, enhancing extrac-
tion [254]. Pectin recovery is high when the pH is low. Insoluble pectin is hydrolyzed into
soluble pectin, and the molecular weight of the pectin is reduced, boosting dissolution into
the surrounding medium and recovery [262]. The effect of increased sonication time on
yield is similar to the effects from increasing the power and temperature. Longer exposure
times and higher power input speed up the disintegration of dissolved pectin, producing
simpler monosaccharides. According to Wang et al. [262] and Xu et al. [263], increasing
the extraction time and decreasing the power intensity (lower energy expenditure) did not
improve the pectin extraction yield in grapefruit peels.

It is essential to screen the optimal operating parameters that may help boost the
extraction of the targeted chemicals and may further optimize the settings used in prior
studies. Furthermore, secondary contamination from the UAE probe should be considered
when extracting bioactive chemicals from FVW.

6. Conclusions and Future Perspectives

Fruit and vegetable wastes (FVW) from the food bioprocessing industry result in
environmental pollution; however, these wastes can be valuable sources of polymer ma-
terials. This review focuses on recent advances in biocomposites, active packaging, and
by-products and the innovative technologies used for bioactive compound extraction. The
mechanical, thermal, antibacterial, and physicochemical properties of FVW-based biocom-
posites have recently shown improvement. Common matrices used for biocomposites are
PLA and PP. Additionally, pectin is an extracted compound used in the polymeric matrix,
and the films produced are both active and biodegradable. Additionally, blueberry, sweet
potato, and black chokeberry dyes and pigments are added to the films as pH indicators
to trace and monitor food freshness throughout storage. To extract bioactive compounds
from FVW, various techniques are used, including thermal extraction. Traditional methods
(conventional and Soxhlet heating extractions) and new emerging methods (pressurized
liquid extraction, subcritical water extraction, and microwave-assisted extraction) have
been reviewed in this paper. As a result of the reduced use of organic solvents in the ex-
traction procedures, these well-developed and established methods have been recognized
as green technology methods.

While the use of FVW has the potential to improve polymer properties, it is critical
to maintain the low-cost benefits of using FVW while also maintaining the mechanical
and thermal properties. Surface treatments with biopolymers or fibers improve these
properties but are more expensive. The high temperatures involved in such processes
may reduce the quality of the resulting bioactive compounds. The value of FVW for use
in biocomposites is expected to grow for both industry and research applications due to
global waste concerns. Additionally, the vast majority of FVW-based research has been
conducted at the bench scale. The next level of valorization of FVW should be scaling up
this process to the industrial level. Overall, the growth of FVW-based polymer materials
has been rapid, and their applications in active packaging, biocomposites, by-products,
and recent technologies for the extraction of bioactive compounds mean they appear to
have a promising future in the coming years.
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Abstract: In this work, by means of complex physicochemical methods the structural features of a
composite κ-carrageenan–gelatin system were studied in comparison with initial protein gel. The
correlation between the morphology of hydrogels and their mechanical properties was demonstrated
through the example of changes in their rheological characteristics. The experiments carried out
with PXRD, SAXS, AFM and rheology approaches gave new information on the structure and
mechanical performance of κ-carrageenan–gelatin hydrogel. The combination of PXRD, SAXS and
AFM results showed that the morphological structures of individual components were not observed
in the composite protein–polysaccharide hydrogels. The results of the mechanical testing of initial
gelatin and engineered κ-carrageenan–gelatin gel showed the substantially denser parking of polymer
chains in the composite system due to a significant increase in intermolecular protein–polysaccharide
contacts. Close results were indirectly followed from the SAXS estimations—the driving force for the
formation of the common supramolecular structural arrangement of proteins and polysaccharides
was the increase in the density of network of macromolecular chains entanglements; therefore, an
increase in the energy costs was necessary to change the conformational rearrangements of the studied
system. This increase in the macromolecular arrangement led to the growth of the supramolecular
associate size and the growth of interchain physical bonds. This led to an increase in the composite
gel plasticity, whereas the enlargement of scattering particles made the novel gel system not only
more rigid, but also more fragile.

Keywords: κ-carrageenan–gelatin hydrogel; supramolecular structure; mechanical performance

1. Introduction

Biomolecular hydrogels are attracting great attention as “smart” materials for different
biotechnology and biomedicine applications [1–7].

Hydrogels form three-dimensional polymer networks capable of accumulating and
holding up to 99% of water in their volume space [8,9]. Technologically more attractive are
the “physical” hydrogels with the polymer network maintained by the mechanical weaving
of polymer molecules and the combination of intermolecular interactions, such as ionic
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bridges, hydrogen bonding and hydrophobic forces [10]. Intriguingly, that supramolec-
ular polymer network is preserved both in the gel and sol states, although with definite
structural differences [11]. Because of biocompatibility, structural similarities to the native
extracellular matrix and excellent permeability for nutrients and metabolites, hydrogels
based on natural polysaccharides and proteins have gained considerable attention [12].
In particular, hydrogels are widely applied in tissue engineering, dressing and wound
healing, where among others their mechanical properties are of great importance [13]. The
development of hydrogel systems in tissue and organ regeneration, such as bones, cartilage
and intervertebral discs presents a significant challenge. Engineered hydrogels have to
meet certain requirements in biomedicine including definite fluidity under moderate pres-
sure for use in injections, quick coagulation at the target site and maintenance of sufficient
integrity and mechanical strength [14,15]. Thus, the mechanical performance is one of the
most important properties of engineered implants.

Among natural biopolymers, biodegradable gelatin and κ-carrageenan are the univer-
sal candidates for the food and pharmacy industries and tissue engineering. Gelatin is the
peptide product of partially hydrolyzed animal protein collagen [16]. Gelatin forms thermo-
reversible hydrogels through the coil-to-helix conformational transition [17]. κ-Carrageenan
is a linear galactan, built of repeating disaccharide units of 1,4-linked α-D-galactose and
1,3-linked -β-D-galactose with a variable proportion of sulfate groups at different po-
sitions [18]. The hydrogel formed from κ-carrageenan occurs via the entanglement of
polymer chains with the formation of ordered structures in the junction domains. The
gelation of κ-carrageenan is temperature-dependent, with gelation at cooling and melting
upon heating.

In the scientific literature there are many different examples of the engineering of
mechanical properties of hydrogels to retain their favorable biomedical characteristics.
It may be the mechanical reinforcing of the hydrogel structure by fibers, for instance by
collagen in molecular form or by collagen fibrils or fiber bundles [15]. Another popular
approach to modulate the initial mechanical properties of the biopolymer systems is the
initiation of the additional chemical and physical cross-linking [19]. Because the subject
of the present study is physical hydrogels, we shall refer here only to the possibilities of
physical cross-linking in the mechanical performance of hydrogels, for example, such as
the artificial increase in hydrogen bonding by the physical incorporation of H-bond donors
of a polymer nature [20]. One other modifying approach is the use of synthetic nanosized
additivities, such as carbon nanotubes which operate as structural and mechanical modifiers
of the biopolymer network [11,21]. The combination of polysaccharides and proteins is
one of the additional engineering approaches that influences the gel structure, its jelling
conditions and the alteration of physical–chemical properties [22]. In gelatin/carrageenan
hydrogels, the synergistic effects have been determined [23], for example, the increase in
mechanical strength [24], flexibility and porosity and the water retention capacity [25].

In this work, the novel information on the modulation of gelatin structure and me-
chanical performance in the gel state were studied. The goal of the present study was to
investigate the influence of κ-carrageenan on gelatin hydrogel structure and mechanical
properties below the jelling temperature. The structure was analyzed with a complex of
experimental approaches including small-angle X-ray scattering (SAXS), powder X-ray
diffraction (XRD) and atomic force (AFM) microscopy. The interconnection between struc-
tural changes in gelatin hydrogel and the gel mechanical properties under the admixture of
κ-carrageenan were demonstrated by rheology experiments.

In the present study, we compared the structure and mechanical behavior of the
initial gelatin system with the data obtained earlier for the mixed κ-carrageenan–gelatin
gel [11]. For this purpose, in this work we used a part of the graphical data and numerical
characteristics of the mixed system obtained and given.
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2. Materials and Methods
2.1. Materials

The sample of gelatin (gel strength 300, Type A, produced by Sigma-Aldrich, St. Louis,
MO, USA) from porcine skin with Mη = 100 kDa was used as the protein component
of hydrogel. κ-Carrageenan (Sigma-Aldrich, St. Louis, MO, USA) with Mη = 430 kDa
was used in experiments as the polysaccharide. All measurements were carried out in
ultrapure water purified using the “Arium mini” water purification system (Sartorius,
Gottingen, Germany).

2.2. Preparation of Solutions and Gels

Aqueous solutions of κ-carrageenan and gelatin were prepared separately. Initially, the
biopolymers were swollen in distilled water at 20 ◦C for 15 h. Solutions of κ-carrageenan
and gelatin were prepared separately and dissolved at 70 and 50 ◦C, respectively. Aqueous
mixtures of κ-carrageenan–gelatin complexes were prepared by stirring the initial solutions
using an ultrasound bath for 60 min at 50 ◦C to obtain an aqueous mixture with the desired
ratio of κ-carrageenan–gelatin Z = 0.8 (w/w). The pH values of the mixture of gelatin with
κ-carrageenan were in the range of 5.3–5.5. At the given pH and biopolymer ratio, there
was no macrophase separation in the system [26]. To study κ-carrageenan–gelatin hydrogel
in the gel state (the jelling temperature of the studied composition is about 25 ◦C [27]), the
temperature was decreased from 40 to 14 ◦C. Before all experiments in the gel state the
samples were stored at 14 ◦C for 1 h.

2.3. X-ray Powder Diffraction

The PXRD diffractograms of initial gelatin powder and gelatin gel were determined in
the reflection mode using a MiniFlex 600 diffractometer (Kazan Federal University, Kazan,
Russia) equipped with a D/teX Ultra detector (Rigaku, Akishima-shi, Japan) (CuKα,
λ = 1.54178 Å, Ni-filter). The PXRD experiments with κ-carrageenan–gelatin gel were
performed with the automatic Bruker D8 Advance diffractometer with the Vantec linear
PSD (Bruker Corporation, Billerica, MA, USA) (λ CuKα1 1.5406 Å). The scattering data
in all experiments were collected in the reflection mode with a flat-plate samples, which
were placed on the standard silicon plate (Bruker Corporation, Billerica, MA, USA) with
zero diffraction and were kept spinning (15 rpm) throughout the data collection. The
diffraction patterns were recorded in the 2θ range between 3◦ and 90◦ in 0.008◦ steps
with a step time of 0.1–4.0 s. Data processing was performed with software packages
EVA Version 11 (Bruker AXS: Karlsruhe, Germany) and TOPAS Version 3 (Bruker AXS:
Karlsruhe, Germany) [28,29].

2.4. Small-Angle X-ray Scattering

The SAXS experiments were fulfilled with the Nanostar diffractometer (Bruker AXS,
Billerica, MA, USA) (CuKα, λ = 1.5418 Å), coupled with the Gobbel mirrors optics and the
HiStar 2D area detector (Bruker AXS, Billerica, MA, USA). The parameters of the diffrac-
tometer and the conditions and methods for performing experiments were similar to those
used by us earlier and are described in detail in our publication [11]. The 2D scattering
data processing was carried out with the SAXS program [30] and the calculations of struc-
tural parameters and simulation were performed with the SASView [31] and PRIMUS [32]
programs. The studied hydrogels are described by the Gauss –Lorentz gel model [33],
which well describes the scattering from physical networks, which is the characteristic of
the gelatin and κ-carrageenan–gelatin gels. The SAXS response was modeled as the sum of
exponential decays at low s values and the Lorentzian at higher values of s [34,35].

2.5. Atomic Force Microscopy (AFM)

The surface morphology of the samples was detected by atomic force microscope
Titanium (NT-MDT, Zelenograd, Russia). Measurements were carried out under open air
in the semi-contact mode. Silicon cantilevers NSG-10 (NT-MDT, Zelenograd, Russia) with
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a force constant of 3.1–37.6 Nm–1 and a resonant frequency of 140–390 kHz were used. The
software Nova PX (NT-MDT, Zelenograd, Russia) was used to operate the microscope. The
2 µL volume of hydrogel was placed on a freshly cleaved mica surface and dried under
ambient conditions. The AFM images were obtained at room temperature and processed
and analyzed with the Image Analysis program (NT-MDT, Moscow, Russia).

2.6. Rheological Measurements

Rheological properties of the studied systems were evaluated using an MCR102
(Anton Paar, Graz, Austria) rotational rheometer with a “plate–plate” measuring system
(two 50 mm diameter plates with a 0.5 mm gap between them). The temperature control
of samples was fulfilled with the lower heating system and active casing both using the
Peltier elements P-PTD200 (Anton Paar, Graz, Austria). The variation of given temperature
was within ± 0.1 ◦C. Measurements were carried out in the following deformation modes:
periodic oscillations at constant temperature (14 ◦C) with different amplitudes, ω, at a
constant frequency,ω = 6.28 s−1, or varying frequency, γ, at constant amplitude, γ = 1%,
the range was 0.9–139% and ω was 0.0671–23.8 s−1. To exclude the initial gelation time
from the final results, all samples of gels were thermally stabilized during 60 min at 14.0 ◦C
under a weak dynamic oscillation.

3. Results
3.1. PXRD Overview of the Hydrogel Phase State

The powder X-ray diffraction method (PXRD) was used to compare the phase states of
the initial gelatin powder product and gelatin gel under its natural drying with the struc-
ture of the κ-carrageenan–gelatin hydrogel. Original gelatin is the nanostructured sample
(Figure 1A, black curve). A wide peak on the gelatin diffraction pattern at
2θ = 20◦ can be defined as an “amorphous halo” and corresponds to the amorphous nature
of protein [25,36]. The gelatin gel state was characterized by the same type of diffraction pat-
tern as the κ-carrageenan-gelatin hydrogel (Figure 1B), depicting two broadened amorphous
halos with maximums near the 30 and 40◦, which characterized the average interatomic
distances. To determine the initial structure of components in the powder phase, we studied
the PXRD patterns under the drying of prepared solutions. During the natural drying of the
samples placed on the surface of the silicon plate, these peaks degenerated into one small,
broadened peak in the interval of diffraction angles of 10–15 degrees. Its low intensity was
the result of a small amount of scattering substance after the drying. It is clear that under
gelatin drying, it is structured like the original powdered phase. At the same time, the κ-
carrageenan–gelatin gel had the less structured state, closer to an amorphous one. It is worth
noting that no crystallization of initial crystallizing components in the κ-carrageenan–gelatin
hydrogel was observed, which indirectly points out the homogenization of the system
without the separation of the initial components into individual associates [37].
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Thus, the integration of protein with polysaccharide into a composite hydrogel sup-
pressed their individual structure and the formation of integral supramolecular structure.
The phase homogeneity of the composite hydrogel, confirmed by the PXRD method cannot
exclude the aggregation and segregation processes at all size scales, which, in turn, can be
estimated in a hierarchical order by SAXS and AFM experiments. The influence of such
segregation on the mechanical characteristics of κ-carrageenan–gelatin gel was evaluated
by studying the rheology of this system.

3.2. SAXS Structural Characterization of Hydrogel Sol and Gel States

The integration of two-dimensional experimental patterns of small-angle scattering
resulted in the one-dimensional SAXS curves with the shape which is typical for systems of
non-interacting particles (Figure 2). The obtained high scattering intensity is evidence of the
structural microheterogeneity of the studied gels—the presence of randomly oriented scat-
tering particles (domains of increased density), with their size corresponding to the range of
SAXS techniques (1–100 nm) [38]. To analyze the morphology of the studied gels, a number
of structural characteristics were calculated from the obtained SAXS experimental data.
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The combined κ-carrageenan–gelatin hydrogel was characterized by more intense
scattering (Figure 2A), which is associated with the participation of both the protein
and polysaccharide in the common supramolecular structure. The SAXS data gave the
information on the supramolecular organization of the gel-forming protein and the protein–
polysaccharide systems, namely, on the size of static inhomogeneities in the studied gel
structures. To analyze the morphology of studied systems, a number of parameters and
dimensional characteristics were calculated on the basis of the experimental SAXS data.
One of the important characteristics obtained from the SAXS experiment was the particle
gyration radius Rg [38]. This parameter is the rms distance of all scattering sources from
the center of particle. The Rg value can be used to estimate the size of macromolecular
or supramolecular aggregates. The particle gyration radius Rg was determined in two
ways. The first one was based on the use of Guinier approximation, which is valid under
the condition (sRg) < 1.3 (Figure 2B, Table 1). The second way was to estimate Rg from
the distance distribution function P(r) (Figure 3). Thus, assuming the spherical shape of
particles, it was possible to calculate the effective average particle radius Rsph from Rg
(Table 1) using the equation Rsph =

√
(5/3) Rg [38].

Quite indicative for the determination of the studied supramolecular structure and
the morphology is the character of the Kratky plots (Figure 4), which are also widely
used to characterize the structure of hydrogels [39]. The shape of the depicted curves is a
qualitative estimation of the folding or compactness of macromolecules. The bell-shaped
Kratky plots (Figure 4) characterize the scattering pattern from a system of densely folded
globules. Obviously, the obtained Kratky plots are also evidence of the joint participation
of individual components in formation of common supramolecular structure of combined
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gel. With all this going on, the curve shape of the P(r) functions provides information about
the particle shape and gives an alternative way to determine Rg. In this case, the radius of
gyration Rg, determined using the P(r) curve turned out to be a much more stable estimate
for the presence of admixture of polydisperse particles than the Rg value from the data
presented as the Guinier plot.

Table 1. Structural parameters for hydrogels at 14 ◦C.

Sample
Guinier Analysis P(r) Analysis

Rg, Å Rsph, Å Rc, Å rc, Å L, Å Rg, Å Dmax, Å

gelatin 47.5 61.3 – – – 42.5 149

κ-carrageenan-gelatin 56 72.3 21.2 27.4 179.5 63.4 222.7
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Figure 4. Kratky plots for gelatin and κ-carrageenan–gelatin gels.

In our previous fundamental work on the SAXS study of κ-carrageenan–gelatin hydro-
gels, which was referred to above, we substantiated two options for estimating the shape
and size of scattering particles. Based on the obtained X-ray scattering data, we supposed
two options for calculating the morphology of these hydrogels. The first one is the use
of the spherical symmetry model of formed aggregates, when the radius of such spheri-
cal particles is quite unambiguously calculated from the obtained Rg values of particles.
However, the comparison of obtained Rg values with the calculated maximum distances
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Dmax in particles (Table 1) characterizes the shape of particles as noticeably deviating from
spherical, i.e., an elongated (cylindrical) shape (Figure 5).
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determined parameters.

Additional confirmation of this assumption is presented in our other article [17].
On the base of FTIR spectroscopy and molecular docking it was proposed that in the
κ-carrageenan–gelatin hydrogels the most energetically favorable configuration of junc-
tions was the interaction of the gelatin triple helix segments and the κ-carrageenan double
helix. Both components of the composite hydrogel and their junctions formed the rod-
shaped and rigid local structures, resulting in an anisotropic structural network, which can
be hypothetically imagined as elongated particles between nodes. Such a highly anisotropic
system can be depicted as the ensemble of cylindrical particles with an average length L
and cross section rc, which can be obtained from the experimental value of the gyration
dimension of the cross-section Rc using the modified Guinier plots (ln(s·I(s)) vs. s2) [38]. In
the special case of anisometric particles, the two-dimensional analogue of gyration radius
Rg is called the cross-section gyration radius Rc [38]. These parameters are also presented
in Table 1. Note that for a gel sample based on pure gelatin, it was not possible to iden-
tify sections on low-angle curves that would be suitable for calculating the cross-section
gyration radius Rc. Moreover, this is true, since pure gelatin gel is characterized by the
formation of particles that are close to spherical, and only the addition of κ-carrageenan
leads to the formation of elongated cylindrical particles in the mixed composition.

The analysis of the SAXS analysis shows that the admixture of κ-carrageenan to gelatin
resulted in the formation of an integral supramolecular structure, where the determinative
role was played by more sizable and flexible κ-carrageenan molecules. The initial gelatin
gel has an amorphous nature, which can only be analyzed within spherical models. The
formed integral structure of a combined polysaccharide–protein gel was characterized by
elongated (cylindrical) scattering particles (domains with increased density), giving an
increase in characteristic sizes independently of the used model.

3.3. AFM Study of Gelatin and κ-Carrageenan–Gelatin Gels

The AFM experiments [40] gave structural visualization of polysaccharide–protein
hydrogels at the nanoscale. Figure 6 (A, B) depicts the AFM images of the surface of gelatin
and κ-carrageenan–gelatin xerogel films. The xerogel was obtained by the drying of hydro-
gels, which was necessary for AFM experiment. Upon the drying of the hydrogels one can
see (Figure 6) the formation of a biopolymer network or the biopolymer scaffold [41]. As
can be seen from the presented data, gelatin has a smooth surface with a roughness value of
Rq = 0.36 nm. The admixture of κ-carrageenan to gelatin led to a change in the supramolec-
ular structure, which is represented by an inhomogeneous rough surface consisting of
densely packed spheroidal particles, and the root-mean-square value of the surface rough-
ness of κ-carrageenan–gelatin Rq = 10.7 nm. Thus, the AFM results also confirmed the
formation of a common supramolecular structure in the protein–polysaccharide system.
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Figure 6. AFM pictures of xerogel (dried hydrogel) films and corresponding 3D surface of gelatin (A)
and κ-carrageenan–gelatin (B) systems.

3.4. Rheological Characterization of Gelatin and κ-Carrageenan–Gelatin Gels

The rheological study of gelatin and κ-carrageenan–gelatin gels was used to look at
the kinetics of structure formation in these systems (Figure 7). The experiments consisted
of measuring the isothermal evolution of dynamic modulus of elasticity G’ at a constant
frequency ω = 0.2 s−1 and γ = 0.2% until the stability of the data (elastic modulus) was
achieved, which means the sample gelation.
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The experiments were performed at a temperature of 14 ◦C, i.e., under the melting
point of gels [27]. It will be shown below that the elasticity modulus at this temperature
was practically independent of frequency, so that we were dealing with a highly elastic
state of studied materials. Furthermore. the measured amplitude dependence of elasticity
modulus was absent (see below), so that the corresponding modulus values refer to the
region of linear viscoelasticity, and the measurement results refer to the structure of systems
not destroyed by mechanical action. Therefore, the measured modulus values can be
considered as analogous to the equilibrium values of the Ge modulus. Then, according
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to Flory’s theory [42], a semi-quantitative estimation of average degree of polymerization
between neighboring grid nodes Zc is expressed as

Zc =
cRT

Ge Mn

where c is the polymer concentration with a weight-average molecular mass Mn, R is
the universal gas constant and T is absolute temperature. Then, as follows from this
formula, with an increase in the elastic modulus the length of chain segment between
the mesh nodes decreases, i.e., the number of nodes increases. In the case of a mesh,
knots should be understood not as chemical bonds (as in rubbers), but as secondary bonds
of various types and, possibly just intermolecular entanglements (entanglements). We
obtained the estimated values of Zc 5.96 and 0.4 for gelatin and κ-carrageenan–gelatin gels,
correspondingly. The introduction of polysaccharide to protein led to a decrease in Z, i.e., to
increase in the grid nodes number. As a consequence, these knots prevented the usual chain
folding effect observed for high-molecular compounds—(in our case, the helicalization
of the gelatin chain also decreased, which was confirmed by IR spectroscopy [17]. This
led to the apparent chain length becoming longer in the composite κ-carrageenan–gelatin
gel. This directly correlated with an increase in the chain parameters determined by
the SAXS method.

Figure 7 shows the measured time-dependence of the elastic modulus G’ for the gelatin
and κ-carrageenan–gelatin systems. The kinetics of the gelation process were estimated
from the time-dependence of the elastic modulus G’ (Figure 7) [43]. The gelation of gelatin
occurred gradually, since there was a distinct time-dependence of the elastic modulus G’
on time (Figure 7), similar to how it is described in [44]. In contrast, the elasticity model in
the κ-carrageenan–gelatin system almost instantly reached equilibrium values, which then
changed very little with time, i.e., in this case, a fairly rapid formation of the structural gel
network took place.

The difference between the two compared systems was clearly manifested when the
elastic G’(ω) and loss G”(ω) moduli were measured in a wide range of strain amplitudes
(Figure 8). It follows from the data obtained that at small amplitudes the elastic modulus G’
confidently revealed a linear region of the mechanical behavior of gels [45], i.e., there was a
fairly wide area of deformations in which the studied gels behaved like solid media. At
the same time, this behavior is typical both for the κ-carrageenan –gelatin system and pure
gelatin without polysaccharide additivity.

Consideration of the amplitude-dependence of modulus components made it possible
to determine the limits of linear viscoelasticity, i.e., the range of strain values in which
the structure of test sample was not destroyed under the action of deformation [46]. Data
presented in Figure 8 allowed the estimation of strain amplitude, γ*, (and stress, σ*, as
the product of the elastic modulus value and corresponding strain) corresponding to the
linearity boundary. At a threshold value of amplitude exceeding a certain critical value
γ*, there was a sharp drop in the elastic modulus G’ and an increase in the loss modulus
G”. This is a classic picture of destruction of gel structure, leading to transition of hydrogel
from a solid to a fluid state [47,48], i.e., this point corresponded to the yield strength of the
material, which can be considered as a viscous–plastic medium [49].

As one can see from Figure 8, the gelatin gel retained the linearity of the mechanical
properties up to the deformation amplitude γ*≈ 370%, while for the κ-carrageenan –gelatin
gel, the transition to a fluid state had occurred already at γ ≈ 20%. Thus, the introduction
of κ-carrageenan to gelatin not only promotes an increase in elastic G’ and loss G” moduli,
but also leads to a sharp decrease in the limit of linear viscoelasticity region γ*. This means
that the interaction of gelatin with κ-carrageenan provides the appearance of not only a
more rigid but also a more fragile structural network in the gel. These results correlate with
our observations that indicate that a change in the rheological properties of κ-carrageenan
–gelatin gels occurs when the polysaccharide/protein mass ratio exceeds Z = 0.1, which is
due to changes in the interactions in the structural network of gel.
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Figure 8. Amplitude dependences of elastic (G’) and loss (G”) moduli for gelatin (gel) („ –) and
κ-carrageenan–gelatin (7, 8) at T = 14◦C andω = 6.28 s−1.

Figure 9 depicts the frequency-dependence of the elastic G’ and loss G” moduli
and complex viscosity (η*) for the systems under study. A weak dependence of G’ and
G” on frequency was found for both systems, which, as was already mentioned above,
corresponds to the pronounced solid-like behavior of gels as viscous–plastic media at low
stresses. This is also associated with the higher values of the elastic modulus compared
to the loss one (G’ > G”) in the entire frequency range. This behavior of studied gels is
typical for soft materials with a gel-like structure, which are the viscous–plastic media with
a relatively low limit [50,51]. The elastic modulus G’ of κ-carrageenan–gelatin exceeded
the elastic modulus G’ of gelatin, which indicates an increase in the gelling properties of
gelatin when it is complexed by a polysaccharide [52–54].
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(η*) of gelatin and κ-carrageenan-gelatin gels at T = 14 ◦C and γ = 1%.

It can be seen from the obtained results that as the frequency increased, the complex
viscosity decreased. Such dependences correspond to a situation when the systems under
study exhibit non-Newtonian behavior with an increase in the shear flow velocity. The
complex viscosity of hydrogel based on gelatin was an order of magnitude lower than that
of hydrogel based on κ-carrageenan and gelatin. According to the considerations expressed
in [55], the increase in complex viscosity indicates an increase in the density of the network
of macromolecular chains entanglements; therefore, an increase in the energy costs was
necessary to change conformational rearrangements within the system, which corresponds
to the non-Newtonian behavior of the medium [56]. This conclusion regarding the increase
in the density of network links (decrease in average distance between nodes) corresponds
to the results presented above in Figure 7.
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4. Discussion

Previously, we proposed a mechanism of interaction and the structure of the κ-
carrageenan–gelatin polyelectrolyte complex [57]. The methods used in this work were
aimed at obtaining information about the magnitude of static inhomogeneities in the sys-
tems under study. As the main source of quantitative and numerical information on a
particular subject of the study, we used the philosophy and techniques of the SAXS method,
in accordance with the scheme and dimensional definitions presented in Figure 10.
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4. Discussion 

Previously, we proposed a mechanism of interaction and the structure of the κ-car-

rageenan–gelatin polyelectrolyte complex [57]. The methods used in this work were 

aimed at obtaining information about the magnitude of static inhomogeneities in the sys-

tems under study. As the main source of quantitative and numerical information on a 

particular subject of the study, we used the philosophy and techniques of the SAXS 

method, in accordance with the scheme and dimensional definitions presented in Figure 

10. 

 

Figure 10. Structural schemes of κ-carrageenan and gelatin initial conformation (A), structural
details of κ-carrageenan and gelatin complexation (B) and supramolecular polysaccharide–protein
hydrogel (C).

The inhomogeneities of colloidal size (1–100 nm) in gelatin and κ-carrageenan gels
were studied using the SAXS method. As such, density inhomogeneities with their specific
dimensions we considered as the structural units of the κ-carrageenan–gelatin system
shown in Figures 9 and 10. To our knowledge, the main structural element of this sys-
tem is a polysaccharide–protein polyelectrolyte complex (PEC). Previously, one of our
co-authors [45] showed that at the used weight ratio of κ-carrageenan–gelatin (0.8) there
are no free protein or polysaccharide molecules, but almost all of them are bound in
paired polyelectrolyte complexes. Their size and averaged spatial arrangement can be
characterized by the parameters shown in Figure 10B. They are the PEC radius of gyra-
tion (Rg), the PEC maximum dimension (Dmax), Ξ is the characteristic mean size of the
static heterogeneities in the system and ξ is the correlation length of intramolecular in-
teractions between the fluctuating chains of polymer, i.e., some zones of intramolecular
hardening [33]. The main distinction of the system in the gel state consists in the presence
of connectors (or crosslinking) (Figure 10C), combining individual PECs into a spatial 3D
network via the complexation of gelatin triple helixes with one chain or a double helix
of κ-carrageenan molecules.

The digital estimation of the polysaccharide–protein PEC spatial structure is presented
in Table 1. One can see that admixture of polysaccharide to protein resulted in an increase
in the apparent size of the scattering particles. Another deduction from the obtained
SAXS results is the strong probability of the elongation of scattering of the structural
elements of the newly formed hybrid κ-carrageenan –gelatin hydrogel. The results of
the mechanical testing of the initial gelatin and engineered κ-carrageenan –gelatin gel
showed the substantially denser parking of polymer chains in the composite system due
to the huge number of new close intermolecular contacts between the polysaccharide
and protein, such as the hydrophobic interaction, electrostatic ion pairing and hydrogen
bonding [40]. Obviously, the close result indirectly followed from the SAXS estimations—
the driving force for the formation the common supramolecular structural arrangement of
protein and polysaccharide was the increase in the density of network of macromolecular
chains entanglements; therefore, an increase in the energy costs necessary to change the
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conformational rearrangements within the system. This increase in the macromolecular
arrangement led to increase in supramolecular associate size and the growth of interchain
physical bonds. From the one side, the increase in network density led to an increase in
the composite gel plasticity, and from another one the enlargement of scattering particles,
making the novel gel system not only more rigid, but also more fragile.

5. Conclusions

Gelatin is one of the important hydrocolloids that is actively used in modern food and
pharmacy technologies. One of the widely distributed methods for altering the mechanical
properties of gelatin is the admixture of polysaccharide to gelatin systems. In this study we
studied the supramolecular structure and mechanical performance of κ-carrageenan–gelatin
gel in comparison with the initial gelatin one.

The presented experiments offer an overview of the structural and mechanical proper-
ties of the nanocomposite κ-carrageenan –gelatin hydrogel. The obtained results indicated
that the combination of SAXS, powder X-ray diffractometry, AFM microscopy and rheology
completely characterized the structure and properties of a protein–polysaccharide hydrogel.
The phase homogeneity of the studied systems was confirmed by the PXRD approach.
Using the SAXS method, it was shown that morphological structures based on individual
components do not form in protein –polysaccharide hydrogels. The rheological study
of gelatin and κ-carrageenan–gelatin gels was used to look at the kinetics of structure
formation in these systems. The results of the mechanical testing of the initial gelatin and
the engineered κ-carrageenan –gelatin gel confirmed the substantially denser parking of
polymer chains in the composite system, obviously due to a significant increase in the
intermolecular protein–polysaccharide contacts. A close result indirectly followed from
the SAXS estimations—the driving force for the formation of the common supramolecular
structural arrangement of the protein and polysaccharide was the increase in the density
of the network of macromolecular chains entanglements; therefore, an increase in the
energy costs was necessary to change the conformational rearrangements of the system.
This increase in the macromolecular arrangement led to an increase in the supramolecular
associate size and the growth of interchain physical bonds. This led to an increase in the
composite gel plasticity, whereas the enlargement of scattering particles made the novel gel
system not only more rigid, but also more fragile.

The obtained information on the structural and mechanical performance of hydrogels
will open up the possibility of developing new materials with improved properties for
targeted applications in biomedicine, biotechnology, as well as in any other relevant areas.
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Abstract: Vascular grafts (VGs) are medical devices intended to replace the function of a blood vessel.
Available VGs in the market present low patency rates for small diameter applications setting the VG
failure. This event arises from the inadequate response of the cells interacting with the biomaterial
in the context of operative conditions generating chronic inflammation and a lack of regenerative
signals where stenosis or aneurysms can occur. Tissue Engineered Vascular grafts (TEVGs) aim to
induce the regeneration of the native vessel to overcome these limitations. Besides the biochemical
stimuli, the biomaterial and the particular micro and macrostructure of the graft will determine the
specific behavior under pulsatile pressure. The TEVG must support blood flow withstanding the
exerted pressure, allowing the proper compliance required for the biomechanical stimulation needed
for regeneration. Although the international standards outline the specific requirements to evaluate
vascular grafts, the challenge remains in choosing the proper biomaterial and manufacturing TEVGs
with good quality features to perform satisfactorily. In this review, we aim to recognize the best
strategies to reach suitable mechanical properties in cell-free TEVGs according to the reported success
of different approaches in clinical trials and pre-clinical trials.

Keywords: tissue engineered vascular grafts; biomaterials; biodegradable; biomechanical stimulation;
mechanical properties

1. Introduction

Cardiovascular diseases (CVDs) are a group of conditions affecting the heart and
blood vessels. According to the World Health Organization, CVDs are currently the leading
cause of death worldwide, representing 32% of all global deaths [1]. Accordingly, almost
18 million people died from a CVD in 2019. Among CVDs, vascular diseases compromising
the blood vessel structure take hold of more than 8.5 million people worldwide. For
instance, coronary artery disease (CAD) is the most common type of CVD, affecting 6.7%
worldwide. CAD alters the mechanical properties of the coronary artery supplying the
heart muscle, resulting in a decrease in the blood flow [2]. Moreover, other conditions also
affect the mechanical properties of the blood vessels, such as the Peripheral Artery Disease
(PAD), which compromises the blood flow in the limbs, and aortic aneurysms, identified
by a balloon-like bulge in the aorta [3].

Currently, surgical approaches for vascular reconstruction focus on using autologous
or synthetic vascular grafts (VGs) to recover the blood flow. Autologous grafts such
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as the great saphenous vein (GSV) and Internal Mamary Artery (IMA) can maintain
long-term patency due to their regenerative properties (86% up to five years). However,
GSV has limited availability and represents additional risks due to possible post-surgical
complications with morbidity rates up to 50% [4]. Furthermore, synthetic VGs in the
market are made from Polytetrafluoroethylene (PTFE—known as Teflon®) and Polyethylene
terephthalate (PET—known as Dacron®). Although their performance is suitable in straight
blood vessels and large diameters, they are inefficient in replacing small diameter vessels
(>6 mm diameter) and under non-unidirectional or non-fully developed flows, as seen
in their decreased patency rates below 32% after two years [5]. These low patency rates
have been correlated to a foreign body response promoting thrombogenesis and stenosis,
compromising the blood flow. With 3 out of 100,000 adults requiring peripheral vascular
segment repairs through small diameter VGs [6], new approaches to overcome the current
challenges include the use of bio-based VGs, such as allogeneic cryopreserved blood vessels
(Cryograft®—CryoLife) [7], xenografts from bovine blood vessels (Artegraft®—LeMaitre) [8],
bovine pericardium [9], or xenografts from sheep extracellular matrix (ECM) (Omniflow®

II—LeMaitre) [10]. Nevertheless, they still do not show a clear advantage compared to
commercial synthetic non-biodegradable VGs [11].

These bio-based VGs are part of Tissue-engineered vascular grafts (TEVGs); these
scaffolds are intended to guide the tissue regeneration of the vascular wall and are consid-
ered as a strategy to get closer to the biological response of native blood vessels. Under
physiological conditions, native arteries have a complex, multilayered structure with dif-
ferent ECM compositions and microstructures to contribute to the required compliance
precisely responding to pulsatile pressure. Components in each layer will determine the
total vessel elastic, viscous, and inertial properties that provide the critical biomechanical
signals required to regulate cell adhesion, growth, and differentiation [12].

Although there is promising research on TEVGs, several barriers are still to be over-
come. In this sense, the rational design of TEVGs must consider the self-defeating cel-
lular response to biomaterial surfaces and structures under the hemodynamic operative
conditions leading to graft patency loss. Accordingly, the inflammatory process after im-
plantation of a TEVG is required for the vascular wall regeneration and depends on the
ECM composition and mechanical properties regarding the presence of bioactive molecules
and their micro/macrostructure [13]. For instance, one of the most reported causes for
patency loss in TEVGs arises due to differences between the mechanical properties of the
TEVGs and the native vessels affecting the flow pattern and the biomechanical stimulation.
Furthermore, the inability of the cells to infuse into the scaffold from the perivascular
tissues can also promote failure [14,15].

The failure of TEVGs depends on the alteration of the complex interactions between
the biomaterials, cells, and hemodynamic conditions in the blood flow. Namely, the
most reported failure of TEVGs is related to the development of intimal hyperplasia, in
which smooth muscle cells over-proliferate, and also atherogenesis, in which foreign body
responses promote graft calcification [16]. However, other failure causes include aneurysms,
thrombogenesis, and bacterial infection, affecting the flow pattern and the biomechanical
stimulation. Consequently, for a TEVG to provide continuity between the native tissue
and the required biomechanical signals to induce regeneration, the rational design must
consider the suitable mechanical properties of biodegradable structures and biomaterials
similar to the native arteries in which the TEVG will be anastomosed, and to the current
gold standards (i.e., GSV and IMA) [17].

Herein, we aim to recognize the best strategies to reach suitable mechanical properties
in TEVGs according to the success of different approaches in clinical and pre-clinical trials.
Furthermore, we aim to identify the latest trends in cell-free TEVGs development regarding
the manufacturing methods and biomaterials in the context of ideal mechanical properties.
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2. Database Information Extraction and Data Analysis

An integrative review of the literature on tissue-engineered vascular grafts was con-
ducted and reported according to the elements described in the PRISMA guidelines. To
this end, an electronic search was performed in the following databases: MEDLINE,
SCOPUS, Web of Knowledge, and ClinicalTrials.gov. The indexing terms for the search
strategy were in MeSH terminology. These terms included “Tissue engineering”, “Vascular
graft”, “Biodegradable” and “Regenerative” from the last five years (2017–2022). A total
of 4592 records were identified, with 2476 removed before the screening, as they were
considered duplicated records or ineligible by automation tools.

For the selection process, an initial title review was performed; if the title indicated
that the study might be relevant, abstracts were reviewed, or they were otherwise excluded.
Finally, identified eligible studies were read on a full-text basis. Inclusion and exclusion
criteria were applied to the list of articles obtained; those that did not meet these criteria
were eliminated, and the documents corresponding to the remaining articles were reviewed.
Thereof, five registries in Clinicaltrials.gov were included for TEVGs, 43 records were
included for TEVGs on pre-clinical models (Figure S1), and 46 studies found in databases
were included for TEVGs on in vitro testing (Figure S2)

The inclusion criteria for the screening and choice were covered by TEVGs on clinical
trials registered on clinicaltrials.gov, with pre-clinical testing on in vivo models and data
related to in vitro studies found in different databases, reporting at least two mechanical
properties according to the requirements of the ISO 7198:2016 and from the last five years;
otherwise, manuscripts were excluded. Additional exclusion criteria considered TEVGs
with pre-seeded cells, articles in languages different from English or Spanish, or if the
retrieved information was incomplete, did not correspond to the scope of the review, or was
unavailable for retrieval for any reason. A total of 2160 records were screened, 1745 were
removed, and classification was performed considering three categories: TEVGs on clinical
trials, TEVGs on pre-clinical models, and TEVGs with in vitro data.

Subsequently, data collection and extraction were performed regarding the mechanical
properties reported in the TEVGs analyzed from the clinical trials, pre-clinical models, or
in vitro models and the relationship with patency and regeneration potential. Reviewers
had independent access and the data were fed as the literature review process was carried
out. The data were classified according to the study type and organized according to
title, authors, DOI or CT registry number, and year of publication, including manufac-
turing techniques, materials, and any functionalization used for developing the TEVG.
Detailed information about the study, animal model, and physicochemical and biological
characterization was incorporated, considering the regenerative potential through the
endothelialization success and inflammatory response.

As the manuscripts reporting mechanical properties were included, we compared
available biodegradable TEVGs to native blood vessels (GSV and IMA) as the least defining
suitable mechanical properties to be fulfilled to the TEVGs. Then, all summarized data were
analyzed using descriptive analysis, reporting central tendency measures for quantitative
variables and frequencies for qualitative variables. Finally, all the information was tabulated.
This article’s relevant data are in tables or graphics presented in this review.

3. Physiology of Blood Vessels

The vascular system is comprised of blood vessels that can be classified into arteries,
capillaries, and veins, with differences according to their size and physiological function.
Blood rich in oxygen and nutrients is transported from the heart to different tissues in the
body by a network of capillaries, branching from the arteries. The capillaries then transport
the blood containing carbon dioxide and other metabolic wastes from the tissues to the
venules and veins to remove and re-oxygenate the blood in the lungs.
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Besides their physiological differences, blood vessels have a complex vascular wall
in terms of composition and structure, which gives them a wide variety of mechanical
properties according to the different hemodynamic conditions to which the blood vessel can
be exposed. However, these properties are potentially affected by pathologies that change
the vascular wall, such as atherosclerosis or aneurysms, representing the world’s leading
causes of death [12]. Currently, Coronary Artery Disease (CAD) and Peripheral Arterial
Disease (PAD) represent the leading cause of mortality worldwide, with an estimated
annual incidence increase of 23.3 million by 2030 [18]. Angioplasty, stent implantation, and
surgical bypass grafting are the current treatment options. For the latter, autologous veins,
or arteries such as the GSV or IMA, represent the gold standard for this and are preferred
due to their long-term patency up to 80% at five years [18].

3.1. Micro and Macrostructure of Blood Vessels

At the macrostructural level, the vascular wall of blood vessels presents a multilayered
structure composed of 70% water and 30% collagen, elastin, proteoglycans, and vascular
cells [12]. The vascular wall is distinguishable in three layers: tunica intima, media, and
adventitia (Figure 1). The innermost layer–the tunica intima–is constituted by endothelial
cells (ECs) as a monolayer on the blood vessel’s lumen and maintains homeostasis through
a carefully regulated interaction with the other types of cells. Following this layer, and
separated by an inner membrane composed of elastin, there is the tunica media composed
mainly of smooth muscle cells (SMCs), elastin, and collagen fibers. Finally, the tunica
adventitia is a layer of fibroblasts and other components of the extracellular matrix (EMC)–
mainly collagen fibers [19].
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Nevertheless, the wall thickness and its components may vary according to the type
of blood vessel. Due to the aim of this study, we will focus on small arteries with diameters
ranging between 1–6 mm and a wall thickness between 125–800 µm [12]. Figure 2 illustrates
the composition of this kind of small-sized blood vessels.
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3.2. Mechanical Properties of Blood Vessels Dsed as Gold Standards on Vascular Grafts

The mechanical analyses of blood vessels are of utmost importance to understand
their properties under different hemodynamic conditions and to guide the rational design
and production of TEVGs capable of withstanding physiological stresses and pressures.
The blood vessel wall presents a complex structure and composition, allowing responses to
different strengths and pressures caused by blood flow. Due to the anisotropic behavior of
blood vessels, they support a significant load in the circumferential direction due to the
collagen components in this direction, while allowing compliance given the elastin fibers.
Therefore, at high pressures in the blood vessels, the elastin fibers will allow expansion,
and collagen fibers will be stiffer to permit the change in diameter but prevent damage or
rupture when the pressure increases. Moreover, the compliance of the blood vessels is a
property that allows us to measure the storage of blood that the artery can support and
release to the vascular network in order to reach regions of lower pressure in a pulsatile
flow through its stretching due to the elastin fibers [12].

Currently, for the substitution of small diameter vessels (<6 mm), autografts from
GSV and IMA are used due to their excellent compliance and compatibility with the native
vessels, remaining as the gold standard [20]. For this study, GSV will be considered as
a standard due to its great usefulness as a graft, being a blood vessel that presents a
significant length and is easily accessible to the surgeon [21]. However, the selection of
blood vessels as grafts varies according to the circumstances outlined by the American
College of Cardiology and the American Heart Association. Table 1 summarizes the
mechanical properties reported for the GSV and IMA.

As shown in Table 1 it is possible to identify that the GSV presents better mechani-
cal properties such as burst pressure, suture retention strength, and longitudinal tensile
strength compared to IMA. However, other properties such as dynamic compliance, inter-
nal diameter, wall thickness, and circumferential tensile strength are lower due to the wall
composition in veins presenting some differences compared to the arteries. For example,
a lower wall thickness provides a difference in the structure of the veins because of the
thinner media layer, lower amount of elastin, and relatively high collagen content [12]. For
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better comparison, details on the mechanical properties of IMA and GSV are shown in a
radar chart in Figure 3.

Table 1. Mechanical properties in blood vessels: internal mammary artery (IMA) and great saphenous
vein (GSV).

Test Performed IMA GSV Reference

Internal diameter (mm) 3.50 3 [22,23]
Wall Thickness (µM) 710 518 [24,25]

Circumferential tensile Strength (KPa) 4100 2405 [12,19,26]
Longitudinal tensile Strength (KPa) 4300 9760 [12,19,26]

Burst pressure (KPa) 266 371.96 [12,26]
Suture Retention Strength (g) 138 327 [22,27]

Dynamic Compliance (%/100 mmHg) 5.22 4.40 [12,28]
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saphenous vein (GSV) as vascular grafts. Identified mechanical properties include internal diameter
(ID), wall thickness (WT), longitudinal tensile strength (LTS), circumferential tensile strength (CTS),
suture retention strength (SRS), burst pressure (BP), and dynamic compliance (DC). Chart generated
from the Python library developed by StatsBomb/Anmol Durgapal (accessed on 29 May 2022) [29].

4. Polytetrafluoroethylene (PTFE) Has the Highest Share on VGs Market

The global vascular graft market is increasing due to the prevalence of cardiovascular
diseases related to low levels of physical activity and a sedentary lifestyle. It is expected to
reach 3.3 billion by 2026 at a CAGR of 6.4%. Polytetrafluoroethylene (PTFE or Teflon) based
vascular grafts are currently the most used. PTFE as a raw material reached 710.3 million
USD in 2018, and it is expected to present the fastest CARG over the forecast period due
to the graft advantages related to low delamination, minimal blood loss, and excellent
mechanical properties [30].

PTFE vascular grafts are the nonwoven type. They were developed in 1972, with their
first use as a venous prosthesis in a swine model, where they have since been used for more
than 30 years. As PTFE-based VG has been the most successful type for small diameter
applications; we have considered it a reference for superior mechanical properties.
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4.1. Micro and Macrostructure of PTFE VGs

PTFE is a thermoplastic and crystalline fluorocarbon polymer like polyethylene; flu-
oride atoms have substituted hydrogen atoms. These Fluorinated carbons have a high
affinity for avoiding reactions with other molecules, for which the PTFE is inert, biocompat-
ible, and avoids thrombogenesis. Implantable PTFE devices were commonly manufactured
from a single film of PTFE and subsequently stretched to produce a microporous structure
from the non-porous film; the degree of porosity depends on the stretch. PTFE VGs nowa-
days are produced by extrusion and sintering in a porous tube with fibrils and nodules
of controllable sizes. Therefore, the final PTFE VG comprises a fibrous structure defined
by interconnected interspaced nodes [31]. Since patency loss results from a lack of tissue
regeneration, the internodal distance of PTFE grafts can be modified to enhance tissue in-
growth and endothelization. However, higher porosity reduces the overall circumferential
tensile strength and suture retention strength, negatively affecting the handling [32].

4.2. Mechanical Properties of PTFE VGs

Despite the wide use of PTFE-based vascular grafts, PTFE is a non-biodegradable
biomaterial with low compliance and moderate stiffness. Due to this factor, PTFE VGs
have been evolving through different modifications to improve the handling properties
and mechanical properties. To improve mechanical properties, especially for lower limb
bypass, reconstructions above or below the knee, extra-anatomic procedures, and vascular
access grafts, PTFE VGs include internal or external support in the form of rings or spirals
offering kink and compression resistance [33]. On the other hand, they have also been
coated to improve blood compatibility, avoiding thrombus formation and related patency
loss; these coated PTFE VGs are often used for limb reconstruction and vascular access,
or for early cannulation vascular access [34,35]. Even multilayered PTFE grafts include
an anti-thrombogenic coating and an elastomeric layer intended to mechanically seal the
needle entry hole after its removal [32]; PTFE grafts have also been modified to improve
longitudinal stretching to adapt to different anatomies. Table 2 summarizes the mean
mechanical properties in average commercial PTFE vascular grafts for Arteriovenous
Fistula with a 6 mm internal diameter.

Table 2. Mechanical properties in average commercial PTFE vascular grafts for Arteriovenous Fistula
with 6 mm internal diameter.

Test Performed Average Value Reference

Relaxed internal diameter (mm) 6 2 [36]
Pressurized Internal Diameter (mm) 6 2 [36]

Wall Thickness (mm) 0.39 2 [36]
Porosity (%) 50 [37]

Void area (µM) 1 20–500 [37]
Water permeability (mL·cm2/min) 4320 [37]

Circumferential tensile Strength (KPa) 16,000 2–20,590 3 [37]
Longitudinal tensile Strength (KPa) 15,630 2–41,480 3 [37,38]

Burst Strength (kPa) 361 [37,38]
Suture Retention Strength (g) 480 [37]

Dynamic Compliance (%/mmHg) 2.1 [37]

Strength After Puncture (KPa)/ # Punctures

19,220/0
9230/8

8730/16
6370/24

[27]

1 Minimum value and maximum value to maintain tissue integration. 2 Non-stretchable PTFE VGs. 3 Stretchable
PTFE VGs.

As shown in Table 2, PTFE grafts have a high isotropic modulus, whereas the native
arteries usually have a lower modulus and are anisotropic. The stiffer feature of the PTFE
VGs has been shown to cause a high impedance within the pulsatile flow as the propagation
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velocity of pressure and flow waves increase. Therefore, in the anastomosis, the reflected
waves from pressure and flow transform into different phases that increase the risk of
turbulence and unstable flow regions [37]. These forces create a high wall shear stress,
ultimately leading to the gene expression related to the development of intimal hyperplasia
and atherogenesis. This idea is supported by further compliance reduction of 50% to
86% after 12 weeks of implantation related to foreign body response and fibrous capsule
formation [39]. As shown in Figure 4, when comparing the mechanical properties of PTFE
vascular grafts with the most successful vascular graft from the great saphenous vein (GSV),
it is possible to identify that the compliance is almost two times greater in the GSV. In this
sense, Salacinski et al. performed a linear regression analysis comparing the compliance
of host arteries, saphenous vein, umbilical veins, bovine xenograft, PET, and PTFE-based
grafts with their patency rates at three years of clinical trials. The main results are that the
graft patency decreases as the compliance mismatch increases due to the low or absent
increase in compliance under the changes in blood pressure due to the lack of viscoelastic
properties. Details on the mechanical properties of the PTFE synthetic VG compared with
those of the Great Saphenous Vein are shown in Figure 4.
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5. The Potential of TEVGs on Clinical Success

Even though plenty of development has been reached over the last 50 years in the
field of synthetic materials for the design of vascular grafts and favorable results have been
obtained for aortic and wide arteries replacement, there have not been any satisfactory
results in small caliber grafts due to thrombus formations and poor patency rates [40].
Nevertheless, substantial efforts have been undertaken to overcome these limitations. The
objective of developing TEVGs is to create a vascular graft that integrates with the native
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tissue and behaves like a native vascular vessel, providing the right biochemical and
biomechanical stimuli required for the growth and self-regeneration [41].

As stated above, patency loss is a severe complication of small diameter grafts. In this
sense, PTFE VGs have been reported to present patency rates of 75% at one year, which
will decrease to 44% at five years. This behavior is non-comparable to the saphenous vein
with a reported patency rate of 91% at one year, decreasing to 76% at five years, superior to
PTFE in all stages. On the other hand, some types of TEVGs show reasonable patency rates.
One example is Artegraft®, with a mean patency rate of 73% over 18 months. Another
example can be the Humacyte graft, with a patency rate of 83% at three months and 60%
after six months [42]. Therefore, regenerating the vascular wall through TEVGs represents
an opportunity to maintain long-term patency.

5.1. Failure Causes of TEVG’s Related to the Mechanical Properties

The leading cause of failure of VG and TEVGs is patency loss where blood flow be-
comes compromised and can occur through different mechanisms. The most common
mechanism is related to thrombogenesis when the surface of the biomaterial lacks the
required hemocompatibility [15]. Furthermore, this is the most common cause of failure
on VGs and TEVGs used as arteriovenous fistulas, given that clots are formed after re-
peated puncture, and the thrombus might spread if there is not an anticoagulant surface
or treatment. In these cases, secondary patency in a VG is achieved by removing the
clot with a catheter, and the lumen of the graft can be restored, allowing blood perfusion.
However, this procedure is not always successful if the main thrombogenic conditions are
still present, in which case the condition may evolve towards a fibrotic thrombus that will
make it impossible to perform a new procedure to recover patency [14].

However, the most common cause of failure related to the mechanical properties of
the VG or TEVG includes intimal hyperplasia, in which the overproliferation of smooth
muscle cells thickens the tunica intima in the blood vessel, causing the contraction of the
construct and the loss of patency [16]. On the other hand, the formation of fibrotic tissue
surrounding the graft–in this case, the microstructure of the VG or TEVG–does not allow
cell infiltration, and a dense layer of collagen is formed surrounding the graft. In this case,
stem cells differentiate toward myofibroblasts, causing the contraction of the VG or TEVG,
and stenosis is developed [43]. However, another critical failure cause is the formation of
aneurysms in which the chemical or biological degradation of the graft and/or structural
defects may lead to the dilatation or rupture of the graft [44].

Unstable Flow Conditions and Intimal Hyperplasia Development in TEVGs

Intimal hyperplasia has been reported to present in 10–30% of failure causes of VGs.
This high failure rate has been correlated with the compliance mismatch between the VG
and the native vessel. In this sense, it has also been reported that the patency loss is directly
proportional to the compliance mismatch [45]. The low compliance not only depends on
the biomaterial origin but also depends on the microstructure. For instance, it has been
reported that there is a strong correlation between low porosity and increasing TEVG wall
thickness with a low compliance [46].

The flow stability is key to maintaining the graft patency. The flow regime, velocity
profile, and cyclical deformation caused by the pulsatile flow create determinant wall shear
stresses (WSS), which are mechanical signals in the cells interacting and repopulating the
TEVG [46]. From this perspective, low compliances have also been strongly correlated with
low WSS due to the low-compliant grafts presenting a significant difference in diameter
under the pulsatile pressure [45]. Furthermore, while the VG maintains a constant diameter,
the artery will dilate and contract. When the artery dilates, the VG maintains its low
diameter, and the blood flow profile produces a sizeable corresponding effect. This profile
is characterized by zones of blood recirculation negatively affecting the velocity profile,
inducing turbulent flows, and altering the pressure wave, decreasing the WSS [45]. Figure 5
summarizes the effect of low, medium, and high compliance on the blood flow pattern.
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in a VGs. Data retrieved from Post A, et al. [45] Image created with BioRender.com (accessed on
29 May 2022).

Regarding the compliance mismatch effect on WSS, normal WSS reported on small
diameter vessels—such as the coronary artery—is 0.68 N/m2 ranging between 0.3 to
1.24 N/m2 [47]. It has been reported that non-compliant VGs present low shear stress
near 0.03 N/m2, medium compliance VGs display similar shear stresses with an aver-
age of 1.04 N/m2, and high compliance grafts present higher WSS with an average of
3.6 N/m2 [45]. Based on this correlation, it could be expected that low-compliant TEVGs
will induce intimal hyperplasia.

Accordingly, TEVGs for different applications must consider the compliance values
and the physiological shear stress in which the TEVG will be anastomosed. For instance,
GSV has an average compliance value of 4.4%/100 mmHg, and it has been reported that
implanted GSV grafts for coronary artery bypass present a range of 1.22 N/m2 to 1.73 N/m2,
whereas GSVs grafts below 0.71 N/m2 are predictors for the VG failure [48]. Recent
reports have also shown that the left internal mammary artery (IMA), with compliance of
5.22%/100 mmHg, used as a VG for a coronary bypass, maintained its patency for one year
and presented high WSS values near 4.43 N/m2, contrasted with those occluded with a
WSS 2.56 N/m2 [49]. Although the differences between the compliance of the GSV and
IMA are not significantly different, the WSS produced as VGs for CABG are very different
due to differences between the layer’s composition in the media and adventitia layers.

Although GSV has a different structure from arteries, the vein adapts to the arterial
environment due to the different hemodynamic conditions and increased oxygen ten-
sion [50]. The most significant change is the increase in the vein diameter between 20% and
85% for arteriovenous fistulas or lower extremity grafts, respectively. The vein wall also
augments the wall thickness due to the increased pressure from the proliferation of smooth
muscle cells and adventitial fibroblasts derived from bone marrow progenitor cells. These
changes have been associated with the normalization of shear stress, occurring during the
first months where the initial shear stress will reach up to 9.6 N/m2, leading to a patency
rate between 75–90% at one year and 50% at 15 years [51].

5.2. Biomechanical Stimulation for Physiological Regenerative Responses; Physiological Wall
Shear Stresses

When developing TEVGs, it is essential to induce the regeneration of the vascular
wall within the anastomosis; not only will the bioactive chemical properties of the graft
induce this process, but biomechanical signals are required. Aside from the microstructure
allowing the cell infiltration and proliferation, the wall shear stress will generate different
responses in the cells interacting with the biomaterial in the hemodynamic context.

Therefore, physiological WSS will lead to the regeneration of the vascular wall,
whereas the low WSS induced by the lack of compliance will have a detrimental effect
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on the gene expression of immune cells, smooth muscle cells, and endothelial cells. For
instance, for regeneration to occur, the inflammatory response must be modulated towards
the differentiation of Macrophages to the M2 type, recognized by the cytokine secretion to
induce extracellular matrix deposition. Low WSS has been correlated to the maintenance
of the M1 phenotype leading to chronic inflammatory responses.

On the other hand, smooth muscle cells must begin their differentiation towards a
contractile phenotype rather than a synthetic phenotype. The synthetic phenotype related to
low WSS has been associated with lower blood pressure responses affecting the construct’s
overall compliance. Finally, endothelial cells should differentiate towards a functional
phenotype able to release nitric oxide (NO) as a regulator of the vascular wall tone. Low
WSS has been shown to induce senescence on endothelial cells without proliferation
capacity and limited release of NO. Table 3 summarizes the effect of baseline and lows WSS
on the endothelial cells, smooth muscle cells, and macrophage gene expression.

Table 3. Effect pf baseline and low WSS over endothelial cells, smooth muscle cells, and macrophages
gene expression.

Endothelial Cells Genes Smooth Muscle Cells Genes Macrophage Genes

Wall Shear Stress (N/m2) Down-
Regulated Up-Regulated Down-

Regulated Up-Regulated Down-
Regulated Up-Regulated

Physiological
Limits

1.5–2.4

E-Selectin KLF-2 P21 Ciclyn D1 Leukocyte M2 phenotype
TXNIP ERK BMP4 AKT CD206

PKC P38 SMAD IL-11 IL-10
JNK ERK TGF-β1

TNFa CD31
eNOS
vWF

Low limits 0.1–1

eNOS VCAM-1 a-SMA Prolifferative M2 phenotype M1 Phenotype
NOX4 ICAM-1 SM22 MMP2 NF-κB

NOTCH1 EDN-1 SMTN TGF-β1 IL-1
MCP-1 CNN PDGF MCP-1
PDGF Selectin

MMP2-9

Data obtained and complemented from Rodriguez-Soto, et al. [14].

According to the data registered in Table 3, it can be observed that the low WSS gen-
erates the down-regulation in the expression of eNOS (endothelial nitric oxide synthase),
the enzyme responsible for the NO release and the maintenance of the overall homeostasis
in the vascular wall [52]. In addition, it generates the down-regulation of NOTCH1 (Neu-
rogenic locus notch homolog protein 1), which is a mechanical sensor that maintains the
junctional integrity of endothelium [53], and NOX 4 (NADPH oxidase 4), which produces
H2O2 as a signaling molecule for endothelial cell proliferation [54]. Without the expression
of these genes, it is likely improbable that the endothelial lining can be regenerated over
the TEVG surface.

On the other hand, low WSS on endothelial cells also increases the expression of MCP-
1 (Monocyte Chemoattractant Protein-1), which is a chemoattractant for proinflammatory
monocytes. At the same time, the expression of VCAM-1 (Vascular cell adhesion protein-1),
ICAM-1 (Intercellular Adhesion Molecule-1), and EDN-1 (Endothelin-1) increases, which
are adhesive molecules for monocytes, and PDGF (platelet-derived growth factor) also
increases, promoting thrombus formation.

Regarding smooth muscle cells, a low WSS decreases the expression of a-SMA (smooth
muscle actin), SM22 (Transgelin), SMTN (Smothelin), and CNN (calponin); all are genes
related to the contractile function of smooth muscle cells required to respond to contractile
and dilating signals from endothelial cells [16]. Furthermore, low WSS induces the up-
regulation of proliferative genes, responsible for intimal hyperplasia, TGF-β1 (transforming
growth factor-beta) inducing inflammation, and the MMP2 (matrix metalloproteinase-2)
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that not only degrades the vascular wall but also increase the migration and proliferation
of the smooth muscle cells with the synthetic phenotype [51,55].

Finally, macrophage modulation due to low WSS has been shown to reduce the
expression of M2 phenotype-related genes such as CD206 (macrophage mannose receptor 1),
IL-10 (Interleukin 10), which blocks the NF-κB (nuclear factor kappa-light-chain-enhancer
of activated B cells) proinflammatory pathway, and TGF-B1. Furthermore, genes related to
increased inflammation are reported to be activated, such as the signaling pathway related
to NF-κB activation, MCP-1, and Selectin as chemotactic for new inflammatory cells, as
well as present an increase in MMP9, related to the degradation of the scaffold [56,57].

6. Biomechanical Design Requirement for Vascular Grafts

Due to the significant differences between vascular grafts and native arteries in their
mechanical properties and behavior under implantation conditions, several requirements
have been studied to develop mechanical characterizations of these new grafts. The re-
quirements to evaluate vascular grafts are outlined in International Standards ANSI/AAMI
VP20: 1994 (American National Standard for cardiovascular implants and vascular prosthe-
ses) [58], ISO 7198:2016 (Cardiovascular implants and extracorporeal systems—Vascular
prostheses—Tubular vascular grafts and vascular patches 94, and ASTM F3225-17 (Stan-
dard Guide for Characterization and Assessment of Vascular Graft Tissue Engineered
Medical Products (TEMPs) [59].

ANSI/AAMI VP20: 1994, ISO 7198:2016 and ASTM F3225-17

Test guidelines for international standards are defined for all vascular grafts: synthetic,
biological, and coated [59]. According to ASTM F3225-17, mechanical testing must be
performed in an environment that emulates the vascular grafting conditions of use, most
commonly in buffered saline solutions at 37 ◦C. Otherwise, non-physiological test condi-
tions must be justified. In addition, parameters such as the time between tissue collection
and testing and sample storage may modify the mechanical properties [59]. A minimum of
three samples from at least three manufactured lots is necessary to have an appropriate
variability of the characteristics in the samples studied.

Due to the anisotropic properties associated with vascular grafts, strength tests should
be performed, including more than one axis. Therefore, longitudinal, and circumferential
tensile strength tests are performed to determine whether the axial and radial yield and/or
breakpoint are reached, respectively. Stress vs. strain plots must be made to include
and analyze the data. In addition, suture retention strength tests should be developed to
determine the force required to pull a suture from the vascular graft to simulate clinical
techniques (straight-across, oblique, and longitudinal procedures). The suture is usually
placed 2 mm from the edge and tested in various directions to determine the strength that
the prosthesis withstands before mechanical failure.

Moreover, a burst strength test is performed to determine the pressure rate change
until sample bursting occurs. This method allows to report the diameter of the sample when
it is pressurized directly with fluid or gas. A repeated puncture test with a dialysis needle
(16G) should be performed to measure the strength that supports the prosthesis through a
force test such as pressurized burst strength or circumferential tensile strength [59].

It is necessary to perform tests to determine the thickness of the wall and the relaxed
and pressurized internal diameter to observe changes in diameter under different hemody-
namic conditions. Furthermore, the vascular graft discontinuity should be reported when
the lumen diameter decreases during kinking and the radius of curvature that impedes
normal flow through the graft. Another way to evaluate conditions that approach the
preclinical environment is by measuring diameter change simulated under cardiac cycle
conditions to determine the radial dynamic compliance. In addition, the rate of water
leakage through the prosthesis wall should be characterized to avoid leakage at the time of
implantation [59].

108



Polymers 2022, 14, 3440

7. Trends on TEVGs Design, Biomaterials, and Manufacture Techniques in the Context
of Desired Mechanical Properties

The ideal graft must have comparable mechanical properties to those of the native
vessels that will be anastomosed. For instance, it has been shown that the gold standard
for the repair of peripheral vessels is the GSV, whereas in other applications such as in
Coronary Artery Bypass Graft Surgery (CABG), the gold standard corresponds to the
IMA. This is implemented to reduce the level of mechanical decoupling and levels of
failure that can lead to stenosis or aneurysms and, therefore, long-term permeability loss.
The most important factors involve mechanical strength and compliance concerning the
viscoelasticity of the scaffold. Likewise, the grafts must have sufficient mechanical strength
and compliance to withstand the changes in blood pressure. At the same time, they should
adjust correctly to the adjacent vessels when completing the suture procedure, enabling the
correct velocity profiles and continuity in the pressure waves. In the following sections, the
current trends in TEVGs design, biomaterials, and manufacturing techniques are reviewed
according to the TEVGs that have been reached, including clinical trials, pre-clinical studies
on animal models, and techniques that have been tested on in vitro conditions during the
last five years.

7.1. TEVGs That Have Reached Clinical Trials

After analyzing the current trends in TEVGs, five clinical trials were identified regard-
ing TEGVs for human use in different contexts. The main mechanical properties of each
vascular graft compared to GSV and IMA grafts are summarized in Table S1. The mean
values of the mechanical properties of the TEVGs on clinical trial are summarized and
compared in Table 4 and Figure 6.

The most recent TEVG that has entered to clinical trial phase is a Polyhedral oligomeric
silsesquioxane poly (carbonate-urea) urethane (POSS-PCU) small-diameter vascular graft,
fabricated through extrusion and phase inversion method using sodium bicarbonate as a
porogen. This TEVG is currently being tested as arteriovenous fistulas for hemodialysis;
the study began in 2021 and is expected to reach completion in April of 2025. This TEVG
has a small diameter (<5 mm) with a mean wall thickness of 0.94 mm that is placed in adult
female patients undergoing hemodialysis and in need of new arteriovenous access but
without any viable access for dialysis. This study has an inclusion criteria of patients on oral
contraceptives or with an intrauterine device, aiming to demonstrate patency in patients
with increased risk of thrombosis. It is expected to measure patency rates at 18 months by
Doppler ultrasonography (d-US) and compare it to the patency of the PTFE grafts. They also
will measure the occurrence of any Serious Adverse Event (SAE) related to the implantation
of the POSS-PCU TEVG. For the initial characterization of the POSS-PCU vascular graft,
they used Delfino’s strain energy potential to capture the viscoelastic properties of the
materials. Later, they conducted different experimental and computational experiments
to show shear stress within the graft wall in the context of increased uniaxial strength.
They concluded that besides the overall resistance of the graft, the stiffness and long-term
viscoelastic properties could be improved with better manufacturing techniques; detailed
mechanical properties of this TEVG can be found in the Supplementary Data [60]. The POSS-
PCU TEVG offers similar longitudinal tensile strength compared to GSV and IMA grafts
(3210 vs. 2405 and 4300 KPa), however, its suture resistance strength is markedly higher
(4460 vs. 3200 and 1350 KPa, respectively). Furthermore, it presents reduced dynamic
compliance compared to the allografts (1.59 vs. 4.4 and 5.22%/100 mmHg respectively)
may explain its increased stiffness and poor vascular physiology resemblance (Figure 6).
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A Human Acellular Vessel (HAV) from Humacyte is a graft also developed for patients
with need of hemodialysis access but who are not candidates for a fistula. This TEVG is
created in vitro through the culture of human smooth muscle cells and fibroblast cultured
over a biodegradable polymer. Further decellularization process creates a structure that
retains the extracellular matrix protein and provides corresponding mechanical properties.
Animal models were performed in baboons as arteriovenous grafts with 80% patency at
six months. This vascular graft has been included in different clinical trials. One of the
most relevant, made in 2016 as a phase 2 trial in 40 elected patients, demonstrated primary
patency rates of 63% (95% CI 47–72) at six months and 28% (95% CI 17–40) at 12 months.
Conversely, secondary assisted patency rates at six and 12 months were 97% (95% CI 85–98)
and 89% (95% CI 74–93), respectively. Secondary patency rates in extensive multicenter
cohort studies with PTFE were 55–66% at one year, making HAV a suitable option. In the
group of patients, they also measured serious adverse events (SAEs) that occurred 155 times
in 33 patients, leading to increased reintervention rates. SAEs mainly included patency
loss, infection, and one case of steal syndrome. HAV provides an exciting conclusion, as
they have better secondary patency rates than PTFE-based VGs, leading to a well-tolerated
TEVG with no signs of aneurysm formation or degradation with low immunogenicity.
For which it has been included in different clinical trials from 2015 to 2020. Research-
ers found that Artegraft®has primary, primary-assisted, and secondary patency rates of
immunogenicity. However, HAV has the lower reported tensile strengths (circumferential
and longitudinal) along all TEVGs in clinical trial phases (1400 and 1200 KPa) and low
dynamic compliance compared to human allografts (1.5 vs. 4.4 and 5.22%/100 mmHg),
leading to increased stiffness and a poor vascular physiology resemblance; complete data
can be found in the Supplementary Material.

Likewise, the TRUE vascular graft is also a decellularized arteriovenous TEVG de-
signed by neonatal human dermal fibroblasts seeded in a bovine fibrin gel. A baboon
pre-clinical model was performed on 10 subjects to determine its safety in terms of oc-
currence of adverse events and to find patency rates. They found patency rates at 3 and
6 months of 83% (5 of 6) and 60% (3 of 5), respectively, with evidence of recellularization
of smooth muscle cells and endothelium formation. This TEVG is currently being tested
as an arteriovenous graft for hemodialysis access on 10 participants beginning in May of
2021 and it is expected to finish in June of 2022. The mechanical properties of this kind of
graft can be seen in the Supplementary Data. However, circumferential tensile strength
and suture resistance strength were like the IMA (3800 and 1950 vs. 4100 and 1350 KPa,
respectively), making it a newly suitable option for further study.

Another kind of TEVG for hemodialysis accesses is Artegraft®, a decellularized bovine
carotid artery used for arteriovenous fistula generation. These TEVG have been included
in different clinical trials from 2015 to 2020. Researchers found that Artegraft® has primary,
primary-assisted, and secondary patency rates of 73.3%, 67%, and 89%, respectively. SAE
was present in one immunocompromised patient that presented a resistant infection, lead-
ing to the early removal of Artegaft® at two months. A relevant finding is that anastomotic
venous stenosis occurred in some grafts and was the most common indication of graft
removal. Artegraft® demonstrated similar tensile strength properties compared to PTFE
VGs. However, its low dynamic compliance [1,5] can explain the occurrence of stenotic
venous anastomosis in most grafts (Figure 6).

BioIntegral Surgical No-React ® are bovine pericardial xenografts used as a strategy
for vascular graft infections due to their regenerative properties; these series of clinical
trials began in 2019. A prospective study of six patients with infected aortoiliac segments
treated with BioIntegral Surgical No-React ® demonstrated that four out of the six patients
are still alive with complete patency demonstrated by d-US. Unfortunately, two died from
acute myocardial infarction, and the other due to sepsis secondary to the vascular infection.
Although this graft has a remarkably increased longitudinal tensile strength compared to
GSVs and IMA (10,000 vs. 2405 and 4300 KPa), it conferred to most patients (4 out of 6) a
proper control of the infection with reasonable long-term patency rates.
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According to the reported data, a mean value was extracted from the mechanical
properties of the current vascular grafts undergoing on clinical trials and were compared
to the mechanical properties of the GSV, as shown in Table 4 and Figure 6; individual data
are shown on a bar graph in Figure 6.

Table 4. Mechanical properties in blood vessels: grafts in clinical trials (CT grafts) and great saphenous
vein (GSV).

Test Performed CT Grafts GSV Reference

Internal Diameter (mm) 5 3 [22,23,61–64]
Wall Thickness (µM) 690 518 [24,25,61–65]

Circumferential Tensile Strength (KPa) 2380 2405 [12,19,26,62–65]
Longitudinal Tensile Strength (KPa) 4230 9760 [61–63,65]

Burst Pressure (KPa) 405.17 371.96 [12,26,62,64]
Suture Retention Strength (g) 306 327 [22,27,61,62,64]

Dynamic Compliance (%/100 mmHg) 1.53 4.40 [12,28,61–63]
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Figure 6. (A) Mechanical properties comparison of great saphenous vein, as a gold standard, and 
grafts in clinical trials. Mechanical properties identified include internal diameter (ID), wall thick-
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tion strength (SRS), burst pressure (BP), and dynamic compliance (DC). Chart generated from the 
Python library developed by StatsBomb/Anmol Durgapal (accessed on 29 May 2022) [29]. (B) Me-
chanical properties comparison of great saphenous vein, as a gold standard, internal mammary ar-
tery, and each graft made in clinical trials. Circumferential tensile strength (CTS), longitudinal ten-
sile strength (LTS), suture retention strength (SRS), internal mammary artery (IMA), and great sa-
phenous vein (GSV). Data are according to literature reports of a representative data set. Additional 
information regarding descriptive analysis can be found in Table S1. Graph generated with 
GraphPad Prism (accessed on 29 May 2022). 
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grafts in clinical trials. Mechanical properties identified include internal diameter (ID), wall thickness
(WT), longitudinal tensile strength (LTS), circumferential tensile strength (CTS), suture retention
strength (SRS), burst pressure (BP), and dynamic compliance (DC). Chart generated from the Python
library developed by StatsBomb/Anmol Durgapal (accessed on 29 May 2022) [29]. (B) Mechanical
properties comparison of great saphenous vein, as a gold standard, internal mammary artery, and
each graft made in clinical trials. Circumferential tensile strength (CTS), longitudinal tensile strength
(LTS), suture retention strength (SRS), internal mammary artery (IMA), and great saphenous vein
(GSV). Data are according to literature reports of a representative data set. Additional information
regarding descriptive analysis can be found in Table S1. Graph generated with GraphPad Prism
(accessed on 29 May 2022).

7.2. TEVGs That Have Reached Pre-Clinical Animal Models

After the analysis of the recruited data, a total of 43 studies fulfilled inclusion criteria
for TEVGs that have reached pre-clinical animal models [66–107]. It was found that 46.43%
(n = 26; 46.46%) of the studies reported the use of Poly ε-caprolactone (PCL), mostly
manufactured through electrospinning (n = 23, 88.46%) and more frequently tested on
murine animal models (rats). PCL has been shown to be biocompatible, and the constructs
exhibit slow degradation rates of about 1–2 years [67,68,70,72,74,76,78–82,89,90,92,95–97,
99,102–105,107]. This has been correlated with the ability to maintain the TEVGs stability
under hemodynamic operative conditions and less acidic breakdown products compared to
other polyesters because it can be easily degraded by lipases and macrophages, presenting
a low inflammatory profile and the potential for loadbearing [29]. However, although it
has been proven that PCL is a relatively easy material to work with, PCL-Based TEVGs
usually present low compliance compared to native vessels (GSV). From this perspective,
the raw PCL has a compliance value close to 2%/mmHg, and PCL-Based TEVGs present a
value close to 3%/mmHg; both values are lower than those of the GSV or IMA, closer to
5%/mmHg.

To overcome these limitations, various authors have chosen to use a variation of
PCL such as poly (L-lactide-co-ε-caprolactone) or PLCL with a softer and more elastic
nature. Compared to PCL, PLCL-based TEVGs present higher compliance values close
to 8%/mmHg [108]. It has also been reported that PLCL has excellent mechanical prop-
erties such as high plasticity and higher degradation rates than PCL. Nevertheless, the
lactide group inclusion generates low biocompatibility, poor hydrophilicity, and presents
acidic degradation.
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Polyurethane-Based TEVGs (PUs) are the second most reported TEVGs (n = 6; 10.71%).
PUs has been considered as a good base biomaterial due to its relatively high tensile and
flexural strength [37,77,81,91,93,100,104]. Furthermore, it has been shown that PU has
relatively high compliance compared to other materials. PU-Based TEVGs present an
average compliance value of 6.5%/mmHg [37], being closer to the value found in native
arteries. However, although none of the consulted manuscripts had a specific value for the
circumferential tensile strength of the material, it has been reported that repeated puncture
of PU-Based TEVGs might lead to aneurism generation, meaning that the material’s cir-
cumferential strength might be compromised, and it could thus not be comparable to the
native arteries. Therefore, for its use in TEVGs, different alternatives should be included
to improve the circumferential strength of the material while maintaining the required
elasticity for compliance.

The third most common biomaterial for TEVGs fabrication corresponds to decellular-
ized arteries (n = 4; 7.14%), which can be correlated to the advantages of maintaining the
structure and mechanical properties of native tissues. Moreover, these biomaterials have a
relatively low immune response from the patient, cause minor damage to other bioactive
components, and usually do not use chemical reagents to reduce adverse reactions in
the body [109]. Regarding the compliance of the material, it has been reported that the
compliance of this type of graft is close to 9.7%/mmHg, which is a high value compared to
previously described materials. However, it has also been reported that most decellularized
grafts involve high costs, and they can also require two or more surgeries.

All these data are summarized in Table 5 and Figure 7, comparing the mechanical
properties the average TEVG entered to pre-clinical models with GSV, this is a PCL-Based
TEVG and fabricated with Electrospinning. Supplementary Data are summarized in
Tables S4 and S10.

Table 5. Mechanical properties in blood vessels: Poly(ε-Caprolactone) tested in vivo (PCL in vivo)
and great saphenous vein (GSV).

Test Performed PCL In Vivo GSV Reference

Internal Diameter (mm) 2.17 3 [22,23,67,68,70,72,74,76,78–83,88–90,95–99,102–105]
Wall Thickness (µM) 400 518 [24,25,67,68,70,72,74,76,78–83,88–90,95–99,102–105]

Circumferential Tensile Strength (KPa) 6440 2405 [12,19,26,67,70,74,76,78,88–90,92,96,98]
Longitudinal Tensile Strength (KPa) 8400 9760 [11,19,26,67,68,72,74,76,78,79,81–83,95,97,102–104]

Burst Pressure (KPa) 348.22 371.96 [12,26,67,74,76,79,81,89,90,97,99,102,104,105,107]
Suture Retention Strength (g) 124 327 [22,27,67,74,76,95,96,99,104,107]

Dynamic Compliance (%/100 mmHg) 2.63 4.40 [12,28,74,76,78,81,104]
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Figure 7. (A) Mechanical properties comparison of great saphenous vein, as a gold standard, and 
Poly(ɛ-Caprolactone) tested in vivo. Mechanical properties identified include internal diameter (ID), 
wall thickness (WT), longitudinal tensile strength (LTS), circumferential tensile strength (CTS), su-
ture retention strength (SRS), burst pressure (BP), and dynamic compliance (DC). Chart generated 
from the Python library developed by StatsBomb/Anmol Durgapal (accessed on 29 May 2022). (B) 
Mechanical properties comparison of great saphenous vein, as a gold standard, internal mammary 
artery and each graft made in clinical trials. Circumferential tensile strength (CTS), longitudinal 
tensile strength (LTS), suture retention strength (SRS), Decellularized (Descel), internal mammary 
artery (IMA), and great saphenous vein (GSV). Data are shown as mean ± standard deviation, ac-
cording to the number of studies reporting the data. Additional information regarding descriptive 
analysis can be found on Table S2. Graph generated with GraphPad Prism (accessed on 29 May 
2022). 

7.3. Current Strategies of TEVGs on In Vitro Testing  

To succeed with international standards, various authors have overseen the innova-
tion of new techniques, materials, and practices for developing vascular grafts. A total of 

Figure 7. (A) Mechanical properties comparison of great saphenous vein, as a gold standard, and
Poly(ε-Caprolactone) tested in vivo. Mechanical properties identified include internal diameter (ID),
wall thickness (WT), longitudinal tensile strength (LTS), circumferential tensile strength (CTS), suture
retention strength (SRS), burst pressure (BP), and dynamic compliance (DC). Chart generated from the
Python library developed by StatsBomb/Anmol Durgapal (accessed on 29 May 2022). (B) Mechanical
properties comparison of great saphenous vein, as a gold standard, internal mammary artery and
each graft made in clinical trials. Circumferential tensile strength (CTS), longitudinal tensile strength
(LTS), suture retention strength (SRS), Decellularized (Descel), internal mammary artery (IMA), and
great saphenous vein (GSV). Data are shown as mean ± standard deviation, according to the number
of studies reporting the data. Additional information regarding descriptive analysis can be found on
Table S2. Graph generated with GraphPad Prism (accessed on 29 May 2022).

7.3. Current Strategies of TEVGs on In Vitro Testing

To succeed with international standards, various authors have overseen the innovation
of new techniques, materials, and practices for developing vascular grafts. A total of 46 arti-
cles fulfilled the inclusion criteria regarding TEVGs undergoing in vitro testing. Among the
most used materials in in vitro processes, the PCL, TPU (Thermoplastic Polyurethane), and
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PLGA (poly(lactic-co-glycolic acid)) are the most used, together with natural biomaterials
such as collagen and gelatin [109–156].

Based on these biomaterials, there has been a significant trend of various manu-
facturing methods, in which the electrospinning method is one of the most used. This
methodology is based on the formation of nanofibers through the application of electricity
to the material. This process is usually used due to its versatility in adjusting different
parameters such as porosity, size, thickness, and density of the graft. About 37% of the
articles mentioned used the electrospinning method in manufacturing [114,116,118,120–
123,125,127,128,132–135,137,139,141–144,146,147,150,151,154,155]. On the other hand, the
second most used process is the Solvent Casting method, with 13.04% of articles using this
process [117,136,148,149,156].

However, different authors carry out mechanical and cell viability tests to prove the
possible behavior of the grafts in a patient. Due to the mechanical tests, a trend has been
found regarding the tests carried out, of which the longitudinal tensile strength tests are
most often reported. This measurement helps to determine the vascular graft resistance
against longitudinal tensile forces. Along with the revised manuscripts, an average of
94,300 KPa (n = 37) was evidenced, thus indicating that most of the grafts resist high
longitudinal forces [113–156]. Nonetheless, circumferential tensile strength is not often
reported, same as compliance, both being highly important data required to establish
suitable mechanical properties for TEVGs applications. On the other hand, the second most
reported measurement is the Burst Strength since it is essential to determine the pressure
that can resist substantial flows. The authors recorded a mean value of 2161.14 mmHg
(n = 17) [118,120,122,123,126,128,142,143,146,147,151,152,154–157].

Likewise, some articles have also included other relevant tests to comply with in-
ternational standards. Another of the most important tests is circumferential traction
resistance, with an average result of 9210 KPa (n = 13), suture retention resistance with
an average result of 7.34 N (n = 11), and finally dynamic compliance with a mean result
of 327.28 mmHg (n = 6). This can be evidenced in Figures 7 and 8, where it is also pos-
sible to observe the morphology of the synthetic vascular grafts compared to the great
saphenous vein. Regarding the radar chart, it is possible to analyze the role of PCL
in the mechanical properties provided to the grafts, where it stands out over TPU and
PLGA. These materials show different factors such as longitudinal tensile strength, cir-
cumferential tensile strength, suture retention strength, and dynamic compliance, thus
making it a material with the necessary characteristics of durability and hardness for a
device that is going to be subjected to such a changing environment. It was previously
mentioned that the ideal graft should have mechanical characteristics similar to a vein.
In this way, it can be argued that the PCL meets these characteristics, even surpassing
the behavior of the superior saphenous vein in said properties. For these reasons, there
has been a trend among authors to use this material by combining it with one that can
help improve properties such as burst pressure, and thus generate an ideal replacement
material [120,123–125,127,132,133,135,139,140,142,145,147,149,154–157].

Another critical aspect of in vitro tests is cell analysis. Cell viability, cytotoxicity,
and cell adhesion, among others, are necessary tests to comply with standards. Thus,
the researchers have developed several tests to reach a physiological environment and
understand what the possible behavior of the graft will be in an authentic context.

This review has found interesting data regarding the biomaterials used for TEVGs
that have been reported in in vitro testing (Figure 8). The three most common materials
in manufacturing TEGVs (Table S27) and tested in vitro were PCL (37.5%), TPU (8.93%),
and PLGA (7.14%). PCL-based TEGVs tend to be more like the internal mammary artery
in circumferential (3594 ± 2486 vs. 4100 KPa), longitudinal (4107 ± 2376 vs. 4300 KPa)
tensile strengths, and dynamic compliance (5.42 ± 2.65 vs. 5.22%/100 mmHg), respectively.
However, its suture resistance strength (4520 ± 4130 KPa) is much higher than that of
saphenous vein grafts and the internal mammary artery (3200 and 1350 KPa), respectively,
leading to decreased adaptability of the TEVG to suture tension. In addition, 12 out of
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22 TEGVs in vitro studies reported the presence of endothelization of the vascular graft
lumen. The principal manufacturing technique was electrospinning (16 out of 22) and most
products were monolayered (11 out of 22) [118,127,132,137,139–141,145,147,154–157].

On the other hand, TPU-based TEGVs showed the highest mechanical properties
regarding longitudinal tensile strength (15,750 ± 4546 KPa), suture resistance strength
(7860 ± 1600 KPa) compared to saphenous vein grafts (2405 and 3200 KPa), and internal
mammary artery (4300 and 1300 KPa), respectively. These results show that TPU is a highly
rigid material that does not resemble vascular physiology. However, when used as part
of a mixture of other materials, TPU can provide the rigidity necessary for more flexible
materials rather than being used alone. Regardless of there being no information regarding
dynamic compliance, three out of five TPU-based TEGVs had endothelization. All TEGVs
were manufactured by electrospinning [118,137,141,154].

Finally, PLGA-based TEGVs had intermediate mechanical properties. Its circumfer-
ential tensile strength (8350 KPa) and suture resistance strength (1950 ± 1670 KPa) was
higher than the internal mammary artery properties (4100 and 1350 KPa), but lower than
the saphenous vein graft (9760 and 3200 KPa), respectively. Its longitudinal tensile strength
(5008 ± 3468 KPa) was higher than the saphenous vein graft (2450 KPa) and the internal
mammary artery (4300 KPa), but its dynamic compliance (3.41%/100 mmHg) was lower
than both vessels (4.4 and 5.22%/100 mmHg). In addition, endothelization was found
in two out of four PLGA-based TEGVs and the principal manufacturing technique was
electrospinning. These results conclude that PLGA is a rigid material that, as with TPU,
can give rigidity to a TEVG, but more flexible materials need to be used to offer compliance
to the vascular graft [118,119,137,141,154].

All these data are summarized in Table 6 and Figure 8, comparing the mechanical
properties average most common TEVGs from in vitro studies (PCL, TPU, and PLGA) with
the GSV. Complete data is summarized in Tables S27 and S32.

Table 6. Mechanical properties in blood vessels: PCL, TPU, and PLGA tested in vitro (PCL in vivo)
and great saphenous vein (GSV).

Test Performed PCL In Vitro TPU In Vitro PLGA In Vitro GSV Reference

Internal Diameter (mm) 4.59 3.83 4 3
[22,23,113,115,117,120,122–

125,132,133,139–
142,145,154,157]

Wall Thickness (µM) 580 540 330 518
[24,25,113,115,117,118,120,123,

124,133,140,141,143,145,147,
151]

Circumferential Tensile
Strength (KPa) 13,360 2570 8350 2405 [12,19,26,113,115,120,122,125,

141,143,145,151]

Longitudinal Tensile
Strength (KPa) 15,170 11,320 5010 9760

[12,26,115,117,118,122,124,127,
132,135,137,139–

143,145,147,151,154]

Burst Pressure (KPa) 264.51 451.29 312.84 371.96 [12,26,118,120,122,123,142,143,
147,151,154,157]

Suture Retention Strength (g) 1034 803 1050 327 [22,27,115,117,118,123,143,151]
Dynamic Compliance

(%/100 mmHg) 5.42 NR 3.41 4.40 [12,28,117,120,124]
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Figure 8. (A) Mechanical properties comparison of great saphenous vein, as a gold standard, (a) 
PCL, (b) TPU, and (c) PLGA tested in vitro. Mechanical properties identified include internal diam-
eter (ID), wall thickness (WT), longitudinal tensile strength (LTS), circumferential tensile strength 
(CTS), suture retention strength (SRS), burst pressure (BP), and dynamic compliance (DC). Chart 
generated from the Python library developed by StatsBomb/Anmol Durgapal (accessed on 29 May 
2022). (B) Mechanical properties comparison of great saphenous vein, as a gold standard, internal 
mammary artery and PCL, TPU, and PLGA subgroups of in vitro studies. Circumferential tensile 
strength (CTS), longitudinal tensile strength (LTS), suture retention strength (SRS), internal mam-
mary artery (IMA), and great saphenous vein (GSV). Data are shown as mean ± standard deviation, 
according to the number of studies reporting the data. Additional information regarding descriptive 
analysis can be found on Table S3. Graph generated with GraphPad Prism (accessed on 29 May 
2022). 
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Despite the advances made in TEVGs development, the pursuit of the optimal me-
chanical properties that approximate those of native arteries is still ongoing. Multiple fac-
tors are essential to achieve suitable surgical and mechanical properties, including the 
proper selection of biomaterials, manufacturing techniques, and surface functionaliza-
tions. For instance, new biomaterials have been developed to increase patency rates and 
avoid complications such as pulmonary thromboembolism [158]. In these sections, we are 
only talking about newer approaches that have been proposed for use on TEVGs devel-
opment.  

Figure 8. (A) Mechanical properties comparison of great saphenous vein, as a gold standard, (a) PCL,
(b) TPU, and (c) PLGA tested in vitro. Mechanical properties identified include internal diameter
(ID), wall thickness (WT), longitudinal tensile strength (LTS), circumferential tensile strength (CTS),
suture retention strength (SRS), burst pressure (BP), and dynamic compliance (DC). Chart generated
from the Python library developed by StatsBomb/Anmol Durgapal (accessed on 29 May 2022).
(B) Mechanical properties comparison of great saphenous vein, as a gold standard, internal mammary
artery and PCL, TPU, and PLGA subgroups of in vitro studies. Circumferential tensile strength (CTS),
longitudinal tensile strength (LTS), suture retention strength (SRS), internal mammary artery (IMA),
and great saphenous vein (GSV). Data are shown as mean ± standard deviation, according to the
number of studies reporting the data. Additional information regarding descriptive analysis can be
found on Table S3. Graph generated with GraphPad Prism (accessed on 29 May 2022).

7.4. Promising Biomaterials and Clinical Practice Correlation on TEVGs Applications

Despite the advances made in TEVGs development, the pursuit of the optimal me-
chanical properties that approximate those of native arteries is still ongoing. Multiple
factors are essential to achieve suitable surgical and mechanical properties, including the
proper selection of biomaterials, manufacturing techniques, and surface functionalizations.
For instance, new biomaterials have been developed to increase patency rates and avoid
complications such as pulmonary thromboembolism [158]. In these sections, we are only
talking about newer approaches that have been proposed for use on TEVGs development.

The article published by Bai et al. showed structured scaffolds with biodegradable
polyester-polydepsipeptid and silk fibroin (PCL-PIBMD/SF). The manufacturing pro-
cess was on a sandwich-like composite delivering plasmid complexes aiming to induce
endothelialization and was manufactured through layer-by-layer electrospinning and elec-
trospraying techniques. The scaffold was tested with human umbilical vein endothelial
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cell cultures (HUVECs). The average diameter of nanofibers decreased from 573.8 nm to
285.1 nm, with SF content increasing from 0 to 90%. The mechanical properties found
were suitable for vascular scaffolds when the weight ratio of SF was 10%, as the found
tensile strength and elongation were 7050.34 kPa and 210 ± 21%. A porosity of 27.5 ± 7.4%
with a weight ratio of 90/10 was reported. The HUVECs coverage ratio on day three was
66 ± 3%. This scaffold showed mechanical properties that suggest promising application
for TEVGs and also demonstrated the promotion of cell proliferation, adhesion, spreading,
and migration [159].

Adding to the research, the study published by Xie et al. designed a tissue-engineered
vascular scaffold with portulaca flavonoid (PTF) via electrospinning and was integrated
with PCL. It was tested on a culture of human vascular smooth muscle cells (HVSMCs). The
scaffold exhibited biomimetic net-like fiber structures, an elastic modulus of 2–20 MPa, the
ultimate tensile stress of 2000 kPa, and a fracture strain of 60% in the transverse direction.
In addition, it showed that compared to the PCL scaffold, the integration of bioactive PTF
had better hydrophilicity and degradability. In addition, inhibition of abnormal intimal
hyperplasia was observed [160].

Moreover, one of the most critical factors in understanding the clinical use of each
native artery/vein is the clinical practice guidelines that continue to support using native
arteries or veins. However, we have observed that native arteries/veins are used for the
clinical condition and the patient’s requirements, whereas even for the same pathology, dif-
ferent vessels with very different mechanical properties are used. In pathologies involving
small vessels, the evidence supports the individualized and specific use of different types of
native vessels. The clearest example is the variability between myocardial revascularization
per se and infrainguinal revascularization.

The ACC/AHA/SCAI Coronary Revascularization Guidelines published in 2021
recommend using the radial artery in isolated Coronary Artery Bypass Grafting (CABG)
and the left mammary artery in multiple bypasses over the saphenous vein. The evidence
shows that using the left mammary artery prolongs the survival of the patient who only
requires isolated CABG in a significantly stenosed non–Left Anterior Descending (LAD)
vessel. In addition, the case of the radial artery has shown that in the medium and long
term, it has higher patency rates and better clinical results at ten years of undergoing CABG
to bypass the LAD [161].

On the other hand, the Society for Vascular Surgery practice guidelines for the
atherosclerotic occlusive disease of the lower extremities recommends infrainguinal bypass
using the saphenous vein [162].

Depending on the patient’s need and underlying pathology, this variability in mechan-
ical property requirements also applies to vascular grafts. Thus, evaluating the different
mechanical properties in each clinical indication is necessary since it is possible to hypothe-
size that not only a single small vascular graft with specific mechanical properties will be
required.

7.5. Approaches/Techniques for Fabrication of Small Diameter TEVGs

Currently, there is a great diversity of manufacturing techniques for small diameter
TEVGs. Several biomaterials have the plasticity required for application on different
manufacturing techniques. Most studies reported the use of electrospinning as the primary
method of fabrication (n = 25; 58.14%); this is because it offers the ability to fine-tune
mechanical properties during the fabrication processes while also offering precise control
over the composition, dimension, and alignment of the fiber of the material [66,69,70,
72,78,80–84,88,93,95–97,99–101,103,104,107,110]. Furthermore, it can combine synthetic
and natural materials, meeting specific needs like high mechanical durability in terms
of high burst strength and compliance. Finally, this method allows the incorporation of
natural polymers that promote the proliferation of different cell types in the matrix of the
graft’s wall.
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Although electrospinning as the primary manufacturing technique is one of the most
common for the development of grafts, the fiber diameters should be considered. The
reasoning is that if the diameter is too small, the TEVG will have low porosity, meaning
that cell infiltration will be limited. On the other hand, if the diameter of the fiber is too
big, the biomechanical graft properties could be compromised due to an increase in the
porosity, leading to blood leakages. It has been reported that thicker-fiber grafts (5–6 µm)
tend to polarize into the immunomodulatory and tissue remodeling (M2) phenotype, while
thinner-fiber grafts (2–3 µm) express a pro-inflammatory (M1) phenotype [111]. In this case,
the average fiber diameter reported for the PCL TEVGs data was 2.4, indicating that this
diameter should be improved to enhance regenerative outcomes.

Another relatively common technique typically used for the manufacture of TEVGs is
Freeze tawing (n = 3; 6.98%) [67,76,86,163–165]; some of the advantages of this method are
that the structure of the material is maintained, moisture is removed at low temperatures,
the stability of the material is increased during storage, and the fast transition of the
moisturized material to be dehydrated minimized several degradation reactions [112].
Regarding the use of this method in the manufacture of TEVGs, results have reported that
the porosity of the graft is high enough to polarize into the immunomodulatory and tissue
remodeling (M2) phenotype, meaning that there should be an improvement in regenerative
outcome. Nevertheless, this technique has not been widely used now that some mechanical
properties seem to be affected. For example, the circumferential tensile strength seems to
be lowered compared to other methods such as electrospinning.

8. Biomechanical Properties of Surfaces and Vascular Infections on TEVGs

Another topic related to the physicochemical properties of TEVGs and its mechani-
cal properties are the surfaces of the designed scaffolds. Depending on these properties,
biomechanical stimuli–the same as the effect of WSS–might have an impact on cell adhe-
sion and regeneration, or even might promote bacterial colonization. For instance, some
micropatterns as well as stiffer surfaces promote cell adhesion and migration, and these
data have been widely reported.

Nevertheless, one of the least studied topics on TEVGs is how to prevent vascular
infections, which is one of the most detrimental complications. Due to the increase in
antimicrobial resistance and infection of different types of implants, multiple strategies
have been studied to prevent bacterial colonization and biofilm formation. One of the
most efficient strategies is a colonization-resistant surface by coating the surface with the
inclusion of superhydrophobic, uncharged, or highly hydrophilic molecules that do not
allow bacterial adhesion. For example, polyethylene glycol and zwitterionic polymers have
been shown to inhibit bacterial adhesion because they generate a stearic repulsion and
movement phenomenon. Hydrophilic molecules such as heparin have also been used to
inhibit bacterial adhesion. Superhydrophobic structures with specific topographies have
shown efficiency in decreasing adhesion [166–168].

Although less studied, microparticles and nanoparticles with antimicrobial peptides
are also used for functionalization, with a wide range of inhibitory effects against bacteria,
fungi, parasites, and viruses. Other alternatives include coatings with silver, aluminum,
cobalt, zinc, and copper, given that the ions destabilize the bacterial membrane. The same
principle applies to Cationic polymers such as chitosan and polyethyleneimine (PEI). Other
strategies include local mechanisms of controlled release of antibiotics such as gentamicin,
amoxicillin, and vancomycin, among others. For this purpose, multiple transport media
such as alginate nanoparticles, hydrogels loaded with these molecules, and even mixing
biomaterials with these antibiotics have been employed [169–173].

A 2003 meta-analysis found that autologous vein repairs at any site have a better
prognosis and better long-term outcomes regarding graft patency than PTFE grafts in
peripheral vessels. In addition, evidence regarding the use of other materials such as bovine
pericardium in abdominal aortic repairs, and rifampicin-embedded or silver-embedded
prostheses has come to be considered. However, reinfection rates are often higher than
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10%. So far, the only regenerative vascular graft for application in aortic aneurysm repair
and large-diameter peripheral vessel repair is Omniflow II from the commercial house
LeMaitré. Omniflow II is a biosynthetic vascular graft composed of a polyester mesh as
an endoskeleton covered by cross-linked ovine collagen. Its simple fabrication is based on
the immune response to foreign body and fibrous tissue formation on the polyester mesh
implanted in the animal after a few months.

Collagen-based biosynthetic vascular grafts have demonstrated graft patency rates
approaching 70–80% at one year, with favorable rates (57–64%) in below-knee reconstruc-
tions. Infection rates are meager, being lower than prosthetic grafts due to better healing
patterns linked to their collagen structure, better integration with host tissue, and evidence
of capillary growth or micro vascularization of the graft. In the diabetic population–who are
at higher risk of infection–low incidences of reinfection have been found, ranging from 2.8
to 4.8%–much lower than in other types of materials. In this regard, the evidence associated
with collagen biosynthetic grafts tends to be very promising. However, their use has only
been described in case reports and very small cohorts, especially in repairs associated with
the abdominal aorta, which is why more evidence is needed. For this reason, a regener-
ative vascular graft that reduces reoperation rates and ensures laminar flow through the
anastomoses will guarantee long-term graft patency and limb salvage [173–175].

Various biodegradable biomaterials with bacteriostatic/bactericidal activity have been
developed. For this purpose, electrospinning–an additive manufacturing technique for
the controlled deposition of nanofibers–has been one of the most widely used techniques.
Using antibacterial agents such as tetracycline, chlorhexidine, triclosan, and even eugenol
loaded on fibers obtained by electrospinning biodegradable polymers as a wound dressing
in tissue engineering has been reported. In 2018, Zhenguang, L et al. designed membranes
by electrospinning polycaprolactone (PCL) and gelatin incorporating eugenol and adhesive
peptides for endothelial cells as a method for fabricating a regenerative vascular graft
with bactericidal properties. Its inhibitory antimicrobial activity against S.aureus was
78% and against E.coli was 74%, which was attributed to the ability to destabilize the cell
membrane [135,176–178].

As for bacteriostatic/bactericidal vascular grafts, none are currently on the market
with this indication, and the literature reports few approaches. However, one of the
most common is the fabrication of vascular grafts with hydrogels or polymers, including
chitosan. Due to their bacteriostatic properties, they have helped stop the microbial activity.
In addition, some of these TEVGs include other molecules such as silver and even heparin,
which, although their general purpose is not to contribute to antimicrobial activity, do have
this function.

9. Conclusions

This literature review aimed to identify the different trends in the use of materials to
develop readily available TEVGs without pre-seeded cells. We show that PCL is currently
one of the most used polymers in both in vivo and in vitro studies. However, lack of
compliance with PCL-based TEVG has been identified as one of the main limitations of its
long-term implementation in clinical trials. Other polymers such as TPU, PU, and PLGA
show relevant properties to offer the required circumferential and longitudinal tensile
strength for TEVGs applications. However, their use should be carefully implemented,
including other materials to offer the required flexibility required for improved compliance
and to provide the biomechanical properties suitable for TEVGS applications.

On the other hand, electrospinning is currently the most used manufacturing method,
offering standardization and industrialization of the TEVGs. Furthermore, it is easy to use
for various polymers while providing proper microstructure and macrostructure. Nonethe-
less, more studies are still required in manufacturing to reach an ideal fiber thickness and
porosity for the grafts since cell migration can be affected while maintaining the long-term
graft mechanical properties.
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Strategies such as decellularized blood vessels offer a suitable alternative for TEVGs
since their mechanical properties are very similar to the native tissues and are successful
in the regeneration process. However, standardization and industrialization are more
complex and will require multiple steps to be commercialized.

Personalized medicine marks the future of health sciences, and the use of vascular
grafts from tissue engineering allows us not only to create alternatives for each of the
vascular pathologies but also to offer quality and durable elements that meet each patient’s
requirements concerning their vascular physiology and rheology.

Finally, the biomaterials and manufacture methods should ensure the compliance of
the anastomosed artery or blood vessel, considering that the increase in the compliance
mismatch is directly correlated to the long-term patency loss due to the low wall shear
stresses generated by the flow pattern disturbances along the blood vessel and the vascular
graft. Therefore, the main objective of a TEVG to provide the required biomechanical
signals for regeneration is to reach proper compliance.
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Carboxymethyl Cellulose Cross-Linked with Citric Acid on
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Abstract: The oldest preservation techniques used are drying techniques, which are employed to
remove moisture and prevent microorganisms’ growths, prolonging a material’s shelf life. This study
evaluates the effects of drying methods on carboxymethyl cellulose (CMC) + citric acid (CA) coating
layers on cotton threads. For this reason, cotton threads were washed and then coated with different
layers of CMC cross-linked with CA, followed by drying using an oven (OD), infrared (IR), and a
combination of oven + IR (OIR) drying methods at 65 ◦C. Our investigations revealed that CMC + CA
yields a pliable biopolymer. The differences in drying regimes and coating layers of CMC + CA
have a significant effect on the coated cotton thread strength and absorption capability. The study
concluded that the IR drying regime is more effective to dry a single-layered cotton thread with a
single layer of CMC + CA coating to enhance desirable properties for wound dressing modification.

Keywords: carboxymethyl cellulose; drying effects; wound dressing; coating layers; fiber-based
material; mechanical properties

1. Introduction

Wound healing is a complex, systemic, and regulated process to maintain human body
functions. In wound healing, the major problem would be wound infections, which impair
the healing process. As an act of prevention of this problem, antibiotic medications are
prescribed to patients. However, this is ineffective in long-term treatments, especially for
chronic wound patients, as this will cause multiresistant bacteria emergence. Therefore,
in modern-day wound care, the functionality of wound dressings must be enhanced and
addressed to properly manage and care for the wound as it may severely threaten an
individual’s quality of life and health.

Cotton fiber is the most recognized natural fiber, which has been widely used in the
textile industry. In the biomedical field, cotton fiber has been modified to have antimicrobial
properties [1], water repellency [2], and other enhancements of mechanical properties
to work efficiently as a wound dressing. Cotton threads have a high specific area, are
adjustable in shape, and have high absorption capability, which is good to absorb exudate,
reduce blood loss, and keep the wound area free from other debris [3,4]. A minor setback is
when a cotton thread wound dressing dries up, it tends to stick to the wound area during
the removal process [5]. The removal of the dressing might cause discomfort to patients,
causing secondary damage to newly developed tissue, and requires a tedious cleaning
process. Therefore, the cotton thread should be modified to have properties that permit
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balanced and maintaining moisture at the wound site to prevent the dressing from adhering
to the wound, reducing pain and discomfort, thus accelerating wound healing.

Carboxymethyl cellulose (CMC) is used in the biomedical and pharmacology fields
as an enzyme immobilizer, absorbent, r wound healing, and drug delivery. CMC is
biocompatible with other biomaterials. Hence, CMC-based biomaterials with antibacterial
properties for wound healing and tissue engineering could be fabricated [6]. CMC-coated
wound dressing is more flexible, absorbs exudate, retains moisture to boost angiogenesis
and autolytic debridement [7], is nontoxic to humans, and is water soluble [8]. Salt CMC
derivatives, such as sodium CMC (Na-CMC) and calcium CMC (Ca-CMC), are commonly
used. Na-CMC has an excellent compatibility with human skin, which shows a high
film-forming capability and is proven to effectively eliminate microbial growths from
wound beds through microbe adhesion and promote wound healing [9]. It is due to Na-
CMC substituted carboxylated group (-COO) in the backbone along its cellulose chain.
Besides, Na-CMC has been used to fabricate cellulose-based coating through chemical cross-
linking as it can form a cross-linked network through ionic bonding, hydrogen bonding, or
polymer–polymer interaction [10]. With these advantages, CMC-based biomaterials are
widely used in wound dressing applications [7] to prevent wound infections. As coating
agent, CMC improve thread quality and mechanical strength [11]. However, CMC on its
own has poor mechanical properties. Therefore, citric acid (CA) was used as a crosslinker
in this study. CA is present in citrus fruit, such as lemons and oranges. This natural organic
acid consists of three carboxylic groups. CA is used in food processing and is now known
in the biomedical field for its excellent antimicrobial and antioxidant properties. CA is also
beneficial in the pharmaceutical application as it is used in various applications, such as
cross-linking, interaction between molecules, and coating agents [12].

Oven drying (OD) is a conventional technique used with a standard temperature–time
combination [13]. It is considered convenient since it can accommodate a large number
of samples and has relatively rapid and precise temperature control to reach the desired
temperature. However, the drawback is that temperature variations might occur due
to the samples’ size, weight, and position in the oven, which affect the total removal of
moisture from samples, the risk of losing volatile substances or compounds, and sample
decomposition during the long drying process [14–16]. In addition, sample decomposition
is undesirable in wound dressing materials as it may have an immense degradable effect
on temperature-sensitive medicinal substances. A more time-saving method, such as
an infrared (IR) dryer, is viewed as an alternative to overcome this problem. IR drying
provides rapid heating and moisture removal. It serves many advantages, such as high
energy efficiency, faster heat transfer rate, and maintaining high-quality products [17,18].
During the drying process, the IR wavelength radiation emitted from the heat source
passes through the wet sample and increases the temperature internally without heating
the surrounding air [15]. The IR penetration causes water molecules to vibrate, which leads
to heating [19]. The heat provided by IR interacts with the samples’ internal structure and
facilitates heating from the inner to the outer layer through the radiation and convection
thermal phenomena, causing a decrease in moisture content through the evaporation
process [19,20]. IR has been shown to provide more advantages in the drying method
because it provides uniform heating, has a higher heat transfer rate, reduces processing
time and energy, and improves the material quality [15,20]. Table 1 shows a comparison
between IR drying and other drying techniques based on the cost-effectiveness, drying time,
product quality, and advantages and disadvantages of the drying techniques. Therefore, a
distinct comparison between oven and IR drying and a combination of both with regard to
the quality of cotton thread wound dressing will be measured.
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Our study aims to evaluate the effect of drying methods to CMC cross-linked with
CA on cotton thread fibers’ mechanical strength and its wettability properties for wound
dressing enhancement. To achieve this aim, we investigate how different coating layers
of CMC cross-linked with CA onto cotton thread fibers are influenced by different drying
regimes. Our experimental approach evaluated whether drying regimes and two different
applied coating layers can potentially affect the cotton thread absorption capability, surface
morphology, and mechanical properties. The coated cotton thread moisture content and
water absorption were determined. The CMC-coated cotton thread surface was visualized
using an optical microscope (OM), and the mechanical properties, such as tensile strength,
were assessed. Our results stipulate that a single-layer coat of CMC cross-linked with CA
coated cotton thread undergoing IR drying shows better property enhancement of the
cotton thread fibers than the oven or oven + IR drying method.

2. Materials and Methods
2.1. Raw Materials

Mercerized cotton thread (3-ply with 100% cotton) was purchased from Coats Cotton
(Hungary, Europe). Solid powder sodium carboxymethyl cellulose (Na-CMC) (CAT. NO:
419273) with medium viscosity and a degree of substitution of 0.65–0.90 and citric acid
(anhydrous, Mw: 192.12) (CAS. NO: 77-92-9) were purchased from Sigma-Aldrich (St. Louis,
MO, USA).

2.2. Preparation of CMC and Citric Acid Coating Solution

About 2% (w/v) of CMC as a coating material was dissolved in distilled water (dH2O)
by stirring with a magnetic stirrer, forming a homogeneous aqueous solution. Then 4M CA
was dissolved in dH2O. The 2M and 3M CA were prepared by diluting 4M CA.

2.3. Design of Coating Processes

Cotton thread fibers were washed before coating with 2% detergent solution and
80% ethanol and were oven-dried at 60 ◦C for 15 min. The coating process was based
on previously published results [22] with modifications. The 2% CMC was prepared and
allocated in 25 mL syringes with a 20-gauge needle size. Cotton thread fibers were soaked
in the syringes with CMC solution for 18 h.

After the threads were soaked, the threads were pulled out from the syringe and
were immediately submerged into beakers containing heated 2M, 3M, and 4M CA. The
threads were left immersed for 1 h at 90 ◦C with constant stirring to promote CA and CMC
interaction [23,24]. After the immersion, the excess CA was removed using filtered paper,
and the thread groups were separately dried using OD and IR drying techniques at 65 ◦C
for 30 min. In addition to that, OD drying was conducted in a convection oven (Memmert
UFTS, Germany). For IR drying, the distance between the IR lamp and the sample in the
drying machine was fixed at 7 cm (Desktop Infrared Drying Machine (GW-200H), Hoystar®,
Guandong, China). During the sequential drying regime (OIR), drying was first conducted
in the oven at 65 ◦C for 15 min, followed by IR drying for another 15 min, similarly at 65 ◦C,
making a total drying time of 30 min.

The coating process was altered in six samples, which were divided into three sets.
The first three sample groups were set as control, where no coating of CMC and CA was be
performed. The second set consisted of the sample groups where one layer of CMC was
performed. The third set is where two CMC layers were applied under the same conditions,
with respective drying regimes after each coat. Once all samples were dried, the dry coat
weight was measured as a control sample by weighing. Table 2 lists the coating parameters
used to design the coating process.
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Table 2. Design of coating trial with a defined number of layers and drying regimes. Trials with one
layer of CMC are indicated by OD-1, IR-1, and OIR-1, while trials with two CMC layers are indicated
by OD-2, IR-2, and OIR-2. CT-A, CT-B, and CT-C are the uncoated samples.

Samples Coating Layer Drying Method

CT-A
0

Oven
CT-B IR
CT-C Oven + IR

OD-1
1

Oven
IR-1 IR

OIR-1 Oven + IR

OD-2
2

Oven
IR-2 IR

OIR-2 Oven + IR

2.4. Determination of Physical Characteristic of Uncoated and Coated Cotton Threads

Basic physical properties, such as basis weight, thickness, and moisture content, were
assessed using uncoated and CMC-coated samples. The basis weight of uncoated and
coated samples was determined using an analytical balance (A&D Compact Analytical Bal-
ance, HR-250AZ), and the sample thickness was measured with an ABS Digital Thickness
Gauge (Code: 547-301) (Mitutoyo, Kanagawa, Japan). After samples were dried according
to the regimes, samples’ moisture content was evaluated using a moisture analyzer machine
(A&D Moisture Analyzer, MX-50).

2.5. Evaluation of Mechanical Properties

Tensile strength (TS), modulus, and percent elongation at break were measured using
the Servo Control System Desktop Tensile Strength Tester AI-3000N (Qingdao, China).
The test was performed based on the ASTM D3822 standard (Standard Test Method for
Tensile Properties of Single Textile Fibers). Before running the tensile test, all samples were
conditioned overnight in a drying cabinet at room temperature and 59.4% relative humidity
(Weifo, Taiwan). The distance between the two clamps was set to 50 mm, and the strain
rate speed was constant for all samples at 10 mm/min with a 10 kg load cell. The samples
were cut at a length of 70 mm. Both coated and uncoated thread samples were secured
with masking tape at both ends and inserted between the clamps to avoid fiber slipping
during testing. The average fibers’ strength and percent elongation were calculated based
on five measurements. The tensile strength was obtained by dividing the average tensile
load and average fiber diameter.

2.6. Determination of Water Absorption and Moisture Content
2.6.1. Water Absorption

Water absorption was evaluated by immersing samples into distilled water. Each
thread sample was immersed for 0.5, 1, 3, 5, 7, and 30 min. The samples were weighed before
and after immersion, and then the water absorption was calculated using Equation (1).

W (%) =

[
ma

mo

]
× 100 (1)

where W is the water absorption of the samples in (%), ma is the sample mass (mg) after
water absorption, and mo is the initial mass of the samples before water absorption [25].
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2.6.2. Moisture Content

Moisture content was determined by recording the sample mass at similar time inter-
vals, and moisture content was calculated as shown in Equation (2).

MC (%) =
Mcws − Mcs

Mcs − Mc
× 100 (2)

where Mcws is the container plus wet sample mass (mg), Mcs is the mass of the container
plus dried sample (mg), and Mc is the container mass (mg) [26].

2.7. Surface Analysis
2.7.1. Surface Morphology

The surface topography of coated threads was observed under a Dino-Lite Optical
Microscope and analyzed with the DinoCapture V2 program. The samples were observed
under 440× magnification.

2.7.2. Attenuated Total Reflection–Fourier-Transform Infrared Spectroscopy (ATR–FTIR)

FTIR was carried out using Alpha Platinum-ATR (Bruker, Massachusetts, United
States). FTIR spectra of the samples were recorded at 32 scans with a resolution of 4 cm−1

and a wavenumber range between 400 and 4000 cm−1.

2.8. Antibacterial Analysis

Fabricated cotton threads with different concentrations of CA and different coat-
ing layers were investigated based on a previous published study [27], which was con-
ducted using agar plate diffusion method (GB/T 20944.1-2007). Gram-negative (Escherichia
coli) and Gram-positive (Staphylococcus aureus) bacteria were diluted into a suspension
(1 × 106 CFU/mL) and spread on the sterile agar plate. The fabricated cotton threads were
placed transversely onto the agar surface to ensure contact, and the plates were incubated
at 37 ◦C for 24 h. The zone of inhibition was evaluated by the inhibition zone diameter
values of the samples and calculated based on the formula shown in Equation (3).

H (mm) =
D − d

d
(3)

where H refers to the zone of inhibition (mm), D refers to the total diameter of the sample
and inhibition zone (mm), and d refers to the diameter of the cotton thread (mm).

2.9. Statistical Analysis

The selected data were given as mean values with standard deviations. The number
of replicates was constant, where n = 3 replicates for each observation. Analysis of the data
obtained from the experiments was performed using the ANOVA function in Microsoft
Excel with a confidence level of p < 0.05.

3. Results and Discussion
3.1. ATR–FTIR Characterization of Uncoated CT and CT Coated with CMC Cross-Linked with CA
(CT/CMC + CA)

The presence of CMC and CMC + CA coating on CT was confirmed by FTIR analysis.
The ATR–FTIR measured in this study is within the mid-IR spectrum of 400–4000 cm−1.
Figure 1 shows the spectrum of the pristine CT and CT coated with CMC cross-linked
with 2M CA samples at different coating layers with different drying regimes. CA spectra
showed characteristic peaks at 3290 cm−1 corresponding to O–H stretching for H2O and
1745 and 1698 cm−1, which matched with C=O stretching of carboxylic acid [28]. As
regards CMC, FTIR peaks were observed at 3356, 1587, and 1051 cm−1 corresponding
to O–H stretching, carboxylate C=O stretching, and C–O–C stretching, respectively [29].
Based on Figure 1, there is no significant difference between coating layers at p > 0.05, which
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proves that coating layers have no adverse effect on the chemical functionalities of the
samples. Additionally, similarities among the spectrum prove that CA was homogeneously
cross-linked with CMC. However, as regards different drying regimes, there are slightly
different transmittance intensities to the CMC + CA spectra.
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Figure 1. FTIR spectra of (a) single-coated and (b) double-coated CMC cross-linked with 2M CA in
different drying regimes.

After different concentrations of CA were added to the CT/CMC samples, peaks
can be observed at 3284, 1747, and 1698 cm−1, and the cross-linking mechanism involves
the attachment of carboxylate groups of CA to the hydroxyl group of CMC, which could
be attributed to the esterification between citric acid and CMC, demonstrating chemical
linkage formation among them [30]. In addition, the peaks at 1747 and 1698 cm−1 became
more intense, with the increase in CA concentrations, as shown in Figure 2a,b, stipulating a
higher cross-linking reaction. The ATR–FTIR results suggested that there was an occurrence
of cross-linking interaction between CT/CMC and CA. Figure 2a,b demonstrates a similar
observation at 3284 cm−1, where peaks at lower concentration showed less intense peaks
due to the esterification reaction during cross-linking [31]. Thus, the results obtained are in
tune with those of previous studies [28,32].
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Figure 2. FTIR spectrum comparison between (a) single-coated CMC cross-linked with 2M–4M CA,
(b) double-coated CMC cross-linked with 2M–4M CA.

The slight differences in transmittance intensity among different drying regimes are
due to the transmittance value among the drying regimes. IR has the highest transmittance
values, followed by OD and OIR drying regimes. A high transmittance value indicates
a large population of specific functional groups that emits vibrational energies, which
corresponds to the reflected light [33]. The large population of specific bonds suggests
that IR is an effective drying regime since CMC + CA is more concentrated due to due
to the efficient moisture removal. As the moisture is efficiently removed from the coated
CT, macromolecular compaction occurs, and the population of specific bonds per mm2

increases. The concentrated amount of CMC + CA coating in IR-dried samples causes them
to emit a high transmission value to a specific functional group population bond. More
apparent differences are shown in Figure 1 of OD and OIR samples, regardless of layers.
Even though the amounts of CMC and CA used were controlled, distinct transmittance
values among different drying regimes indicated different efficacies of moisture removal.
The efficiency of moisture removal will be highlighted in Section 3.2.
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In Figure 3, four enlargements of Figure 1, which exhibit the FTIR spectra of dried
samples by different drying regimes on a specific range of wavelengths, are shown. The
stretching bands of the functional groups of the IR-dried samples were similar to those of
the OD and OIR samples. According to Figure 2, the OH group appeared within the broad
adsorption peak in all drying methods. A slight decrease in the wavenumber was observed
by comparing the CT/CMC + CA samples and uncoated CT samples. The carbonyl peaks
of CMC + CA emerged at 1747 and 1698 cm−1 in the spectral region between 1750 and
1600 cm−1 for all samples, both in single and double coats. There was a shift towards a
smaller wavenumber within this wavenumber, and a similar trend was observed at peaks
of 1378 and 1137 cm−1. When the peaks shift to a smaller wavenumber, this indicates that
the molecule within this wavenumber has increased in its mass. The vibration frequency is
inversely proportional to the mass of the vibrating molecule. Therefore, the heavier the
molecule, the lower the vibration frequency, thus the smaller the wavenumbers [34]. At a
wavenumber of 770 cm−1, no changes were observed between the drying regimes. This
result helps confirm that different drying regimes did not affect the sample compositions.
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3.2. Physical Properties of Uncoated CT and Coated CT/CMC + CA
3.2.1. Basis Weight and Thickness

As seen in Table 3, the basis weight and thickness of coated CT are directly proportional
to the coating layer and concentration of solids in the coating formulation. Coated samples
gained the basis weight and thickness as expected compared with uncoated samples, with
double-coated samples accumulating the highest weight gain and thickness. CT coated with
CMC increased its weight and thickness but not as much as CT coated with CMC + CA. The
substantial increase in CMC + CA samples’ weight proved that cross-linked CMC + CA has
better coating efficiency due to the accumulation of CA attached to the -OH group of CMC
after the esterification process. It was also found that the CT/CMC weight and average
thickness increased significantly with CA concentration. This is because the higher the CA
concentration, the higher the probability of CA to cross-link with CMC. At a higher cross-
linking degree, CMC + CA becomes more viscous, allowing more intermolecular bonds
to form between CMC and CA [35], thus increasing their weight and average thickness.
For medical purposes, such as skin grafting, it is proposed that the dressing film should be
thinner than 400 µm to allow vascularization for nutrient delivery to the epidermis [36].
Therefore, the coating thickness of the samples was fabricated within the desirable range
except for the samples OIR-1 and OIR-2 at 4M CA.

Table 3. Physical measurement of uncoated and coated cotton thread samples.

Samples Coating Layers CA
Concentration (M)

Drying
Regime

Basis Weight
(UCS) (mg)

Basis Weight
(CS) (mg)

Average Thickness
(µm)

CT-A
0

n.a. Oven 3.4 ± 0.2 - 112.5 ± 1.1
CT-B n.a. IR 3.3 ± 0.2 - 112.8 ± 1.0
CT-C n.a. Oven + IR 3.2 ± 0.3 - 106.5 ± 1.3

OD-1 1

CMC

Oven

3.2 ± 0.2 3.5 ± 0.1 127.8 ± 1.1
2 3.3 ± 0.1 4.7 ± 0.3 183.5 ± 1.2
3 3.2 ± 0.2 5.1 ± 0.3 249.0 ± 1.0
4 3.4 ± 0.1 6.0 ± 0.2 277.0 ± 1.1

IR-1 1

CMC

IR

3.1 ± 0.2 3.6 ± 0.3 125.3 ± 1.2
2 3.2 ± 0.1 4.9 ± 0.6 178.5 ± 1.0
3 3.0 ± 0.3 5.9 ± 0.6 182.3 ± 1.0
4 3.3 ± 0.1 6.7 ± 0.4 226.0 ± 1.1

OIR-1 1

CMC

Oven + IR

3.3 ± 0.1 3.5 ± 0.3 247.8 ± 1.2
2 3.0 ± 0.2 3.9 ± 0.3 336.0 ± 1.2
3 3.2 ± 0.1 4.3 ± 0.1 362.5 ± 1.3
4 3.0 ± 0.3 4.8 ± 0.4 444.8 ± 1.3

OD-2 2

CMC

Oven

3.4 ± 0.1 6.3 ± 0.2 136.5 ± 1.1
2 3.4 ± 0.1 10.0 ± 0.6 256.1 ± 1.3
3 3.5 ± 0.1 11.7 ± 0.1 267.8 ± 1.4
4 3.4 ± 0.1 14.4 ± 0.1 309.0 ± 1.8

IR-2 2

CMC

IR

3.2 ± 0.1 6.5 ± 0.2 129.5 ± 1.3
2 3.1 ± 0.2 10.8 ± 0.1 241.7 ± 1.5
3 3.3 ± 0.1 12.1 ± 0.2 283.8 ± 1.1
4 3.3 ± 0.1 18.1 ± 0.2 286.8 ± 1.1

OIR-2 2

CMC

Oven + IR

3.1 ± 0.1 6.4 ± 0.2 285.8 ± 1.3
2 3.4 ± 0.2 9.3 ± 0.1 374.0 ± 1.5
3 3.0 ± 0.1 10.0 ± 0.1 381.0 ± 1.1
4 3.5 ± 0.2 14.4 ± 0.2 446.5 ± 1.3

For the curing process via several drying regimes, IR samples showed the smallest
thickness, followed by OD and OIR samples in single- and double-coated CT. A higher
sample thickness on OIR samples is due to the unequal heating energy imposed in the
transitioning process between the samples from OD and IR in the sequential drying regimes
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of OIR. Meanwhile, samples dried via IR and OD provided more uniform heating, allowing
moisture from the samples to be removed efficiently and causing a substantial difference
reduction in sample size [15]. Nevertheless, based on sample thickness, IR is the most
effective, followed by OD and, finally, OIR. OIR is not as effective as expected, particularly
as a solitary drying regime. It is due to the uneven energy used to dry the samples, and
the samples are prone to absorb moisture when transitioning from one drying regime to
another. Therefore, the ineffectiveness of OIR will have to prolong the drying time or
increase the heating energy for the sample to be dried effectively.

3.2.2. Moisture Content

Moisture content was determined to evaluate the amount of moisture in the condi-
tioned uncoated and coated CT. After the drying process, the extent of destruction to the
lamellar structure of the macromolecule network will differ among different drying regimes.
Hence, the ability to absorb the surrounding moisture will determine the severity of drying
regimes to the CMC-CA polymer networks. The ability to retain moisture is crucial for
the CMC + CA coating on CT to function as a functional wound dressing. According to
the Gibbs–Donnan effect theory, in regard to the transportation across cell membranes, if
the Gibbs–Donnan equilibrium between the exterior surroundings and the wound bed is
achieved, the increase in intracellular ions would cause cells to swell due to the osmotic
influx of water. Low ionic strength can lead to a high distribution of ion mobility, estab-
lishing the Gibbs–Donnan equilibrium between the external environment and wound bed,
and thus providing a stable structure for the coated CT to retain moisture and/or for drug
delivery systems for wound healing [37].

Based on Table 4, the moisture content of CT/CMC + CA gradually decreases with
the increase in the coating layer in all drying regimes. Increases in coating layers resulted
in an increase in ionic strength, which reduced the number of mobile ions within the
CMC + CA coating matrix, thus reducing the CMC + CA coating structure and limiting
the moisture content of CT/CMC + CA [38]. The result is similar to the findings of other
biomaterials, such as membrane [39] and hydrogel films [29,40], that are cross-linked with
CA. Meanwhile, IR-1 shows the highest moisture content among the single-coated samples,
followed by OD-1 and OIR-1. The same trend can be observed for the double-coated
samples. The increase in moisture content at a low concentration of 2M CA in all drying
regimes shows that the CMC + CA coated on CT can retain moisture. This is caused by
the hygroscopic nature of CT/CMC + CA with hydroxyl and polar groups available and
the interfacial area between CT and the CMC + CA matrix [41]. On the other hand, at a
higher CA concentration (>2M) and double-coated CT/CMC + CA samples, a low moisture
content was obtained, and it correlates with the cross-linking effect, which reduces the
number of free hydrophilic groups in the coating, thus limiting molecular mobility, and
binds the polymer together tightly [40].
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Table 4. Moisture content (%) of CMC cross-linked with different concentrations of CA-coated cotton
thread samples.

Samples Coating Layer (CA) (M) Drying Regime
Moisture Content (%)

Dry Wet

CT-A
0

n.a Oven 3.08 ± 0.04 92.3 ± 0.02
CT-B n.a IR 3.05 ± 0.03 100 ± 0.02
CT-C n.a Oven + IR 3.11 ± 0.03 84.6 ± 0.03

OD-1

1

CMC

Oven

3.15 ± 0.04 88.9 ± 0.06
2 3.43 ± 0.06 95.0 ± 0.03
3 3.29 ± 0.06 45.8 ± 0.04
4 3.17 ± 0.03 19.0 ± 0.05

IR-1

CMC

IR

3.14 ± 0.02 63.2 ± 0.03
2 3.39 ± 0.03 120.9 ± 0.04
3 3.28 ± 0.02 70.9 ± 0.02
4 3.15 ± 0.04 34.1 ± 0.03

OIR-1

CMC

Oven + IR

3.33 ± 0.06 33.3 ± 0.03
2 3.45 ± 0.04 90.3 ± 0.02
3 3.38 ± 0.03 44.6 ± 0.03
4 3.33 ± 0.04 18.0 ± 0.06

OD-2

2

CMC

Oven

3.12 ± 0.02 19.5 ± 0.02
2 3.38 ± 0.03 36.1 ± 0.05
3 3.22 ± 0.04 32.1 ± 0.06
4 3.11 ± 0.03 12.5 ± 0.03

IR-2

CMC

IR

3.09 ± 0.06 70.6 ± 0.03
2 3.31 ± 0.04 71.9 ± 0.04
3 3.21 ± 0.03 50.0 ± 0.05
4 3.11 ± 0.06 34.0 ± 0.03

OIR-2

CMC

Oven + IR

3.31 ± 0.04 20.0 ± 0.06
2 3.43 ± 0.03 24.4 ± 0.02
3 3.37 ± 0.06 17.2 ± 0.06
4 3.31 ± 0.03 7.1 ± 0.05

The findings are consistent with the basis weight of coated samples portrayed in
Table 2. A higher moisture content by IR showed that IR is more effective in removing the
moisture than OD and OIR. At a similar temperature and time, unlike OD, IR minimized
the capillary force driven by the surface tension of water, hindering the destruction of its
lamellar structure. For OIR, the lowest moisture content absorbed by them is due to the
sequential drying regime unable to effectively remove moisture during the drying process,
resulting in high capillary force and the destruction of OIR samples’ lamellar structure,
rendering them unable to retain moisture.

3.3. Surface Morphology of Uncoated CT and Coated CT/CMC + CA

The surface morphology of uncoated and coated samples is shown in Figures 4
and 5, respectively. In Figure 4, the uncoated samples (CT-A, CT-B, and CT-C) showed no
significant difference in terms of morphology and embodied plenty of empty spaces among
the cotton fibers, making them porous. This will allow CMC + CA solutions to penetrate
easily during the coating process.
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Figure 5. Observation under an optical microscope of a single coat (OD-1, IR-1, and OIR-1) and
double coat (OD-2, IR-2, and OIR-2) cross-linked with (a) 2M CA, (b) 3M CA, and (c) 4M CA under
different drying regimes with a scale at 0.1 mm.

Figure 5 shows CT morphology after coating (single and double coat) and the respec-
tive drying process. In comparison with Figure 4, Figure 5 shows that the empty spaces
between the cotton thread fibers of single- and double-coated samples are filled with coated
materials. In Figure 5, all samples show that the CMC-CA were homogeneously and evenly
coated on the CT surfaces. The cross-linking between CT/CMC + CA involves the interac-
tion of covalent esters composited as a coating layer that enhances the physicochemical
properties of the CT. This is a crucial feature for CT/CMC + CA to achieve a stable structure.
The stable structure permits CT/CMC + CA moisture retention enhancement, as shown
in Section 3.2.2, and further improvement of CT/CMC + CA mechanical properties and
absorption capability. Therefore, CT/CMC + CA can be utilized as a functional wound
dressing.

As shown in Figure 5, the cotton threads coated with CMC cross-linked with CA
presented textured surfaces, particularly when a high concentration of CA (4M CA) was
used, which affected their physical properties. CA-cross-linked CT/CMC thread had more
protrusions than uncoated cotton threads, especially at a high CA concentration, indicating
increased surface roughness. On the other hand, double-coated samples (OD-2, IR-2, and
OIR-2) showed excessive citric acid crystal formations due to the high CA amount present
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in the coating, promoting a coarser surface on cotton thread. The enhancement of surface
roughness in a medical application provides a better interaction zone between the dressing
with the cells and tissue surface, allowing dermal fibroblast adhesion [42], which enhances
cell adhesion and cell proliferation [43]. This aids in strong protein adhesion to the wound
dressing surfaces, implying that a rough surface can stimulate cell signaling by imitating
similar cues as the extracellular matrix network [44–46].

IR-1 and IR-2 samples visually showed a smoother coating topography than OD
and OIR drying samples, which exhibited rougher surface coverage. This was due to
IR drying involving a more uniform heating mechanism where the temperature of the
samples was increased internally [15]. When the samples were heated internally via the
IR drying process, disturbance to the polymer interactions scarcely occurred, facilitating
a uniform solidification of coating materials interpreted by a smoother topography as
depicted in Figure 5. Meanwhile, for OD and OIR samples in Figure 5, nonuniform
topography is triggered by the sample’s placement during the drying process. Samples’
positioning promotes temperature variations in the oven environment, which subsequently
cause propagation of polymer interactions during the solidification process of coating
materials [15,16]. Besides, a sequential drying process of OIR is inefficient due to the
change of heating energy between the two drying regimes. In addition, the surrounding
factor during the transition of OD to IR drying is exacerbated by moisture absorption and
the sudden temperature drop and, thereupon, disturbs the solidification process of coating
materials. In essence, due to the uneven heating energy, OD- and OIR-dried samples exhibit
a heterogeneous structure and texture. With this in mind, different drying regimes gives
different morphology depending on the drying mechanism efficiency [47].

3.4. Mechanical Properties of Uncoated CT and Coated CT/CMC + CA

The tensile test was performed to investigate the effects of coating layers and drying
regimes on the mechanical performances of CT/CMC + CA. The samples’ tensile strength
and elongation percentage (%) are presented in Figures 6 and 7.
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Figures 6 and 7 show that the tensile strength and elongation percentage of
CT/CMC + CA are higher than those of uncoated samples. It is well understood that
as tensile strength increases, the elongation percentage decreases and vice versa [48]. How-
ever, CA, as the crosslinker in the coating system, increases tensile strength and elongation
due to a higher potential of interaction between material and matrix polymer, resulting in
increased of intra- and intermolecular cross-linking between polymers [49]. The CT fiber
twisting orientation also plays a role in the increase in tensile strength and elongations
percentage [50] as the twisting provides extra length, allowing CT to stretch more when
a load is applied. The extension increased CT lateral pressure and compaction and, as a
result, CT became denser and more coherent to strain. CT has a slightly loose twisting
orientation that allows CMC + CA to penetrate and coat individual fiber surfaces, which
further improves CT load bearing capacity by intercepting higher loads, thus leading to the
improvement of elongation and avoiding early breakage [51].

The interactions contributed to a more coherent structure, improving the tensile
strength and elongation percentage of CT/CMC + CA. When comparing single- and
double-coated samples, single-coated CT had higher tensile strength than double-coated
samples. Generally, the tensile strength of composites increases with composite content
until a maximum or optimum value is achieved. Once the maximum value is reached, the
tensile strength will decrease. A higher tensile strength for single-coated CT for all drying
regimes is due to the penetration of the coating solution between the fibers. CMC + CA
acts as a space filler, which also contributes to the load distribution, increasing the tensile
strength and elongation percentage [52]. However, the reversed scenario was observed
for double-coated CT/CMC + CA samples. This is due to the high amount of CMC + CA
content in the double-coating layer that reduces the matrix mobility, making it stiffer, hence
indicating that the amount of CMC + CA in double-coated CT might have exceeded the
optimum composite content of CT/CMC + CA strength [53].

The presence of CA caused significant differences (p < 0.05) in the tensile strength.
In all drying regimes, regardless of coating layers, the tensile strength and elongation
percentage are the highest at 2M CA and continuously decrease afterward. At higher
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concentrations of CA, namely, 3M and 4M, clumping is prone to occur due to the quick
cross-linking process between polymers. When cross-linking occurs at a higher rate, it
causes a higher number of CA that might have cross-linked with CMC in the matrix,
causing CMC + CA agglomeration. With that being said, a higher concentration of CA
leads to clumping [49,54], thus acting as stress concentrators, causing CT to be stiff and
resulting in lower mechanical performances [55]. Based on the results obtained, the mixture
performed best at a lower concentration of CA (2M) to improve the tensile properties of
CT because of the intramolecular and intermolecular interaction forces, which enhanced
the coated CT strength due to the formation of a stronger network force in the matrices. In
addition, at higher CA concentrations (>2M) and coating layers, high CA content results
in the formation of CMC + CA crystals (see Figure 6). This causes the CT/CMC + CA
structure to be brittle [56]. Brittleness degrades the mechanical performances of CT by
disrupting the elasticity and intermolecular force network in the CMC + CA matrices. This
explains the low tensile properties of the above-stated determinant. CA concentrations of
more than 2M were shown to be unsatisfactory when conjoined with the double coating
process.

Apart from the effect of the coating layer, an apparent distinction between different
drying regimes can also be seen in Figure 6. Overall, IR-dried single- and double-coated
CTs showed the highest increment in tensile strength and elongation percentage, followed
by OD and OIR. The tensile strength of single-coat samples OD and IR improved by 33%
and 36%, respectively. In contrast, for double-coated samples, the tensile strength increased
by 24% and 30%, respectively, compared with the uncoated samples. As regards OIR,
it showed the lowest tensile strength improvement at 26% for single coat and 18% for
double coat. The tensile strength between the single- and double-coated samples had a
significant difference of p < 0.05 through all drying regimes. The significant differences
were attributed to a uniform heating pattern of OD and IR drying in the single-coated
samples, which allowed moisture to evaporate efficiently [15] compared with the double-
coated samples. However, for OIR, despite the significant differences, the regime did not
effectively remove moisture from the coated samples, both single and double, as shown
in Table 4, under the dry moisture content percentage. A rapid removal of water induced
by IR is more focused than the OIR technique, where the differences in heating energy
during OIR transitioning affect samples’ tensile properties. In OIR, environmental factors,
such as moisture absorption that ensued with a temperature drop during the samples’
transitioning process, should also be considered. Due to this matter, incomplete drying
can cause the formation of a void of a channel structure in the coating matrix, which
also leads to the presence of moisture during OIR sample fabrication, which disrupts the
solidification of CMC + CA due to air entrapment in the coating structure [57]. A heated
CT via OD prior samples transferred to IR creates osmotic differences between samples and
the environment. Thus, moisture will be absorbed by the CT, which leads to a temperature
drop. Consequently, OIR CT/CMC + CA samples have irregularities in their chemical and
physical interactions due to the fluctuating sample temperature, which were later signified
by the OIR sample morphological structure and tensile strength.

3.5. Effects of Drying and Coating Layers on Water Absorption

The average water absorption of CT/CMC + CA samples versus time is plotted in
Figure 8. It can be observed that the water absorption of CT/CMC + CA samples increased
with an increasing time and equilibrium after 5 min of immersion for single-coated samples
and 3 min of immersion for double-coated samples in all drying regimes. Due to the
relatively higher CMC + CA content in double-coated samples than single-coated samples,
their water absorption capability is reduced, causing it to reach its maximum capacity
faster than single-coated samples. When CMC + CA double-coats the CT, the solid content
increases due to the cross-linking interactions, creating more networks between CMC and
CA, thus reducing the mobility of the ionized ionic group in the CMC + CA matrix due to a
stiffer and denser structure [31,56]. On the other hand, in a single CMC + CA coating, the
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carboxyl groups (ionic group) in CMC are known to be highly hydrophilic. When ionized
(COO-), it increases the electrostatic repulsion between intramolecular and intermolecular
interaction forces to open the polymer matrix, increasing the water absorption properties
to the materials [58].
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According to Figure 8, an obvious pattern is seen between different concentrations
of CA. A higher CA causes a continual reduction in water absorption, with the most
conspicuous at 4M CA. The CT coated with CMC + CA at 4M CA water absorption is
even lower than the CT itself. Even though CMC and CA are naturally hydrophilic,
excessive cross-linking events between polymers can induce the hydrophobic character.
The induction is triggered by physical changes, where the cross-linking effect of CA results
in the coat being hydrophobic with a high-density structure [28]. A high CA concentration
can increase the solid content of the CT/CMC + CA matrix, which causes the cross-linking
interactions to create a stronger bond between CMC and CA, resulting in a compact
structure and higher density [34,58]. Besides, the carboxyl groups (ionic group) in CMC
are known to be highly hydrophilic. When ionized (COO-), it increases the electrostatic
repulsion between intramolecular and intermolecular interaction forces to open the polymer
matrix, increasing the water absorption properties to the materials [58]. As proven in the
surface morphology analysis, the different drying methods affect the reinforcement of
CMC + CA into the CT structure. For this reason, water absorption is also altered, and
the hydrophilicity of CMC + CA is influenced by different drying methods. However,
other factors, such as coating layers, contribute to the result and must be considered. In
this study, a single layer of CMC + CA was sufficient to coat the CT and penetrate the
CT fiber. However, by adding double layers, the coating structure became stiffer and
denser. This resulted in moderate changes in the CT/CMC + CA properties, such as tensile
strength, moisture absorption, and water absorption, when a single layer was applied, and
a significant impact when double layers were added, regardless of the drying regimes used.

3.6. Antibacterial Activity of Coated CT

From a medical perspective, Escherichia coli (E. coli) and Staphylococcus aureus (S. aureus)
are the most common representatives for Gram-negative and Gram-positive bacteria,
respectively, that cause infections in the human body. Gram-negative bacteria (E.coli) tend
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to be more resistant to antimicrobial agents that Gram-positive bacteria (S. aureus) because
of the presence of the additional protection afforded by the outer membrane (peptidoglycan
layer). However, in this study, E. coli growth was inhibited due to the presence of CA, which
weakened the outer membrane of Gram-negative bacteria [59]. The result is supported
by that of a previous study, where CA exhibited more inhibition to E. coli compared with
S. aureus [60]. S. aureus was more resistant to the acidic environment since S. aureus is better
at tolerating and adaptive to stress [61].

As shown in Figure 9, the zone of inhibition increases with the increase in coating
layer and CA concentration for OD and OIR, which is attributed to the increase in reactive
oxygen species (ROS). ROS is responsible for the inhibition and causes interruption of the
bacterial cell wall synthesis process, growth biosynthesis inhibition, DNA transcription
process interference, and metabolic pathway chain reaction disruption occurring in the
bacteria cell [62]. However, IR samples showed lower CA concentrations able to inhibit
E.coli growth. At 2M CA, both IR-1 and IR-2 samples showed the highest inhibition for
E.coli. It is due to CA, which acts as a permeabilization agent able to inhibit E. coli growth by
causing cell aggregation [59] and bacterial toxicity by blocking the permeability of the outer
membrane [63,64]. Both bacterial species are resistant to CMC except for the IR-2 samples,
while the IR-1 CMC sample only showed inhibition to S. aureus bacteria. The effectiveness
of IR drying might also be the reason why a lower CA concentration is sufficient to inhibit
bacterial growths. This finding might be due to the effective drying of CMC through IR
drying, which permits its antimicrobial property to be preserved. It is achieved due to the
uniform heating provided by the IR drying technique, as mentioned in Section 3.3. These
findings indicate that CMC with CA as a cross-linker coating dried by IR improved the
antibacterial property of cotton threads.
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4. Conclusions

Based on these findings, the mechanical properties of coated samples are significantly
affected by the drying method used at p < 0.05. However, the IR drying method is the
best-method approach. A single coat of CT/CMC + CA showed the best properties among
all samples, with single-coated samples dried via IR drying, exhibiting a less brittle and
less dense structure with a slightly smoother surface as well as enhanced water absorption
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and tensile strength in contrast to double-coated samples. The ATR–FTIR analysis spectra
corresponding to C=O from COOH of CA indicated that cross-linking between CMC
and CA interaction occurred between CT/CMC-coated samples. Single-coated CMC
cross-linked with 2M CA cotton thread dried with IR proved to be a successful candidate
for the fabrication of cotton thread with beneficial properties for wound dressings and
biomedical applications.
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Abstract: The demand for wound care products, especially advanced and active wound care prod-
ucts is huge. In this study, gellan gum (GG) and virgin coconut oil (VCO) were utilized to develop
microemulsion-based hydrogel for wound dressing materials. A ternary phase diagram was con-
structed to obtain an optimized ratio of VCO, water, and surfactant to produce VCO microemulsion.
The VCO microemulsion was incorporated into gellan gum (GG) hydrogel (GVCO) and their chemi-
cal interaction, mechanical performance, physical properties, and thermal behavior were examined.
The stress-at-break (σ) and Young’s modulus (YM) of GVCO hydrogel films were increased along
with thermal behavior with the inclusion of VCO microemulsion. The swelling degree of GVCO
hydrogel decreased as the VCO microemulsion increased and the water vapor transmission rate of
GVCO hydrogels was comparable to commercial dressing in the range of 332–391 g m−2 d−1. The
qualitative antibacterial activities do not show any inhibition against Gram-negative (Escherichia coli
and Klebsiella pneumoniae) and Gram-positive (Staphylococcus aureus and Bacillus subtilis) bacteria.
In vivo studies on Sprague–Dawley rats show the wound contraction of GVCO hydrogel is best
(95 ± 2%) after the 14th day compared to a commercial dressing of Smith and Nephew Opsite post-op
waterproof dressing, and this result is supported by the ultrasound images of wound skin and
histological evaluation of the wound. The findings suggest that GVCO hydrogel has the potential to
be developed as a biomedical material.

Keywords: gellan gum; virgin coconut oil; hydrogels; biomaterials; wound dressing

1. Introduction

There are an overwhelming number of wound dressings available in the market.
The high demand for wound dressing is due to the increasing number of wound cases
recorded. It is reported that the treatment costs for chronic wounds are substantial and
are estimated to account for approximately 1–3% of the total healthcare expenditure in
developed countries [1,2]. For example, Wales was estimated to have a chronic wound
prevalence of 6% in the year 2012–2013, corresponding to 5.5% of National Health Service
expenditure [1], and in the United Kingdom as a whole, the cost associated with wound
management was estimated to be GBP 4.5 and GBP 5.1 billion in 2012 [3]. In the United
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States, it has been reported that over 6.5 million patients with wounds cost the health care
system USD 25 billion annually [4]. The point of using wound dressing is to cover the
wound from infection and provide appropriate conditions to enhance the healing process
of the wounds. However, there is a concern about the usage of hazardous chemicals in the
development of wound dressing such as various inorganic nanoparticles. Inappropriate
chemicals in wound dressing may lead to other diseases such as skin cancer [5]. The
usage of biopolymer and natural products for a better and safer wound dressing is needed.
Hence, gellan gum produced by the Gram-negative bacterium of Pseudomonas elodea is
chosen due to its biocompatibility and unique properties [6,7].

Gellan gum (GG) is nontoxic, biocompatible, and biodegradable, and the resulting
hydrogel is transparent and stable [8]. GG hydrogels are three-dimensional crosslinked
polymer networks, a result of transformation from a disordered single coiled structure
at high temperature (80 ◦C) to a double helix and bonded by internal hydrogen bonding
between D-glucoronate and D-glucose C residues upon cooling between 30 to 50 ◦C [9].
In a swollen state these are soft and elastic, resembling the living tissue and exhibiting
excellent biocompatibility. The unique properties of hydrogels lead to the wide use of
these biomaterials in different fields, including pharmaceutical and biomedical [10,11].
Gellan gum has been proven by the United States Food and Drug Administration (US
FDA) and the European Union (EU) to be safely utilized in the food industry. Gellan
gum has been studied as matrices to repair and regenerate a wide variety of tissues and
organs [12]. The material has also been used as scaffold materials for the application of
tissue engineering [6], in the development of wound dressing materials [13], as a vehicle for
drug delivery [14], and in eye drops [15]. Gellan gum also has shown good compatibility
against various live cells such as mouse fibroblast (L929 cell line) [13], mouse fibroblast cell
(3T3) [16], human fetal osteoblast (HFOBs 1.19) [17], human skin fibroblast (CRL2522) [6],
and human nasal cartilage [18].

Virgin coconut oil (VCO) is essentially colorless, free from rancidity, and endowed with
natural antioxidant and vitamin E that prevents the peroxidation reaction. VCO mainly
consists of medium-chain triglycerides (MCT) and differs from animal fats that consist of
long-chain saturated fatty acids, which is the one main risk factor for cardiac compilation.
Based on studies, VCO has been reported to have the potential in promoting the healing
process [19]. The oil has been applied in treating wounds in young rats and healed faster
by decreasing time for complete epithelization, and results in a significant increase of
collagen production, which indicates higher collagen crosslinking. VCO also showed a
significant effect in reducing inflammation in acute and chronic inflammation on ethyl
phenylpropionate-induced ear edema in rats [20]. A few studies have been reporting the use
of biopolymers with essential oil to produce a dressing material [21]. Gellan gum hydrogel
films with lavender/tea tree oil showed 98% wound contraction in rats after ten days of
treatment and histological images displayed completely healed epidermis [21]. Another
study used poly(lactic acid) (PLA) polymer and babassu oil and reported that this material
provides a good option for use as wound dressings—films showed a recommended value
of the water vapor transmission rate (WVTR), maintained a humid environment above the
wound, had good cytotoxicity on normal human keratinocytes (HaCaT), stimulated the
keratinocytes migration, and inhibited Pseudomonas aeruginosa growth [22].

Based on the demands to produce a more efficient and safer wound dressing, this
study optimizes the ratios of VCO, water, and surfactant by developing a ternary phase
diagram and producing a VCO microemulsion. The optimum concentration of VCO mi-
croemulsion is selected for incorporation into GG solution and characterized for their
chemical interaction, mechanical performance, physical properties, and thermal behavior.
Furthermore, the qualitative in vitro antibacterial activities were examined against two
Gram-negative (Escherichia coli and Klebsiella pneumoniae) and two Gram-positive (Staphylo-
coccus aureus and Bacillus subtilis) bacteria. The in vivo studies were carried out to study
the healing properties of the samples on Sprague–Dawley rats, observing the ultrasound
images of wound skin and the histological evaluation after the 14th day of post-wound.
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2. Materials and Chemicals
2.1. Materials

Low-acyl gellan gum (GG, batch no: 5C1574A) was obtained from CP Kelco, At-
lanta, GA, USA. Glycerin (product number—G2289), anhydrous calcium chloride, CaCl2
(product number—C5670), Tween 80 (product number—P1754), and Triton X-100 (product
number—T9284) were obtained from Sigma Aldrich, St. Louis, MO, USA. Virgin coconut
oil (product number—VCO0216) was obtained from Phyto Biznet Sdn Bhd, Skudai, Johor,
Malaysia. All materials were used as received without further purification.

2.2. Construction of Phase Diagrams

Phase diagrams were constructed by mixing two of the components (VCO and water)
and titrated using surfactant (Tween 80—Method I or TritonX-100—Method II) as a third
component. The surfactant, i.e., Tween 80, was added into the VCO containing distilled
water at different ratios (Table 1) and was vortexed (Vortex 3, Eppendorf, Germany) for
3 min. The mixtures were then centrifuged (Minispin Eppendorf, Germany) at 400 rpm
for 10 min and later placed in a water bath at room temperature (26 ± 2 ◦C) for 24 h to
record the stability of the mixtures produced. The same procedure was carried out with
TritonX-100 (Method II) surfactant at the specific ratios (Table 1).

Table 1. Ratios of VCO, water, and surfactants (Tween 80—Method I and TritonX-100—Method II) to
develop a ternary phase diagram and produce a stable VCO microemulsion.

Method I Method II

Ratio
VCO:
Water

VCO
(%)

Water
(%)

Tween
80 (%)

Total
(%)

VCO
(%)

Water
(%)

TritonX-10
(%)

Total
(%)

90:10 27.45 3.06 69.49 100 12.54 1.39 86.07 100
80:20 35.52 8.88 55.59 100 13.41 3.35 83.24 100
70:30 23.98 10.29 65.73 100 11.46 4.91 83.63 100
60:40 21.38 14.25 64.37 100 12.23 8.15 79.62 100
50:50 16.43 16.43 67.14 100 9.66 9.66 80.68 100
40:60 17.27 25.91 56.84 100 7.82 11.74 80.44 100
30:70 9.15 21.35 69.50 100 6.57 15.34 78.09 100
20:80 6.96 27.86 65.18 100 3.88 15.55 80.57 100
10:90 4.03 36.23 59.74 100 2.29 16.80 80.91 100

2.3. Preparation of GVCO Hydrogel

The gellan gum (GG) solutions were prepared by dissolving 2% (w/v) gellan gum in
deionized water (18 MΩ) with 50% (w/w) glycerin under continuous stirring at 500 rpm
for 2 h at 80 ◦C. VCO microemulsions were prepared by mixing the VCO: Water with
Tween 80 surfactant at a specific percentage, as shown in Table 1. For example, to produce
the VCO microemulsion of VCO60, 21.38% of VCO was mixed with 14.25% of water with
an addition of 64.37% of Tween 80 (Table 1). The same process was carried out for VCO70
and VCO80. To produce GVCO60 hydrogel, 5% (v/v) of the VCO60 microemulsions were
added into the GG solution and stirred for 20 min at 80 ◦C. The methods were repeated
for VCO70 and VCO80 microemulsions. The mixtures were then poured into a Petri dish
and allowed to cool at room temperature for 24 h before use for characterization. The GG
solution with VCO60 was then known as GVCO60 hydrogels, and the same naming was
applied for VCO70 and VCO80 hydrogels.

2.4. Characterisation of the Sample
2.4.1. Ultraviolet–Visible Spectroscopy

Ultraviolet–visible (UV–Vis) absorption and transmission spectra of solutions and
hydrogels were performed using a spectrophotometer (Varian, Cary 50 UV–Vis NIR) with
data interval = 5 nm, scan speed = 24,000 nm/min, and wavelength range 500–800 nm. The
UV–Vis transmittance was conducted by attaching the hydrogel to the cuvette surface.
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2.4.2. ATR–FTIR Spectroscopy

ATR–FTIR spectra were collected using a Perkin Elmer Spectrum 100 FTIR spectropho-
tometer with a PIKE Miracle ATR accessory (single-bounce beam path, 45◦ incident angle,
16 scans, 4 cm−1 resolution). An advanced ATR correction was applied to all spectra in the
region from 4000 to 600 cm−1.

2.4.3. Mechanical Properties

Mechanical properties of hydrogel films were performed using an Instron Universal
Testing Machine (model 3366) with a load capacity and cross-speed according to ASTM
standard method D882 (ASTM, 2001). Each sample was cut to 2.0 × 2.0 cm2 for stress–strain
measurements. The thicknesses of hydrogel films were measured using a handheld microm-
eter (Mitutoyo Corporation, Mitutoyo, Japan). Stress-at-break (σ), strain-at-break (γ), and
Young’s modulus (E) were recorded and a minimum of three independent measurements
were obtained per sample.

2.4.4. Swelling Properties

The swelling properties were determined according to the ASTM Standard Test Meth-
ods for One-Dimensional Swell (D4546-08). The swelling was measured by weighing
dried films (Wdry) before immersion into 50 mL phosphate buffer solutions of pH 7.2 at
37 ± 0.5 ◦C in a water bath. The hydrogels were removed after 24 h, gently wiped with a
tissue to expel the surface water, and weighed (Wwet). Swelling degree (%) was determined
according to Equation (1):

Swelling degree (%) = (Wwet − Wdry)/Wdry × 100 (1)

where Wdry and Wwet are the initial weight and final weight, respectively. A minimum of
three independent measurements was obtained per sample.

2.4.5. Water Vapor Transmission Rate (WVTR)

The water vapor transmission rate (WVTR) was measured following a modified
ASTM International standard method ASTM E96-95. Each hydrogel was fixed on the
circular opening of a permeation bottle with an effective transfer area (A) of 1.33 cm2. The
permeation bottle was placed in the temperature–humidity chamber at 37 ◦C and 50 ± 5%
relative humidity. The equilibrium moisture penetration was determined by weighing the
bottles at 0 and 24 h. The WVTR was calculated according to Equation (2):

WVTR = (m/∆T)/A. (2)

where m/∆T is the amount of water gain per unit time of transfer and A is the area exposed
to water transfer (m2).

2.4.6. Thermogravimetric Analysis

Thermogravimetric analyses were performed on a Pyris 6, Perkin-Elmer-TGA6. Hy-
drogel samples were analyzed in platinum pans at a heating rate of 10 ◦C/min to 275 ◦C
in an atmosphere of N2 atmosphere at a flow rate of 50 mL/min. The sample used was
approximately 10 mg.

2.4.7. Scanning Electron Microscopy (SEM)

The cross-section morphology of the hydrogels was acquired using a JOEL JSM 6360
LA electron microscope. Scanning electron microscopy (SEM) images of cross-sections
were obtained by freeze-dried technique. Samples were freeze-dried in liquid nitrogen
(−160 ◦C) and fractured at −150 ◦C at the middle of hydrogels. It was then coated with
Auto Fine Coats (JFC-1600) before microscopic observation.
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2.5. Antibacterial Study
2.5.1. Culture Conditions

Gram-positive (Staphylococcus aureus and Bacillus subtilis) and Gram-negative
(Escherichia coli and Klebsiella Pneumoniae) microbes were used for antibacterial assays.
The standard growth medium Mueller–Hinton (MH, Difco, Sparks, MD, USA) agar was
used for the growth of both bacterial types and prepared by sterilization using an autoclave
(15 min, 120 ◦C). These two species of microbes were evenly spread on the solid MH agar
and incubated aerobically at 37 ◦C for 24 h. The bacterial suspension was measured by
using Spectrophotometer BiomerieuxDensicheck Plus at 600 nm to obtain optical density
at 0.5.

2.5.2. Qualitative Study

The Gram-positive and Gram-negative bacteria suspensions were evenly spread on
the solid MH agar in the sterile Petri plates. Using a sterile cotton swab, both bacteria were
swabbed over the surface of the agar plates and dried in a laminar flow air chamber. The
hydrogel sample was gently pressed on the agar with bacteria and incubated at 37 ◦C for
24 h in triplicates. The presence of any clear zone around the disc on the MH agar was
recorded as an indication of inhibition against the bacteria.

2.6. In Vivo Studies
2.6.1. In Vivo Wound Healing Experiments
Animals

In this study, a total number of 20 six-week-old female Sprague–Dawley rats with a
range of body weight from 200–250 g were used. They were randomly divided into three
experimental groups of five rats each. The animals were acclimatized to the laboratory
conditions for one week before the onset of the experiment. All rats were individually
caged with a 12-h light/dark cycle, given adequate commercial pellets and water ad
libitum throughout the study. All animal experiments were carried out under protocols
approved by the Animal Ethics Committee (AEC)—UMT/JKEPHMK/2020/48, Universiti
Malaysia Terengganu.

Establishment of Wound Skin

Rats were anaesthetized using an intraperitoneal (i.p.) injection of ketamine
(90 mg/kg) and xylazine (10 mg/kg). The dorsal skin was prepared by removing the
hair with a razor blade and the surgical area was disinfected with 70% ethanol. Since the
shaving procedure produced marked edema of the skin, the prepared rats were left for
twenty-four hours before the wound was inflicted. After the rats were anesthetized with
a combination of ketamine and xylazine via i.p., a full-thickness wound was created by
using an 8-mm sterile skin biopsy punch. Each rat received two full-thickness wounds at
their back dorsal.

Treatment of Hydrogel

All wounds in the treatment groups were dressed with GG and GVCO80 hydro-
gels, and followed by Opsite post-op waterproof film dressing (Smith and Nephew, Hull,
England) as the secondary dressing. The dressings were then held in place with gauze
to give mechanical protection to the dressing. The changing of dressing was done every
3 days to minimize the infection to the wound site. The Opsite film dressing acted as
a positive control for comparison to the other treatments. The treated wound with GG
dressing was considered a negative control. The rat’s wound was photographed using a
13.1-megapixel Sony camera for evaluation of wound closure with the actual measurement.
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Macroscopic Observation of Wound

The wound measurement of the size taken at the time of biopsy was used to calculate
the percent of wound contraction using equation:

% wound contraction =
W0 − Wt

W0
× 100 (3)

where W0 is the original wound area and Wt is the wound area on the selected day
after the biopsy. The measurements of wound size were taken on days 2, 4, 7, 11, and
14 consecutively throughout the study. The wound area was measured by placing the
1 mm2 graph over the wound pictures. The squares were counted, and the area was
recorded. The wound area was accessed by the same blinded observer.

2.6.2. Ultrasound Imaging

The wound area also was analyzed by using real-time high-resolution 20 MHz ultra-
sound imaging equipment (Dermalab Combo, Cortex, Denmark) skin analyzer to produce
images representing the cross-section of the wound skin. A standard echographic gel was
applied and used as a medium between the probe and wound skin surface. The images
produced were recorded.

2.6.3. Histological Examination

Rats were euthanized on day 14 and skin samples that contained the wound area were
taken for histological study. The skin samples were fixed with 10% buffered formalin for
24 h. The samples were embedded in paraffin and cut into 6 mm-thick sections for the
middle part of the wounds. The sections were subsequently stained with hematoxylin
and eosin (H & E) staining procedure. The H & E slides were visualized using a light
microscope at 20x magnification.

Statistical Analysis

All data are presented as the mean ± standard deviation (SD). The data were pro-
cessed by two-way ANOVA using statistical software analysis SPSS (version 20). The
p-value < 0.05 was considered statistically significant.

3. Results and Discussion
3.1. Formulation of Stabilizing VCO Microemulsion

In general, water and oil were separated due to their high interfacial tension. Water
is immiscible with virgin coconut oil (VCO) due to its high interfacial tension, which is
typical for oils with water. The interfacial tension was reduced by introducing surfactant,
which allowed the microemulsion polymerization process to take place. Nonionic surfac-
tants, Triton X-100 and Tween 80, were used in preparing a stabilized VCO microemulsion
through a ternary phase diagram. The optimum ratio from the ternary phase diagram
was chosen in preparing the gellan gum–virgin coconut oil hydrogels (GVCO). The mi-
croemulsion has a characteristic of a clear solution, stable at room temperature and forming
a one layer solution. The pseudo ternary phase diagrams consisting of virgin coconut
oil microemulsion, distilled water, and surfactant with different hydrophilic–lipophilic
balance (HLB) values were constructed using the surfactant titration method. Nine ratios
of VCO: Water were constructed, i.e., 90:10, 80:20, 70:30, 60:40, 50:50, 40:60, 30:70, 20:80, and
10:90 (w/w). Two types of nonionic surfactants were used, which were Tween 80 and Triton
X-100 (Table 1). The mixture was observed using visual inspection after each addition of
surfactant to the VCO and water. The samples were identified as microemulsions when
they appeared transparent, and the liquid easily flowed. The results were plotted on a
triangular graph as a ternary phase diagram, as shown in Figure 1.
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Figure 1. The ternary phase diagram of VCO microemulsion by using Tween 80 and
TritonX-100 surfactants.

The ternary phase diagram shows that different amounts of VCO, water, and Tween
80 can produce a stable oil-in-water microemulsion. The ratio of VCO: Water required a
different amount of Tween 80 in the range from 55.59% to 69.50% to achieve a stable phase
of microemulsions (Table 1). The ratios of 80:20 needed 55.59% of Tween 80 compared to
the ratio of 70:30 and 60:40, which only needed 65.73% and 64.37%, respectively (Table 1).
The volume of Triton X-100 required to produce a stable formulation in VCO: Water was
higher than in Tween 80. The Triton X-100 amount ranged from 78.09% to 86.07% to
produce stable microemulsions (Table 1). The amount of Triton X-100 was 83.24%, 83.63%,
and 79.62% for ratios 80:20, 70:30, and 60:40, respectively. The formulation of VCO:Water:
Tween 80 microemulsion was adopted due to the large area of microemulsion stability
in the ternary phase diagram and lower amount of surfactant needed to form a stable
mixture, compared to Triton X-100. Moreover, Tweens were reported to have been used
widely in food, cosmetics, and pharmaceutical application due to minimal toxicity and low
cost [23,24].

3.2. Physical Properties of the Hydrogels

The addition of VCO microemulsion to the gellan gum does not change the physical
appearance of transparent free-standing GG hydrogel (Figure 2). The GVCO hydrogels at
every concentration were transparent but becoming cloudy due to the increased amount of
VCO microemulsion and supported by the transmittance result (Figure 2e). The transmit-
tance for pure GG hydrogels was ≈ 99% compared to GVCO60 ≈ 85%, GVCO70 ≈ 70%,
and GVCO80 ≈ 65% at λ = 700 nm. The transparent behavior of the GVCO hydrogel gives
an advantage for the materials to be used as wound dressing material, and the healing
process could be monitored with ease.

3.3. Fourier Transform Infrared Spectroscopy (ATR–FTIR)

ATR–FTIR spectra of the GVCO hydrogels confirm the presence of characteristic peaks
of GG and VCO (Figure 3). The peaks at 2941 and 2895 cm−1 are related to the saturated
alkyl and the carbonyl groups of the fatty acids in VCO, respectively [25]. Peaks appearing
at 1758, 1470, and 1419 cm−1 were from the stretching of carboxylic (C=O), bending of

157



Polymers 2021, 13, 3281

methylene (CH2), and bending of methyl (CH3) of VCO. The 1182 and 1142 cm−1 peaks
resulted from the stretching of ester C-O [26].
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GG has a broad band at 3476 cm−1, which is a typical region for stretching of the O-H
group (3000–3500 cm−1) [27]. A new distinguishing peak observed at 1638–1675 cm−1 in
GVCO hydrogels correlates to the shifting of -C-H (-CH2) bending scissoring of VCO and
C=C due to the appearance of phenolic content and stretching of that aromatic ring [28].
The stretching alkyl signal in VCO microemulsion at 2943 cm−1 shifted to 2930–2920 cm−1

in GVCO hydrogels confirming the hydrogen bonding interaction in GVCO blends [28].
A significant change of enlargement peak of GVCO hydrogel can also be observed

around 1149–1109 cm−1, due to an increased stretching vibration of esters group of gellan
gum and VCO. The ATR–FTIR spectra of GVCO show all prominent peaks of VCO with
significant changes in variation and shifting of transmittance intensities, indicating that
GG and VCO microemulsion interact to produce a stable network hydrogel.

3.4. Mechanical Performances

Mechanical performance is crucial to evaluate and understand the strength of the
materials. Table 2 shows the tensile properties of GVCO hydrogels at the different ratios on
the stress-at-break (σ), strain-at-break (γ), and Young’s modulus (YM). Free-standing gellan
gum (GG) hydrogel was brittle and almost impossible for use in biomedical applications
such as a wound dressing material. To overcome this problem, VCO microemulsions were
incorporated into GG as a plasticizer and to improve the flexibility of the materials. The
incorporation of VCO microemulsion into GG caused the hydrogels to become durable,
flexible, and easy to handle due to an increase in stress-at-break (σ) and Young’s mod-
ulus (YM), but decreased slightly for strain-at-break (γ) values (Figure 4a). The σ and
YM values of GG hydrogel were 4 ± 0.2 and 85 ± 7 kPa, respectively, and the addition
of VCO microemulsion (GVCO80) increased both values to 11 ± 0.3 and 259 ± 7 kPa,
respectively (Table 2). Although the γ value of the GVCO60 decreased to 7.9 ± 0.2% from
10.7 ± 0.4% (GG hydrogel), the addition of higher content of VCO microemulsion resulted
in the γ value increasing to 9.3 ± 0.4% compared to GVCO60 hydrogel films. Thus, the
plasticizer effect of the VCO microemulsion in GCVO hydrogel films was proven.

Table 2. Summary of the stress-at-break (σ), strain-at-break (γ), Young’s modulus (YM), swelling
degree, and water vapor transmission rate (WVTR) of gellan gum (GG) and GVCO hydrogels at
different ratios. Control for WVTR is a test without hydrogel film.

Stress (σ)
(kPa)

Strain (γ)
(%)

Modulus (YM)
(kPa)

Swelling
Degree (%)

WVTR
(g m−2 d−1)

Control - - - - 1547 ± 32
GG 4 ± 0.2 10.7 ± 0.4 85 ± 7 3 ± 0.6 964 ± 47

GVCO60 6 ± 0.1 7.9 ± 0.2 134 ± 6 12 ± 4.0 391 ± 13
GVCO70 7 ± 0.4 8.5 ± 0.2 175 ± 8 9 ± 1.5 344 ± 23
GVCO80 11 ± 0.3 9.3 ± 0.4 259 ± 7 6 ± 1.5 332 ± 11

The mechanism of GG hydrogel formation is closely related to the conformational
transition from the coil to helix structures [13]. Normally, GG hydrogels are produced by
physical crosslinking methods induced by temperature variation or by the presence of diva-
lent cations [29]. Normal hydrogels are usually spontaneously formed by weak secondary
forces such as hydrogen bonding, van der Waals interactions, and ionic bonding [30]. In an
aqueous solution at high temperatures (≈60 ◦C), the gellan gum chain is in a disordered
single-coil state. Upon cooling from 70 to 30 ◦C, the gellan solution promotes the formation
of double helices stabilized by internal hydrogen bonding [31]. This facilitates the tight
packaging of gellan gum chains, resulting in fragile hydrogels. However, the addition
of VCO microemulsion that contains lauric acid (C12 ≈ 78%) and a hydroxyl group is
responsible for promoting the formation of hydrogen bonds between gellan gum and
VCO microemulsion [28]. This bonding replaces the hydrogen bonds between gellan gum
chains and thus decreases the intermolecular bonds along polymer chains and improves
strain-at-break [6] of the hydrogels regarding the content of VCO microemulsion. The
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bonding is expected to increase the stress-at-break values and give more strength to the
hydrogels. Another factor that was contributing to improving flexibility of the GVCO
hydrogels could be due the polymerization process. The packed and solid structure of GG
and GVCO hydrogels was observed in the cross-section of hydrogels. This shows that VCO
microemulsion and GG were homogenous, and no separation within the mixture occurred.
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3.5. Swelling Ratio, and Water Vapor Transmission Rate (WVTR)

The swelling degree of GVCO hydrogels is summarized in Table 2. The standard
buffer solution with pH ≈ 7.2 was used to mimic human body fluid. At pH ≈ 7.2, the
number of ionic groups is highest in the solution. The GVCO60 absorbed the maximum
swelling rates ≈ 12 ± 4, which is an increment of four-fold more than GG hydrogel.
The increase of swelling is expected due to the reaction of –OH groups of VCO with the
–OH and –COOH of the polymeric chains [32]. These functional groups can relieve the
entanglement of polymeric chains, thus weakening the hydrogen bonding among the
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hydrophilic groups. This decreases the degree of physical crosslinking and therefore
improves the water uptake of the hydrogels. However, the swelling degree for GVCO70
and GVCO80 hydrogels decreased slightly upon adding a higher concentration of VCO
microemulsion, 9 ± 1.5% and 6 ± 1.5%, respectively. The other reason could be due to the
hydrophobicity property of VCO itself; the greater the amount of VCO, the greater water
resistance of the hydrogels expected.

The water vapor transmission rate (WVTR) of control and GVCO hydrogels are in the
range of 332–1547 g m−2 d−1 (Table 2). The value decreased upon the addition of VCO
microemulsion that can be expected due to tight packaging of VCO and GG blends, which
then interrupted the water vapor transmission rate. The tight packaging of GG and VCO
microemulsion resulted in reducing the surface tension and increasing the stability of water
retention in GVCO hydrogels. However, these values remain within the range of WVTR
values (90–2893 g m−2 d−1), as reported for eight commercially available synthetic wound
dressings [33].

3.6. Thermal Analysis

Thermogravimetric analysis (TGA) was conducted to study the thermal stability of
GG and GVCO hydrogels. The thermogram and derivative thermogram of GG and GVCO
hydrogels are presented in Figure 5. The degradation below T ≤ 100 ◦C, which occurred
for GG hydrogels, is common due to evaporation of moisture in the hydrogels [6]. The
degradation of GG and GVCO hydrogels shows a similar trend, in which the degrada-
tion occurred at the onset temperature ≈ 54 ◦C, and the offset temperature at ≈ 160 ◦C
(Table 3). However, there are differences in the peak of GVCO hydrogels at ≈ 130 ◦C. The
GVCO80 hydrogels (containing the highest concentration of VCO) show three small peaks
at ≈ 130 ◦C and are assumed due to a few degradation processes of polymer materials.
The GVCO60 and GVCO70 hydrogels have two peaks (at ≈ 130 ◦C), and a broader peak
at the center (Figure 5). The appearance of these small peaks at ≈ 130 ◦C shows that the
addition of VCO exhibits a better outcome in increasing the thermal stability of hydrogels
due to a certain degree of interaction between GG and VCO. The weight loss of the GVCO
hydrogels is further supported the thermal behavior of the hydrogels, in which the weight
loss of GVCO60, GVCO70, and GVCO80 decreased to 86%, 89%, and 88%, respectively,
compared to GG hydrogel at 95% (Table 3). Decreased weight loss reflects the increases in
the thermal behavior of a material [34]. Similar phenomena have been observed for other
oil-based materials [35,36].

Table 3. Thermal gravimetric properties of gellan gum (GG) and GVCO hydrogels.

Sample To (◦C) Temperature Offset (◦C) Weight Loss (%)

GG 54 157 95
GVCO60 48 165 86
GVCO70 53 155 89
GVCO80 50 157 88
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3.7. Antibacterial Studies

GG is well known for its behavior to promote cell growth. For that reason, the result
confirming that the control (GG hydrogel) shows no antibacterial activities examined
through a qualitative method (inhibition zones) after incubating for 24 h against Gram-
negative (Escherichia coli and Klebsiella pneumoniae) and Gram-positive (Staphylococcus aureus
and Bacillus subtilis) bacteria (Figure 6a–d). The addition of VCO microemulsion (GVCO60,
GVCO70, and GVCO80) in gellan gum hydrogels, however, results in no clear zone of
inhibition around the samples against all bacteria (Figure 6). It has been elaborated that the
VCO does not possess antibacterial activity on its own, but rather is induced by its free fatty
acids, particularly lauric acid (C12), and to a small extent by capric acid (C10) and caprylic
acid (C8) [37]. In other words, the VCO must be metabolized to release those components
and exert its antimicrobial effects [38]. Another mechanism proposed for the antibacterial
effect of VCO is the lipolyze process with lipase and water to form monoglyceride, for
which the structure consists of glyceride molecules attached to either sn-1 or sn-2 position
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of the glycerol [39]. The derivative of monoglycerides, known as monolaurin or monoester
of the lauric acid is the most effective in inhibiting the microorganism by disrupting the
cell membrane and the cytoplasm of cells [40].
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Figure 6. (a) Escherichia coli (E. coli), (b) Klebsiella pneumoniae (KP), (c) Staphylococcus aureus (S.A),
and (d) Bacillus subtilis (BS) shown in the figure. Note: The number refers to samples: (1) penicillin
(positive control), (2) GVCO80, (3) GVCO70, (4) GVCO60, and (5) gellan gum (negative control).

In this particular study, the GVCO hydrogels do not show antibacterial properties
against Gram-negative (Escherichia coli and Klebsiella pneumoniae) and Gram-positive (Staphy-
lococcus aureus and Bacillus subtilis) bacteria, maybe due to lesser contact of VCO with the
agar, which reduces the chances of the latter to diffuse into the agar. As discussed earlier,
the antibacterial activities of VCO are triggered by the monolaurin of lactic acid, which
depends on the concentration of VCO. Higher content of VCO may contain a higher content
of monoglyceride to transform to monolaurin derivatives and thus exert the antimicro-
bial effects. However, our result is contrary to a few studies reported previously [36,41].
Although these studies examined the film on the agar spread with Gram-negative and
Gram-positive bacteria, which has the lesser contact of essential oil to the agar, but their
observation shows promising antibacterial activities. Lee and coworkers reported the
antibacterial activities of hydroxypropyl methylcellulose/ oregano essential oil nanoemul-
sion (HPMC/ORNE) composite films against Gram-positive (S. aureus, B. cereus, and
L. monocytogenes) and Gram-negative bacteria (E. coli, S. typhimurium, P. aeruginosa, and
V. parahaemolyticus) [41]. Their results show that the diameters of the inhibition zones
increased significantly (p < 0.05) with increasing oregano essential oil concentration, with
films containing over 5.0% (v/v) ORNE showing antibacterial activity against all tested
strains, particularly against S. typhimurium. The authors claimed the antibacterial activity
was attributed to the concentration of its most active compound, namely carvacrol, and
other phenolics such as thymol and p-cymene, which can act synergistically, and later
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disrupting the outer membrane of bacteria, resulting in increased permeability and loss of
ions, ATP, and other cytoplasm contents, thus inhibiting bacterial growth [41]. Another
study reported by Fangfang and coworkers also shows the antibacterial activity of virgin
coconut oil (VCO) incorporated into potato starch-based biodegradable (PSBB) films [36].
According to the authors, the antibacterial effect of films with different VCO concentrations
is due to metabolization of the lauric acid in VCO and produce mononucleotides, which
have antibacterial properties against E. coli and S. aureus [36]. Further study should be
carried out to understand the possible interaction of VCO with bacteria on the agar at
higher concentrations.

3.8. In Vivo Studies

For in vivo studies, one sample of GVCO hydrogel was chosen, i.e., GVCO80 hydrogel.
This sample was chosen due to the optimum properties shown by the latter compared to
GVCO60 and GVCO70 hydrogels. The GVCO80 hydrogels show a transparent appearance,
optimum mechanical properties, and thermal behavior, together with acceptable swelling
ratio and WVTR values. Table 4 shows the wound contraction of the GG and GVCO80
hydrogels compared to the commercial product, Opsite dressing. For the first 7 days,
the Opsite dressing shows a significant acceleration of healing at 49 ± 11%, followed by
GVCO80 hydrogel at 46 ± 7%. The healing process is further enhanced on day 11 when the
GVCO80 surpassed the wound closure, compared Opsite dressing, and achieved 95 ± 2%
on day 14. The Opsite dressing completed the closure at 93 ± 4 % on day 14. The GG
hydrogel shows the lowest percentage of wound closure, 91 ± 4%, compared to other
treatments.

Table 4. The percentage of wound contraction of experiment groups on days 2, 4, 7, 11, and 14; the
means of two replicates where Opsite acts as a control; * (p < 0.05 compare with the control group).

Day/Treatment
2nd 4th 7th 11th 14th

Percentage (%) of Wound Closure (Mean ± SD)

GG 9 ± 5 25 ± 7 35 ± 2 81 ± 6 91 ± 4

Opsite 25 ± 3 * 31 ± 3 49 ± 11 88 ± 5 93 ± 4

GVCO80 11 ± 3 28 ± 2 46 ± 7 89 ± 3 95 ± 2

In this study, no skin irritation is observed for all treatments. This indicated that the
GG is a safe material and a good candidate in biomedical applications [29]. The wound
healing process was monitored on days 2, 4, 7, 11, and 14 by capturing images of each
animal (Figure 7a). The results are in agreement with the wound contraction (Table 4) in
which the GVCO80 hydrogel accelerated the wound closure and the wound gradually
disappeared through time. The ultrasound images of the thickness growing on the wound
skin are shown in Figure 7b. It shows that the skin formation of a wound treated with
GVCO80 hydrogel exhibited the optimum recovery compared to other samples on days 2,
4, 7, 11, and 14. The intensity of white/yellowish/green color indicates the good formation
of epidermis, dermis, and subcutis of GVCO80 hydrogel and followed by Opsite. The
dermis layer was characterized by varying intensities (different colors) present on the
wound while the subcutis layer referred to the low-intensity areas due to the homogenous
composition. Subcutis areas are described as the black areas, which are referred to the
homogeny structure, such as fat, water, and blood. The GG hydrogel as control showed less
intensity among the others. The epidermal regeneration was observed in all experimental
groups after the 14th day of treatment.
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Hematoxylin and eosin (H & E) staining was performed to evaluate the quality of the
wound tissue. Histological evaluation results show that the GVCO80 hydrogel resulted in
better re-epithelization as compared to other samples (Figure 8). For Opsite and GVCO80
hydrogel, the formation of epithelial growth was observed and the number of inflammatory
cells reduced. Meanwhile, in the control group (GG hydrogel), the new epithelium was
noted to regenerate and a little scab was spotted and the necrotic tissue was found under
defect. The skin treated with GVCO80 hydrogel and Opsite presented a better result than
the control.

The moist environment characteristic of hydrogel is most suited for re-epithelization
and enhancing wound healing mechanism on the skin [42]. For a long time, VCO has
been a well-known and powerful substance for treating wounds, mainly due to its anti-
bacterial, anti-inflammatory, and anti-oxidant properties [43]. An in vivo study conducted
by Soliman and coworkers evaluated the effects of topical application of VCO on wound
healing in diabetes-induced Sprague–Dawley rats [44]. They found that the wound closure
rate in the VCO group was higher on all days compared to diabetic nontreated rats, and
VCO was found to be better than silver sulfadiazine cream in the healing of diabetic
wounds via promoting re-epithelialization and collagen synthesis, as well as increasing
WCR and total protein content. A few other studies reported the effectiveness of pure VCO
(liquid form) in promoting the healing process [45–47]. The wound healing potency of
fermented virgin coconut oil was also verified against human umbilical vein endothelial
(HUVEC), fibroblast (CCD-18), and retinal ganglion (RGC-5) cells, as well as a wound
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excision model in Sprague–Dawley rats [48]. Their finding shows that the expression of
phospho-VEGFR2 (vascular endothelial growth factor receptor 2) in HUVECs was detected
by Western blot; rats in the VCO group had significantly smaller wound size, higher
wound healing percentage, and shorter wound closure time when compared with a control
group. Their study also confirmed that a high angiogenic and wound healing potency of
VCO contributed to the regulation of the VEGF signing pathway [48]. These past studies
show that the VCO significantly affected the healing of the wounds and show promising
results to be applied in biomedical applications. With this noted, our study shows that the
inclusion of VCO into a biopolymer does not stop the effectiveness of the oil to promote
and enhance the healing process. Similar results are obtained, thus indicating this GVCO
hydrogel as a promising candidate to be used as dressing materials.
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4. Conclusions

This study successfully prepared gellan gum (GG) hydrogel incorporated with vir-
gin coconut oil (VCO) microemulsion with the addition of surfactants, i.e., Tween 80 or
TritonX-100. A ternary phase diagram was constructed to obtain an optimized ratio of
VCO, water, and Tween 80, which was chosen due to optimum concentration to produce a
stable VCO microemulsion. The VCO microemulsion was incorporated into gellan gum
(GG) hydrogel (GVCO). Its chemical interaction, mechanical performance, physical proper-
ties, and thermal behavior were examined. The stress-at-break (σ) and Young’s modulus
(YM) of GVCO hydrogel films increased, together with thermal behavior, following the
inclusion of VCO microemulsion. The swelling value of GVCO hydrogel decreased as the
VCO microemulsion increased and the water vapor transmission rate of GVCO hydrogels
was comparable to commercial dressing in the range of 332–391 g m−2 d−1. Meanwhile,
the in vitro qualitative antibacterial study of GVCO hydrogels against Gram-negative
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(Escherichia coli and Klebsiella pneumoniae) and Gram-positive (Staphylococcus aureus and
Bacillus subtilis) bacteria showed that VCO possesses a weak antibacterial effect. In vivo
studies on Sprague–Dawley rats show the wound contraction of GVCO80 hydrogel is the
best (95 ± 2%) after the 14th day compared to Smith & Nephew Opsite post-op waterproof
dressing at 93 ± 4%, and supported by the ultrasound images of wound skin and histologi-
cal evaluation on the wound. This study demonstrated that the GVCO hydrogels had the
potential to be used as wound dressing materials.
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Abstract: The wear of acrylic denture teeth is a serious problem that can change the vertical dimen-
sions of dentures. This study evaluates the effect of adding salinized nano ZrO2 particles on the
microstructure, hardness, and wear resistance of acrylic denture teeth. Heat polymerizing polymethyl
methacrylate resin was mixed with salinized ZrO2 at concentrations of 5 wt.% and 10 wt.%. Acrylic
resin specimens without filler addition were used as a control group. SEM/EDS analyses were
performed and the Vickers’ hardness was evaluated. Two-body wear testing was performed using a
chewing simulator with a human enamel antagonist. After subjecting the samples to 37,500 cycles,
both height loss and weight loss were used to evaluate the wear behavior. The microstructural inves-
tigation of the reinforced-denture teeth indicates sound nanocomposite preparation using the applied
regime without porosity or macro defects. The addition of zirconium oxide nanofillers to PMMA at
both 5% and 10% increased the microhardness, with values of up to 49.7 HV. The wear mechanism in
the acrylic base material without nanoparticle addition was found to be fatigue wear; a high density
of microcracks were found. The addition of 5 wt.% ZrO2 improved the wear resistance. Increasing
the nanoparticles to 10 wt.% ZrO2 further improved the wear resistance, with no microcracks found.

Keywords: nanocomposite; acrylic denture teeth; nano ZrO2 particles; wear behavior; microstructure;
microhardness; polymerization; polymethyl methacrylate resin

1. Introduction

Denture teeth are currently made of either methacrylate-based resins (acrylic resin)
or porcelain, but acrylic teeth have nearly eliminated porcelain teeth from the market [1]
due to a number of advantages, including their chemical bonding to the denture base [2,3],
lower susceptibility to fracture [4,5] and decreased clicking [6,7]. Acrylic resin tooth wear
is a serious complication during denture service and can change the vertical dimension
of dentures. This process harms the denture and exerts an impact on facial aesthetics
and the function of the masticatory muscles, resulting in less efficient mastication. This
can result in temporomandibular disorders, digestive disturbances and decreased patient
comfort [6–9]. Efforts were made to enhance the wear resistance of the acrylic resin
denture teeth, such as the formation of cross-linked polymer teeth (interpenetrated polymer
network) [8,9]. Another possible solution is to add nanofillers to enhance mechanical
properties. Despite this, these materials are softer than composite resin or porcelain
teeth [8–10]. Nano-fillers, such as metal oxides, carbon, and glass fibers have also been
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used to improve the mechanical behavior of the acrylic resin denture base materials [11–16].
Recently, zirconium oxide nanoparticles (ZrO2 NPs) have been recognized for their high
biocompatibility. However, because they are white in color, they are thought to be less
likely to change aesthetics than other metal oxide nanoparticles [17]. ZrO2 NPs are not
only biocompatible but are also resistant to wear and corrosion. In addition to these
characteristics, ZrO2 NPs offer high toughness and mechanical strength [18–20]. ZrO2
NPs are frequently used to mechanically reinforce polymers [12]. Saline coupling agents
are applied to the surface of ZrO2 NPs to decrease the risk of aggregation and enhance
compatibility with the polymer matrix [21]. The stresses caused by the dispersion of ZrO2
NPs are transferred from the weak Polymethylmethacrylate (PMMA) matrix to the strong
nanoparticles [20]. Ayad et al. [18] reported a minor increase in the surface hardness and the
impact strength of zirconium dioxide acrylic composite when compared to the unreinforced
resin (control specimen). Another study reported a reduction in impact strength as well as
surface hardness when 10 wt.% ZrO2 and 20 wt.% ZrO2 were added [22]. Alternatively, a
study found that increasing the amount of modified (ZrO2) added to nano-ZrO2/PMMA
composite increased the hardness by up to 10%, and increased the hardness of groups 5%
and 10% (water storage groups) compared with the zero and 20% (p < 0.01). The highest
hardness value was observed in group 5% (TC− 36.8, TC+ 35.2) [23,24]. Furthermore,
after incorporating salinized zirconia NPs in acrylic resin, there was a significant increase
in hardness and a minor improvement in surface roughness, as well as a decrease in
porosity [25,26]. However, investigations into the addition of salinized nano-ZrO2 powder
to acrylic resin teeth are lacking. The overall aim of this study is to develop nanocomposite
denture teeth with high wear resistance. To this end, the effect of incorporating salinized
nano-ZrO2 particles into acrylic resin on the acrylic denture tooth microstructure, hardness,
and wear resistance was investigated.

2. Materials and Methods
2.1. ZrO2 Nanoparticles Surface Treatment

To enhance the ZrO2 nanoparticle’s wettability with the resin matrix through the
formation of a reactive group on their surface, the salinization process was carried out in
the laboratory of Inorganic Chemistry, Chemistry Department, Faculty of Science, Suez
Canal University. The ZrO2 nanoparticle powder of 99.9% purity, with 9 ± 2 m2/g surface
area and an average particle size of 40 ± 3 nm, (Nanogate, Cairo, Egypt) was saline-treated
using the saline coupling agent 3-trimethoxysilyl propylmethacrylate (TMSPM) (Sigma-
Aldrich, Berlin, Germany) [27]. This procedure was accomplished by mixing 30 g of ZrO2
nanoparticles with 0.3 g of TMSPM dissolved in 100 mL of acetone for 1 h with the help
of a magnetic stirrer at 300 rpm (Hot plate with a magnetic stirrer, MSH-A 30A, Seoul,
Korea) for 60 min. Subsequently, the solvent was removed using a rotary evaporator under
vacuum for 30 min at 60 ◦C and 150 rpm, followed by heating for 2 h at 120 ◦C. Next, the
treated powder was allowed to cool to 28 ◦C [28–30].

2.2. PMMA Powder of Artificial Teeth/ZrO2 Nanocomposite Preparation

The salinized nano-Zirconium oxide particles and PMMA powder of artificial teeth
(Pigeon Dental Co Shanghai, Beijing, China) (Figure 1a) were pre-weighed using an elec-
tronic balance (Sartorius, Done Biopharmaceutical and Laboratories, Berlin, Germany) with
an accuracy of 0.0001 gm so that the Nano-filler (Figure 1b) concentrations were 5% and
10% by weight. Pre-weighed Nano-filler ZrO2 powder with two concentrations (5% and
10%) was added individually to the heat polymerized PMMA powder of artificial teeth and
thoroughly mixed using an electric mixer to produce a uniform blend and ensure that the
homogeneous mix of PMMA/ZrO2, was mixed independently [18,20,29,31,32].
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Figure 1. Macro images for the raw material powder used in this work (a) acrylic resin powder of
artificial teeth and (b) ZrO2 powder.

Twenty-four cylindrical samples 4 mm in diameter × 8 mm in height, were prepared
from acrylic resin of teeth material. The control group (GI) was made from the conventional
PMMA without zirconium oxide nano-particles. Two other groups GII, GIII, featured
concentrations of 5 and 10 wt.% of zirconium oxide reinforced acrylic resin tooth-forming
material. These samples were used to evaluate the wear behavior by using the chewing
simulator and also to evaluate the hardness. Wax cylinders, of 8 mm × 100 mm shown in
Figure 2, (Cavex, Haarlem, The Netherlands) were used for wax pattern fabrication that
invested in a metal flask with dental stone (Zeta Mufle, Nevilicure, Italy).
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Figure 2. An image for the metal flask with the wax specimens invested and a magnified region of
the wax specimen.

After setting the stone, the wax was melted by placing the flasks in a wax elimination
machine for 10 min. After removing the softened wax and all wax traces, a separating
medium (Acrostone(A), Anglo-Egyptian Company. Hegaz, Cairo, Egypt, Batch No.505/04)
was applied on the warm stone mold surfaces. When the flasks cooled to room temperature,
heat-polymerized resin (pure or reinforced with nano-ZrO2) was mixed and packed into
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the mold spaces at the dough stage. The flask parts were brought together under pressure
using a hydraulic bench press for 5 min and then allowed to rest for 30 min. To polymerize
the resin, the flasks were placed in a laboratory curing bath for 90 min at 74 ◦C, and then
30 min at 100 ◦C. After curing, the flasks were left for slow bench cooling till 28 ◦C before
opening. Acrylic samples were retrieved from the stone, finished, and polished. Initially,
the excess resin was trimmed using progressively finer grits of silicon carbide papers (grits
120–500) in wet conditions, followed by polishing using a rag wheel and pumice on a
dental lathe and felt disc on a polishing machine, and the samples were cut to the required
dimensions (4 × 8 mm). A digital micrometer (Mitutoyo, Digimatic Caliper 25SB, Mitutoyo
Corporation, Tokyo, Japan) with a precision of 1/1000 was used to measure specimen
dimensions [27]. An electronic balance (Sartorius, Biopharmaceutical and Laboratories,
Berlin, Germany) with an accuracy of 0.001 gm was used to measure samples weight before
and after the wear test.

2.3. Micro-Hardness Test Procedure

Micro-hardness of all the acrylic samples was investigated using Digital Display
Vickers Micro-hardness Tester (Model HVS-50, Laizhou Huayin Testing Instrument Co.,
Ltd. Beijing, China) using a Vickers diamond indenter with a 20× objective lens. A
load of 0.98 N was applied to the surface of the specimens for a 10 s dwell time. Three
indentations, which were equally placed over a circle and not closer than 0.5 mm to the
adjacent indentations, were made on the surface of each sample. The diagonal length of the
indentations was measured by a built-in scaled microscope and Vickers micro-hardness
values were obtained [30]. The micro-hardness mean value was then calculated for each
sample. The micro-hardness was obtained using Equation (1).

HV = 1.854 P/d2 (1)

where HV is Vickers hardness in Kgf/mm2, P is the load in Kgf, and d is the length of the
diagonals in mm.

2.4. Wear Testing with Natural Teeth Surface Antagonist

Carie-free human premolar teeth without fractures or worn cusps that were recently
extracted for orthodontic treatment plans were chosen for this study and stored in 0.1%
thymol solution (approved by the accredited ethics committee of the Faculty of Dentistry
Suez Canal University, no297/2020). The buccal cusps with buccal surface were cut using
no. 943 Miniflex diamond disc (Brasseler, Lemgo, Germany). They were then inserted into
a self-cured acrylic resin mold (Acrostone Co., Cairo, Egypt) inside copper specimen holder
with diameter15 mm. The insertion of the natural tooth surfaces was guided by a dental
surveyor to ensure proper alignment of the tooth surface to the long axis of the specimen
holder [33,34]. Figure 3 shows the assembly of the natural teeth within the self-cured acrylic
resin mold.
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Figure 3. Image of assembly of the natural teeth within the self-cured acrylic resin mold.

As a preparation for the wear test, the buccal surface of each tooth specimen was
wet abraded and finished with grit abrasive paper (1000, 2500, and 4000), to a total depth
of 0.5 mm. As a result, a flat area of about 2–3 mm was obtained for loading during the
wear test [34,35]. Next, the two-body wear test was performed using the newly developed
four stations multimodal Dual-axis ROBOTA chewing simulator integrated with thermo-
cyclic protocol operated on servo-motor (Model ACH-09075DC-T, AD-TECH Technology
Co., LTD., Berlin, Germany). The device allows the simulation of vertical and horizontal
movements simultaneously in the thermodynamic condition in a range of 5 ◦C to 55 ◦C
with a dwell time of 10 s. The ROBOTA chewing simulator features four chambers, each
consisting of an upper part as a sample holder and a lower plastic antagonist holder
Figure 4a. Samples were mounted into the metal receptacle present in the chewing simulator
upper part Figure 4b. All the samples were tested under standard conditions in which the
buccal surface of premolar teeth was used in the lower plastic holder of the device acting
as antagonist Figure 4c. The acrylic samples were positioned on the upper samples holder
in point contact with the teeth surfaces Figure 4d. A weight of 5 kg, which is comparable to
49 N of chewing force, was exerted. The samples were subjected to 37,500 cycles to simulate
three months of clinical function. After 37,500 cycles, the samples were removed from the
holder, cleaned with running water, and followed by cleaning in an ultrasonic cleaner for
2 min to remove any abraded particles from the surface before measurements.
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Figure 4. Images of the wear testing stages: (a) chewing simulator setup, (b) fixing the acrylic teeth
sample in the holder, (c) plastic holder of the device acting as the antagonist, (d) positioning of the
upper samples holder in point contact with the teeth surfaces.

Both height loss and weight loss were used to evaluate the wear behavior of the pure
PMMA- and ZrO2-reinforced tooth samples. Height loss was measured using the digital
micrometer (Mitutoyo, Digimatic Caliper 25SB, Mitutoyo Corporation, Tokyo, Japan) with
a precision of 1/1000. The difference between the readings before and after the wear
simulation gave the amount of vertical sample height loss. Furthermore, weight loss was
measured by weighing samples in the electronic analytical balance (Sartorius, Biophar-
maceutical and Laboratories, Berlin, Germany) with an accuracy of 0.001 gm to show the
difference in weight before and after the wear test. As this electronic balance featured
a fully automated calibration technology and a micro weighing scale, values of all the
mounted discs and antagonist samples were accurately measured. Each mounted sample
was cleaned and dried with tissue paper before weighing. All data were calculated, tabu-
lated, and statistically analyzed using SPSS for Windows, version 22.0 (Statistical Package
for Social Science, Armonk, NY, USA: IBM Corp) at significant levels 0.05 (p-Value ≤ 0.5).
A normality test was done to check the normal distribution of the sample, and all groups
and subgroups showed normal distributions.

(A) Descriptive data: Descriptive statistics were calculated in the form of Mean ± Standard
deviation (SD), median, range (Max-Min).

(B) ANOVA—test: One-way ANOVA (Analysis of variance) was used to compare be-
tween the three groups under study. Tukey Post hoc test was performed for the
evaluation of statistical significance among the groups. p-value ≤ 0.05 is considered
to be statistically significant.

2.5. Microstuctur Investigation

The microstructure of the acrylic nanocomposites was investigated using optical mi-
croscopy (OM) and scanning electron microscopy (SEM) equipped with EDS analysis. For
the microstructural analysis, the samples were prepared using grinding with conventional
silicon carbide emery papers of different grit sizes and then mechanically polished using
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alumina suspension of 0.05 µm [36,37]. Furthermore, the samples were investigated with
SEM after the wear testing to study the worn surface and determine the wear mechanisms.

3. Results
3.1. Acrylic/ZrO2 Nanocomposites Microstructure

Figure 5 shows an SEM micrograph of the raw material powder of the ZrO2 nanopar-
ticles that were used as reinforcing materials for the acrylic matrix. It can be observed
that the powder is of nano-scale, with an almost homogenous particle size that is below
50 nm, except for some agglomerated particles of submicron or micron size. Figure 6 shows
the SEM macro and micrographs of the base acrylic material (Figure 6a,b), 5 wt.% ZrO2
nanocomposites (Figure 6c,d) and 10 wt.% ZrO2 nanocomposites (Figure 6e,f). At the macro
level, the samples showed no porosity defects, which indicates the effectiveness of the
production procedure at producing sound acrylic nanocomposites at different percentages.
On the other hand, the presence of macro-size particles, which increased in line with the
increase in the ZrO2 weight percentage, can be observed. The sources of these macro-sized
particles were the ZrO2 particles, as some macro-sized particles were noted within the SEM
micrograph of the raw powder. In addition, at the micro-level, no defects were observed
either, and nanoparticles can only be observed in the sample of 10 wt.% ZrO2 (Figure 6f).
Figure 7 shows the optical microstructure at different magnifications (Figure 7a,b) and the
SEM microstructure at different positions (Figure 7c,d) for the acrylic with 10 wt.% ZrO
sample. The micrographs show a macro-sized particle, with some particle measurements
indicated. The EDS analysis of the micro-sized particle is presented in Figure 8a and the
EDS of the nano-composite is shown in Figure 8b. The EDS analysis confirmed that the
large size particles were mainly ZrO2 particles and also confirmed the presence of ZrO2
nanoparticles in the acrylic matrix, as indicated in Figure 8b. In addition, the peak carbon
can be seen in both EDS charts. This may have been due to the polymeric material and may
have resulted from interference from the instrument [38,39].
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3.2. Micro-Hardness Analysis

The mean microhardness values and their statistical data were obtained by analysis
of variance (one-way ANOVA) at p-value < 0.05, for the base acrylic material and the
ZrO2-reinforced groups. Furthermore, the data are illustrated in Figure 9 as a bar chart
of microhardness against the wt.% of the ZrO2 nanoparticles. The microhardness of the
base acrylic material is 45.59 HV that increased to 48.59 HV after adding 5 wt.% ZrO2
nanoparticles. A further increase in microhardness, up to 49.68 HV, was produced by
increasing the concentration of the ZrO2 nanoparticles to 10 wt.%.
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Figure 9. Mean hardness (VHN) of the tested groups of PMMA.

3.3. Wear Behavior

The mean height loss values and their statistical data were obtained by analysis of
variance (one-way ANOVA) at p-value < 0.05 for the base acrylic material and the ZrO2-
reinforced groups. The data are illustrated in Figure 10 as a bar chart of the mean height
loss against the wt.% of the ZrO2 nanoparticles. Furthermore, the mean weight loss values
and their statistical data were obtained by analysis of variance (one-way ANOVA) at
p-value < 0.05 for the base acrylic material and the ZrO2-reinforced groups. The data are
illustrated in Figure 11 as a bar chart of the mean weight loss against the wt.% of ZrO2
nanoparticles. The results of the wear tests of the height loss and weight loss both indicate a
significant improvement in the wear resistance due to the addition of the ZrO2 nanoparticles
and that the wear resistance increased by increasing the ZrO2 nanoparticle concentration.

The current investigation showed a significant enhancement of the wear resistance
by adding ZrO2 nanoparticles. Figures 12–14 show the SEM micrographs at different
magnifications, (a) 150×, (b) 2000×, (c) 5000×, and (d) 20,000× (Figure 12) and 10,000×
(Figures 13 and 14), for the wear surface of the different groups after conducting the wear
test. The wear surface of the acrylic base material without ZrO2 nanoparticles (Figure 12)
showed severe wear features with deep wear tracks that can be observed on the low
magnifications micrograph (a) 150×. Furthermore, a high density of microcracks (indicated
by red arrows (d) 20,000×) can be observed on the highest magnification micrograph. The
incorporation of the ZrO2 nanoparticles changed the wear features of the wear surface, as
can be observed in Figure 13 for the 5 wt.% ZrO2 and in Figure 14 for the 10 wt.% ZrO2.
Less severe wear features were observed as the smoothness of the surface increased, in line
with the increasing ZrO2 content. In addition, no microcracks were observed, especially at
10 wt.% ZrO2.
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Figure 10. Mean height loss of the tested groups after wear testing.
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nanocomposite material after wear test. (a) 150×, (b)2000×, (c) 5000× and (d) 10,000×.
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Figure 14. SEM micrographs at different magnifications and positions of the 10wt.% ZrO2 acrylic
nanocomposite material after wear test. (a) 150×, (b)2000×, (c) 5000× and (d)10,000×.

183



Polymers 2022, 14, 302

4. Discussion

Developing new materials with improved properties, especially high wear resistance,
is an important focus of research. Thus, this work focuses on the improvement of wear
resistance of acrylic denture teeth through the use of nanoparticle filler material. Different
weight percentages of ZrO2 nanofillers (5% and 10%) were used with the acrylic matrix.
The addition of zirconia filler significantly increased the Vicker’s hardness of the tested
materials. This may have been due to the characteristics of the ZrO2 particles, as well
as high interfacial shear strength between the nanofiller and resin matrix, which in turn
increased the resistance of the material for penetration [40]. Similar results have been
reported in previous studies [9,12]. The increase in microhardness by about 6–8% relative
to the base material is similar to that reported in previous studies. Hameed and Abd-
Elrahaman [25] investigated the effect of ZrO2 nanoparticles on the properties of acrylic
denture base and reported an increase of about 5% in microhardness when increasing ZrO2
nanoparticles up to 7%.

Wear resistance is an important requirement of prosthetic materials, such as denture
teeth, which do not provide a durable functional and esthetic restoration unless they
exhibit high wear resistance [41]. Intraoral wear is a complex process related to both the
composition of denture teeth and the patient’s oral condition. The ability to replicate
and control these factors intraorally is challenging. Therefore, in vitro two-body wear
testing is a valid model to measure antagonist wear without involving an intermediate
medium that may influence the results [42]. The height and weight loss of the samples
were evaluated. In dentistry, height loss is a more clinically relevant parameter, because
the vertical distance between the maxilla and mandible is stabilized by the occlusal contact
points. However, weight loss provides more accurate measurements, as indicated by lower
variation. The wear resistance was significantly improved after the addition of zirconia
nanofillers to the polymer matrix at both 5% and 10% concentrations. This result agrees
with previous studies, in which concentrations of saline-treated alumina 0.1% [41] and silver
nanoparticles 0.2–8% [43] considerably improved the resin wear resistance of PMMA. In
terms of the effect of surface roughness on wear resistance, Benli et al. [44] investigated the
relationship between the wear rate and surface roughness of occlusal splint materials made
of contemporary and high-performance polymers and found that it is directly proportional.
Furthermore, Nayyer et al. [45] reported that surface roughness is affected by clinical
adjustments such as polishing, because polishing leads to smooth surfaces that undergo
less wear and provides the advantage of extended longevity of the restoration [46,47]. It
should be mentioned here that in this study, the samples were examined for wear behavior
without polishing; thus it was expected that the polishing would significantly improve the
wear resistance of the developed nanocomposites.

This improvement can be attributed to the fact that the ZrO2 particles exhibited greater
hardness than the surrounding resin matrix and, therefore, were not as easily abraded by
the antagonist [40]. The SEM of the acrylic base material without ZrO2 particles (Figure 12)
showed high-density microcracks, which may have been the main mechanism behind
the deterioration of the surface and the high reduction in both the height and weight
observed in the measurements above. This might indicate that the type of wear was
fatigue wear due to the formation of cracks under the subsurface. It has been reported that
fatigue wear occurs when microcracks form below the surface of a material and eventually
coalesce to free a small fragment of the material. Materials with a lower elastic modulus,
such as unfilled resins, are susceptible to fatigue wear [42]. Furthermore, increasing the
concentration of ZrO2 from 5% to 10% produced more improvement in the wear resistance,
which can be attributed to the change in the wear mechanism from fatigue wear to abrasive
wear type. This was confirmed by the elimination of microcracks at high ZrO2 particle
concentrations, as can be observed in Figure 14. The results suggest that wear resistance
may be influenced not only by the presence or absence of fillers, but also by the type,
amount and size of the filler particles, as well as by how the filler particles are integrated
into the matrix. However, the results of this study can provide guidance because the

184



Polymers 2022, 14, 302

applied in vitro test arrangement cannot fully replicate the intraoral conditions. Although
the use of natural enamel as an antagonist is considered the gold standard, disadvantages
do exist, including variability in the form, fluoride content, and amount of aprismatic
enamel; therefore, standardizing each stylus is not easy [48]. Further in vivo studies are
needed to investigate the effect of adding nano ZrO2 with different concentrations on wear
resistance and other mechanical properties intraorally in acrylic resin denture teeth.

5. Conclusions

This study investigated the effect of using ZrO2 nanoparticles as a filler material in
acrylic denture teeth, aiming to enhance the wear resistance. Based on the obtained results,
the following conclusions can be drawn:

(1) The microstructural investigation of reinforced denture teeth indicates sound ma-
terial preparation using the applied regime without porosity or macro defects. No
segregation was observed for the nanoparticles; only submicron-sized ZrO2 particles
were found.

(2) The addition of zirconium oxide nanofillers to PMMA at both 5% and 10% in-
creased the microhardness, with values up to 49.7 HV found after the addition of
10 wt.% ZrO2.

(3) The wear mechanism in the acrylic base material without nanoparticle addition was
found to be fatigue wear; a high density of microcracks was found.

(4) The addition of 5 wt.% ZrO2 significantly reduced weight loss and height loss relative
to the base material, which indicates improved wear resistance.

(5) Increasing the nanoparticles to 10 wt.% ZrO2 further improved the wear resistance,
with no microcracks found.
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Abstract: This work is focused on the influence of moisture content on the processing and mechanical
properties of a biodegradable polyester used for applications in injection molding. The pellets of the
biodegradable polyester were exposed under different relative humidity conditions at a constant
temperature before being compression molded. The compression-molded specimens were again
placed under the above conditions before the mechanical testing. With all these samples, it is possible
to determine the effect of moisture content on the processing and mechanical properties separately,
as well as the combined effect of moisture content on the mechanical properties. The results obtained
showed that the amount of absorbed water—both before processing and before mechanical testing—
causes an increase in elongation at break and a slight reduction of the elastic modulus and tensile
strength. These changes have been associated with possible hydrolytic degradation during the
compression molding process and, in particular, with the plasticizing action of the moisture absorbed
by the specimens.

Keywords: biodegradable polymers; mechanical properties; rheology; processing; moisture content

1. Introduction

The increasing use of plastics in agriculture and the growing amount of land and sea
debris have led to the design and development of new polymer materials more “friendly”
to the environment [1–3].

Generally, these biodegradable polymers are more expensive than traditional ones but
are more environmentally friendly and more suitable for several specific applications, such
as food packaging, agricultural mulching films, etc. [4–8]. In particular, biodegradable and
compostable polymers are very appealing when used for some applications in agriculture
such as films for mulching and plastic pots because these products can be left in the ground
where they are transformed into water, CO2, and biomass. This biomass is useful as a
soil improver.

Most parts of the biodegradable polymer systems are made of polyesters; it is well
known that the polyesters absorb humidity, and the presence of moisture gives rise to
dangerous degradation phenomena. The degradation phenomena are mainly due to the
hydrolysis of the macromolecular chains with a severe decrease of molecular weight [9–11].
In addition, the presence of moisture strongly modifies the mechanical properties [11–13].

Although the influence of temperature was widely studied in the literature [14–19],
the influence of relative humidity on the processing and mechanical properties is still an
open field of research.

Harris and Lee [11] investigated the hydrolytic degradation of PLA and a PLA/
polycarbonate blend exposed at high temperature and humidity, finding a significant
moisture absorption and hydrolysis, resulting in degradation of properties. Similarly,
Muthuraj et al. [12] reported studies on the hydrolytic degradation of poly(butylene succi-
nate), PBS, poly(butylene adipate-co-terephthalate), PBAT, and PBS/PBAT blend, finding

189



Polymers 2021, 13, 1616

that, as a result of chain scission because of the hydrolysis mechanism, mechanical perfor-
mance was significantly affected after conditioning.

In our previous work [13], we demonstrated how the presence of moisture significantly
affects the mechanical properties of biodegradable polyesters subjected to UV irradiation.

Of course, the application of fully amorphous biodegradable polymers is limited by
the fact that the glass transition temperature (Tg) of the polymer is strongly influenced by
the relative humidity, especially for hydrophilic polymers.

The aim of this study was to investigate the influence of moisture on the processing
and mechanical properties of a biodegradable polyester used for injection molding. In
particular, the effect of moisture has been investigated on both the pellets before processing
and on the specimens before the mechanical testing. In particular, pellets of a biodegradable
polyester were exposed at different relative humidity values and fixed temperatures before
compression molding to investigate the effect of this treatment on the rheological behavior
of this polymer. The compression-molded specimens were again treated under the same
conditions before the mechanical testing in order to investigate the effect of the presence of
different moisture contents both before and after processing on the mechanical properties.

The experimental results clearly indicate that the processing of humid samples led
to a decrease in molecular weight and consequent decrease in viscosity. The mechanical
properties are, of course, influenced by the presence of moisture absorbed both before
and/or after the compression molding. In the conditions adopted in this work, the more
important effect on the mechanical properties is the plasticizing effect of the moisture.

2. Materials and Methods

The material used in this study was a biodegradable polyester Mater-Bi TF01U sup-
plied by Novamont (Novamont, Novara, Italy). It is a bioplastic based on an aliphatic
polyester with a melting point of 72–75 ◦C and a glass transition temperature between −40
and −35 ◦C, used for injection molding.

The specimens for the rheological and mechanical characterization were prepared by
compression molding in a Carver (Carver, Wabash, IN, USA) laboratory hydraulic press at
the temperature of 180 ◦C under a mold pressure of 300 psi and for about 3 min. Before
compression molding, the pellets were subjected to three different pretreatments in the
environmental conditions reported in Table 1.

Table 1. Environmental conditions used for conditioning the pellets and the compression-
molded specimens.

Condition 1 Condition 2 Condition 3

T = 38 ◦C T = 38 ◦C T = 38 ◦C
RH = 0% RH = 50% RH = 90%

Condition 1 means, of course, a treatment in the dry state, while condition 3 is relative
to treatment in an almost water-saturated condition. The temperature has been chosen to
accelerate the sorption of the humidity.

Before testing the mechanical properties, the specimens were subjected to the same
environmental conditions reported in Table 1.

Figure 1 depicts the processing undergone by the pellets and by the compression-
molded specimens.

The conditioning of the pellets and of the compression-molded samples was carried
out in a climate chamber KBF 115–Binder (Binder, Tuttlingen, Germany).
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Samples conditioned in nine different conditions (Table 2) were then investigated.

Table 2. Specimens for rheological and mechanical characterization.

Specimens Code

MC11 MC21 MC31
MC12 MC22 MC32
MC13 MC23 MC33

The first subscript indicates under which conditions (Table 1) the pellets have been
conditioned before processing and the second subscript indicates under which conditions
the compression-molded specimens have been treated. For example, for the sample code
MC11, the pellets have been treated under condition 1 before compression molding, and
the compression-molded specimens were treated again under condition 1 before testing
the mechanical properties, while, for the sample MC23, the pellets have been treated under
condition 2 before compression molding and the compression-molded specimens were
treated under condition 3 before testing the mechanical properties. With all these samples
it is then possible to determine separately the effect of moisture content on the processing
and mechanical properties, as well as the combined effect—processing and environmental
exposure—on the mechanical properties of moisture content.

Moisture content was calculated according to ASTM D570-98 [20], using Equation (1).

MC, % =
(Ww −Wd)

Wd
∗ 100 (1)

where WW and Wd are the weight of the sample after and before moisture
exposure, respectively.

The rheological characterization was performed on disk-shaped samples, using an
ARES G2 (TA Instruments, New Castle, DE, USA). The experiments were carried out in
parallel plates with a gap of about 1.5 mm and a diameter of 25 mm. The shear viscosity
values of the samples were measured at 180 ◦C and in a frequency range from 0.1 and
100 rad/s.
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Tensile properties tests were carried out using an Instron (Instron, High Wycombe,
UK) universal testing machine mod. 3365 equipped with a 1 kN load cell and 30 mm gauge
length extensimeter. The tensile strength specimens were rectangular sheets according to
ASTM D638-14 [21] (length: 90 mm, width: 10 mm, thickness: '0.4 mm). The mechanical
tests were carried out on the conditioned specimens immediately after the end of the
conditioning in order to avoid any significant change in the value of the moisture.

Elastic modulus, E, tensile strength, TS, and elongation at break, EB, were measured,
and the reported data were determined as an average of 12 samples. The elastic modulus
was measured at a deformation speed of 1 mm/min. When the deformation achieved 10%,
the crosshead speed was increased to 100 mm/min until final breaking.

3. Results and Discussion

In Table 3, the values of moisture content at equilibrium for all three conditioning
treatments are reported. As expected, the amount of moisture increases with increasing the
relative humidity.

Table 3. Moisture content of the polymer conditioned under different relative humidity.

Relative Humidity, % Moisture Content, %

0 0.00
50 0.35
90 0.42

Stress–strain curves obtained from the tensile tests of all the specimens are reported in
Figures 2–4.
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Figure 4. Stress–strain curve of samples coming from pellets conditioned under the three conditions
and specimens for mechanical testing conditioned at RH = 90%.

All the curves show a ductile behavior, but the values of elastic modulus, E, tensile
strength, TS, and elongation at break, EB are different according to the pretreatment, as
evident in Table 4, in which the values of these mechanical properties for all the investigated
samples are reported.
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Table 4. Elastic modulus, E, tensile strength, TS, elongation at break, EB, of all the specimens.

Specimens Code E, MPa TS, MPa EB, %

MC11 336 ± 18 13.0 ± 0.8 65 ± 6
MC21 334 ± 13 13.0 ± 0.7 82 ± 4
MC31 333 ± 13 12.0 ± 0.6 103 ± 10
MC12 329 ± 22 11.0 ± 0.8 147 ± 24
MC22 328 ± 17 11.5 ± 0.6 143 ± 15
MC32 323 ± 11 11.0 ± 0.8 182 ± 12
MC13 318 ± 10 10.5 ± 0.9 301± 29
MC23 314 ± 13 10.1 ± 1.1 395 ± 34
MC33 313 ± 18 9.0 ± 0.3 381 ± 16

The elastic modulus is only slightly dependent on the pretreatment conditions both
before the processing and before the mechanical testing. Tensile strength, on the contrary,
depends significantly on the pretreatment before processing and before the mechanical
testing. In particular, the tensile strength decreases with increasing the content of absorbed
moisture in both the pretreatments. The elongation at break is strongly dependent on both
the pretreatments, but, in this case, the elongation at break increases with increasing the
amount of the absorbed moisture on both the pretreatments. In fact, the elongation at
break is the mechanical property more dependent on the modifications of the molecular
structure, on the modification of the morphology, and on the possible presence of water.
The elongation at break increases, as expected, with increasing the amount of water in the
specimen being the same as the pretreatment of the pellets before processing (from 65%
for MC11 to 147% for MC12, to 301% for MC13), as well as with increasing the moisture
absorbed before compression molding, being the same the pretreatment before testing
(from 65% for MC11 to 82% for MC21, to 105% for MC31). The increase of the elongation at
break is, however, larger when the moisture is absorbed before processing. The mechanical
properties depend, therefore, on both the conditioning of the pellets before processing and
on the conditioning of the specimens before mechanical testing. The effect of moisture
content during the compression molding is to be attributed to the hydrolytic degradation
with reduction of the molecular weight. The presence of moisture in the solid state gives
rise to a plasticizing effect of the polymer.

In Figure 5, the flow curves of the dry specimens MC11, MC21, MC31, and of the
sample MC13 are reported in order to verify a possible degradation of the polymer during
processing as a consequence of the preliminary treatment of the pellets in different humidity
conditions. The sample MC13 is reported for comparison and in order to verify a possible
hydrolytic degradation when the moisture is absorbed after the processing. For the sake
of simplicity, the flow curves of all the other specimens are not reported. The flow curves
show that the viscosity decreases with increasing moisture content absorbed by the pellets
before the processing. On the contrary, no significant effect on the viscosity is observed
for the specimen conditioned after processing. This means that no significant effect of the
conditioning before the measurement is observed on the viscosity.

As is well known, the Newtonian viscosity is strongly dependent on the molecular
weight (see Equation (2)).

η0 = K Mw3.4 (2)

and, then, the reduction of the Newtonian viscosity means a reduction of the molecular
weight, which can be calculated using Equation (3) [22] as follows:

(η0(MCij)/η0 (MC11))1/3.4 = Mw(MC11)/Mw(MCij) (3)

where i represents the condition of the pretreatment of the pellet and j represents the
condition of the pretreatment of the specimens. This means that the decrease of the
molecular weight for MC21 and MC31 is about 6.2% and 9.3%, respectively. The decrease of
the molecular weight can be attributed to the hydrolysis undergone by the macromolecular
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chains due to the presence of water. As for the sample MC13, the flow curve is almost
superimposable to that of the sample MC11, and this means that the humidity absorbed on
the molded sample MC13 does not change the molecular structure of the polymer.
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and specimen conditioned at RH = 0 and 90% after processing.

As already said, the increase of the elongation at break and the decrease of the rigidity
observed for the humid specimens could be attributed to the presence of moisture in the
specimens which acts as a plasticizer [23].

In order to verify better the effect of the pretreatment—before processing or after
processing—the dimensionless values of the elongation at break were considered for all
the samples. As previously mentioned, the elongation at break is the mechanical property
more sensible to the change of molecular structure and morphology and to the presence of
the water acting as a plasticizer.

In Figure 6, the dimensionless values of EB are plotted for all the samples. The
dimensionless values have been calculated as the elongation at break for each sample
divided that of the sample MC11, i.e., the sample processed and characterized in a dry state.

It is possible to put in evidence three “blocks.” The largest increase of the elongation
at break is observed for the samples treated in condition 3, i.e., samples exposed to the
humidity after processing and before the testing. The lowest values of the dimensionless
elongation at break are shown by the specimen conditioned in dry conditions. This, of
course, means that in the investigated pretreatment conditions, the plasticizing effect of the
water is more important than the decrease of the molecular weight as a consequence of the
hydrolytic degradation.
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4. Conclusions

The presence of moisture in the biodegradable polyesters both before processing and
during their lifetime can strongly modify the rheological and mechanical properties of
the polymers. In this work, the effect of moisture during the processing and the effect of
different level of moisture in molded samples has been investigated. During processing,
the presence of moisture decreases the molecular weight of the polymer and then the
viscosity of the melt. As expected, the reduction of the molecular weight is higher with
increasing the level of moisture because of the hydrolysis cleavage of the macromolec-
ular chains. The presence of moisture in solid state slightly reduces the rigidity of the
polymer and remarkably increases the deformability. This behavior has been attributed
to the plasticizing effect of moisture. As for the effect of moisture on the mechanical be-
havior and, in particular, on the elongation at break, the effect of the presence of moisture
in the samples seems to be predominant over the effect of the hydrolytic degradation
during processing.
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Abstract: The biodegradability problem of polymer waste is one of the fatal pollutFions to the
environment. Enzymes play an essential role in increasing the biodegradability of polymers. In a
previous study, antistatic polymer film based on poly(lactic acid) (PLA) as a matrix and polyaniline
(PAni) as a conductive filler, was prepared. To solve the problem of polymer wastes pollution, a
crazing technique was applied to the prepared polymer film (PLA/PAni) to enhance the action of
enzymes in the biodegradation of polymer. This research studied the biodegradation test based
on crazed and non-crazed PLA/PAni films by enzymes. The presence of crazes in PLA/PAni film
was evaluated using an optical microscope and scanning electron microscopy (SEM). The optical
microscope displayed the crazed in the lamellae form, while the SEM image revealed microcracks
in the fibrils form. Meanwhile, the tensile strength of the crazed PLA/PAni film was recorded as
19.25 MPa, which is almost comparable to the original PLA/PAni film with a tensile strength of
20.02 MPa. However, the Young modulus decreased progressively from 1113 MPa for PLA/PAni
to 651 MPa for crazed PLA/PAni film, while the tensile strain increased 150% after crazing. The
significant decrement in the Young modulus and increment in the tensile strain was due to the
craze propagation. The entanglement was reduced and the chain mobility along the polymer chain
increased, thus leading to lower resistance to deformation of the polymer chain and becoming more
flexible. The presence of crazes in PLA/PAni film showed a substantial change in weight loss with
increasing the time of degradation. The weight loss of crazed PLA/PAni film increased to 42%,
higher than that of non-crazed PLA/PAni film with only 31%. The nucleation of crazes increases
the fragmentation and depolymerization of PLA/PAni film that induced microbial attack and led to
higher weight loss. In conclusion, the presence of crazes in PLA/PAni film significantly improved
enzymes’ action, speeding up the polymer film’s biodegradability.

Keywords: crazing; biodegradation; polyaniline; polylactic acid

1. Introduction

Over the past, trillion tons of plastic packaging derived from fossil fuel were invented
to fulfill the demands of society. Consequently, high tensile performance and low cost
of plastic packaging contributed to a significant raise in municipal plastic wastes. In
2015, two-thirds out of 8.3 billion tons of plastic packaging accumulated and remained
intact in the environment. The accumulation of plastic packaging threatens the health
risks of human and marine life in the world [1]. Nevertheless, the presence of plastic
packaging pollution also remarked in greenhouse gas emissions towards the lifecycle of
the ecosystems. The environmental climate change issues due to fossil fuel-based plastic
packaging should be a focus, and practical action is urged to be taken.
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An awareness of the environmental problem, poly(lactic acid) (PLA), one of the bio-
based polymers, was developed. The past study reported that PLA could be used to
substitute fossil fuel-derived polymers, especially in packaging applications [2], which
is due to the fact that PLA exhibited good mechanical properties, high biodegradability,
and good biocompatibility. Thus, PLA played an essential role in green chemistry and
reduced the carbon footprint effectively [3]. PLA degradation releases non-toxic substances,
including water, gas, and biomass, as the end products [4]. Despite the degradation of
PLA in such a direction, the challenges of the ingested PLA still existed, which is due
to the unmanaged natural environment, which failed to provide a proper condition for
the microbial degradation of PLA [5]. For instance, biodegradable PLA constricts to be
degraded in seawater. Indeed, the low degradation efficiency of PLA due to unsuitable
condition need to be overcome [6]. Meanwhile, PLA behaves as a non-conductive polymer
that also restricts the application of PLA in electronic devices packaging.

The non-conductive challenges of PLA have sparked studies in targeted developing of
conductive properties in PLA through incorporating conductive materials [7]. Polyaniline
(PAni) is one of the conducting polymers widely investigated due to its good biocompat-
ibility and conductivity. Based on the previous studies, researchers have demonstrated
that the blending of PAni into the PLA with optimum proportion displayed excellent
performance [8]. Thus, researchers hypothesize that the application of craze technology
in PLA/PAni film would be highly desirable to promote degradation, conserving the
mechanical properties and be used in electronic packaging applications.

Craze is commonly found in the ceramic industries, where it is applied to the clay
pieces before being fired in a kiln for curing [9]. The craze is known as forming the
microvoids or minor cracks of the materials [10]. The craze tends to transform the non-
oriented glassy or semi-crystalized polymeric solid into fibrous states form in polymeric
solid. Generally, the polymer crazing phenomenon is observed during the creep period
when the load is applied [11]. Continuous propagation of the craze zone along the tip
of the crack promotes the surface disclosure of the polymer. Large surface disclosure
of the polymer allows microbial degradation and increases the polymer degradation
efficiency [12]. Up to date, less quantitative data has been reported on the effect of crazing
on the polymer by enzymatic degradation.

In the early work of this research, antistatic polymer film was developed by incor-
porating PAni into the PLA polymer film. The PLA/PAni film successfully inherited the
antistatic properties compatible with the ESD standard to prevent the static charges trapped
on the packaging surface to avoid static charges accidents. In this research, the craze tech-
nique was implemented to solve the biodegradation problem of PLA/PAni film. The crazed
PLA/PAni film was evaluated using optical and scanning electron microscopes before and
after the biodegradation test. The biodegradable property for the crazed PLA/PAni film
was discussed. The effect of the crazes on the mechanical properties of PLA/PAni film was
analyzed using a tensile machine. Subsequently, the results of the biodegradation rate of
the crazed and non-crazed PLA/PAni films with different interval times were analyzed.

2. Characterization Techniques
2.1. Materials

The chemicals used in the synthesis of PAni, such as aniline monomer (Ani) (99%),
ammonium persulfate (APS) oxidant (98%), and dioctyl sodium sulfosuccinate (AOT)
dopant (96%), were purchased from Sigma-Aldrich, USA. Toluene (99.5%), used as a solvent
to extract PAni precipitates, was purchased from Chemiz. Hydrochloric acid (HCl, 37%)
dopant used to dissolve the APS was provided from R&M Chemicals. Tetrahydrofuran
(THF) (99.8%) used as the medium to dissolve PLA was provided by R&M Chemicals.
Glycerol (Gly) (99.5%) in the analytical grade was purchased from Friendemann Schmidt,
Washington, USA. PLA resin with a melt flow index of 6.0 g/10 min at 210 ◦C and a specific
gravity of 1.24, was purchased from Nature Works® PLA, 2003 D, USA. Sodium azide in
analytical reagent grade (AR) was supplied by Systerm. The Proteinase K solution from
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tritirachium album ≥ 600 units/mL was supplied by Thermo Fisher Scientific (USA). In
addition, the tris hydrochloride solution (pH 8.0) with a concentration of 1 M was supplied
by Solarbio. Distilled water was obtained and purified by simple distillation. All the
chemicals were used without further purification unless noted.

2.2. Preparation of Crazed PLA/PAni Film and Non-Crazed PLA/PAni Film

Two types of PLA/PAni film were prepared, including crazed PLA/PAni film and
non-crazed PLA/PAni film. First, PAni was synthesized using Ani monomer, APS as
oxidant, HCl as dopant, and AOT as surfactant through chemical oxidation at 0 ◦C for
24 h. The solution casting method was used to prepare the PLA/PAni film. Meanwhile,
glycerol acts as the plasticizer in the PLA/PAni film to improve the interaction of PLA
and PAni. In order to prepare the PLA/PAni, PLA in the amount of ~6.0 g was dissolved
in 100 mL of THF solution with continuous stirring at 60 ◦C. Then, the glycerol with the
amount of ~1.8 g was added to the dissolved PLA solution. After the glycerol was mixed
well with the PLA solution, the synthesized PAni was added slowly into the mixture. The
mixed solution was stirred at 60 ◦C for 24 h. The PLA/PAni film was produced by casting
the mixtures onto a glass dish and dried at room temperature overnight. The PLA/PAni
film was synthesized and optimized based on the crazing process applied to the prepared
PLA/PAni film.

Next, the strip of PLA/PAni film was cut into a rectangular shape with a dimension of
70 mm (length) × 10 mm (width) and a thickness of 0.090 mm. Then, the PLA/PAni strip
was clamped at the edges of the custom-made drawing device, as shown in Figure 1 [13].
The devices are associated with two film roll-up rollers, a bending blade, and stress control
devices. The PLA/PAni strip was allocated in the position, as shown in Figure 1. Crazing
stress applied on the strips was 6 MPa with 80◦ of bending angles. The PLA/PAni strip was
in contact with the bending blade and created tension to form the crazes on the strip. The
crazing process was conducted at room temperature with a processing rate of 20 mm/min.
The presence of the crazes on the strip was identified by the annealing process. The crazed
PLA/PAni strip was placed in an incubator at 60 ◦C for 30 min for the craze’s healing
process. The strip was then cold at room temperature before the length of the strip was
measured. The strip was observed under an optical microscope before and after the crazing
process to confirm the formation of crazes.

Figure 1. Instrument set-up used for the crazing process for the PLA/PAni film.

201



Polymers 2021, 13, 3425

2.3. Characterization Techniques

The crazes formation on the PLA/PAni strip was observed using Nikon optical
microscopes MM-400 equipped with a camera. The surface of the PLA/PAni strip before
and after the crazing process was captured. The mechanical test for crazed PLA/PAni and
non-crazed PLA/PAni was performed using the EZ-L Shimadzu Tensile Tester equipped
with a load cell of 1 kN. The crazed PLA/PAni and non-crazed PLA/PAni were analyzed
in the condition at 23 ± 2 ◦C and relative humidity (RH) of 50 ± 5%. The initial gauge
separation and crosshead speed were set as 15 mm and 0.5 mm/s, respectively. The
mechanical properties of the crazed PLA/PAni and non-crazed PLA/PAni were recorded
accordingly. The morphology images of the crazed PLA/PAni and non-crazed PLA/PAni
before and after the biodegradation test was observed using scanning electron microscopy,
SEM (Hitachi HiTechnologies, model SEM-4800) with accelerating voltage of 1.0 kV. The
crazed PLA/PAni and non-crazed PLA/PAni were coated with platinum using a sputtering
coater before being observed under SEM at a magnification of 400× and 10,000×.

Furthermore, the enzymatic degradation test was conducted using Proteinase K to
study the effect of the crazes towards the crazed PLA/PAni and non-crazed PLA/PAni.
Enzymatic degradation was monitored based on the weight loss of PLA/PAni film at
different time intervals. The initial weight of the crazed PLA/PAni strip and non-crazed
PLA/PAni strip (dimension: 10 × 70 mm) was incubated at 37 ± 1 ◦C in the sampling tube.
The crazed PLA/PAni and non-crazed PLA/PAni strips were placed in separate sampling
tubes with different contents, as shown in Table 1. At regular time intervals during the
biodegradation test, the strips were collected. They were washed gently with methanol
followed by distilled water and dried in a glass vacuum dryer at room temperature for
3 days to obtain the dry mass of crazed PLA/PAni and non-crazed PLA/PAni after the
biodegradation test.

Table 1. Content of each sample tube during the biodegradation test.

Sample Content of Sampling Tube

Non-crazed PLA/PAni 0.5 mg of Proteinase K and 1.0 g of sodium azide in 10 mL Tris-HCl (pH 8.0)

Control sample 1.0 g Sodium azide in 10 mL Tris-HCl (pH 8.0)

Crazed PLA/PAni 0.5 mg Proteinase K and 1.0 g sodium azide in 10 mL Tris-HCl (pH 8.0)

3. Results and Discussion

The FTIR spectra for pristine PLA, pristine PAni, and PLA/PAni film is shown in
Figure 2. Based on the FTIR spectra, the synthesized PAni revealed the characteristics
of pristine PAni by giving the stretching of N−H (3215 cm−1), quinoid and benzenoid
ring (~1400–1500 cm−1), C−N (1244 cm−1), and C−H of para-disubstituted rings of PAni
(810 cm−1), respectively [14]. Meanwhile, the pristine PLA exhibited characteristics of
C=O stretching (1746 cm−1). Additionally, C−H stretching (~1300–1400 cm−1) and C−H
bending at 872 cm−1 indicate the characteristics of pristine PLA [15]. The PLA/PAni film
was confirmed by the peaks observed at 1752 cm−1 (C=O), ~1400 cm−1 (quinoid and ben-
zenoid ring), and ~800 cm−1 (C−H), respectively. All the absorption bands corresponding
to the functional group of pristine PLA, pristine PAni, and PLA/PAni film were tabulated
in Table 2.

The optical microscopy examination on non-crazed PLA/PAni film, crazed PLA/PAni
film before annealing, and crazed PLA/PAni film after annealing allows the detection and
labeling of the regions attributed to the crazing process as shown in Figure 3. Figure 3a
showed the PLA/PAni film without undergoing the crazing process, while Figure 3b
showed the crazed PLA/PAni before the annealing treatment. Figure 3a showed the
normal homogenous distribution of PLA and PAni, which is due to the fact that PAni
was added slowly to the PLA and glycerol solution mixture with constant stirring to get
a homogenous solution. Thus, a homogenous and consistent micrograph of PLA/PAni
(Figure 3a) indicated a good dispersion of PAni in PLA [16,17].
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Figure 2. FTIR spectra of pristine PLA, pristine PAni, and PLA/PAni film.

Table 2. Functional group for pristine PLA, pristine PAni, and PLA/PAni film.

Functional Group
Wavenumber (cm−1)

PLA PAni PLA/PAni

N−H stretching - 3215 -

C=O stretching 1746 - 1574–1576

C=C stretching of quinoid and benzenoid - 1584, 1487 1457, 1354

C−N stretching - 1244 1260–1301

C−H stretching 867 810 872

Figure 3. Microscope image of (a) non-crazed PLA/PAni film, (b) crazed PLA/PAni film, (c) crazed PLA/PAni film after
the annealing process.

Figure 3b showed the lamellae lines formed in a perpendicular orientation on the
crazed PLA/PAni. As indicated by the arrows in Figure 3b, the lamellae lines revealed
the craze region of crazed PLA/PAni film [18]. This craze region indicated the spreading
of internal stress and propagation of the craze zone along the tip of the craze. Hence, the
fibrous and porous network strain formed an interval along with the PLA/PAni film and
revealed in lamellae lines as shown in the optical image (Figure 3b). Thus, the crazes were
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successfully implemented on the PLA/PAni film after the crazing process. The fibrous
and porous network strain that formed during the crazing process can be illustrated as
in Figure 4.

Figure 4. An illustration of fibrous and porous network strain that formed during the crazing process.

The annealing treatment was conducted to further confirm the presence of the crazes
on the PLA/PAni film. The optical image of the crazed PLA/PAni film after the annealing
treatment was observed in Figure 3c. After the annealing treatment, the craze width
decreased significantly compared to the crazed PLA/PAni without the annealing treatment
(Figure 3b). Generally, the internal stress created during the crazing process leads to the
formation of a fibrous and porous network strain, which is reflected in the lamellae line,
as observed in Figure 3b. However, the fibrous and porous network strain formed during
the crazing process responded to the temperature and reduced the internal stress of the
polymer film during the annealing process [19]. Finally, the changes in the temperature
lead to the recovery of the porous network strain in crazed PLA/PAni film and significantly
decrease the number of crazes as shown in Figure 3c. Hence, the formation of crazes on the
PLA/PAni film was confirmed by the annealing process.

The mechanical properties of the crazed PLA/PAni and non-crazed PLA/PAni films
are shown in Figure 5 in terms of the stress-strain curve. The curve pattern is generally
almost similar but with a higher strain value for the crazed PLA/PAni film. Compared to
the non-crazed film, the crazed film can reach an elongation of 150% more than the non-
crazed PLA/PAni film. Generally, a higher strain rate indicates the longer time required for
plastic deformation to occur [20]. The plastic deformation region of the crazed PLA/PAni
film became more ductile and flexible than the non-crazed PLA/PAni film, which showed
much brittle behavior. The phenomenon can be explained and supported by Figure 4,
reflecting the ductile and more flexible behavior when the fibrous and porous network
strain formed during the crazing process. The chain becomes easier to move and expand,
hence giving more space to sustain stress. Thus, the crazed PLA/PAni film tends to have
a higher elongation at break and a higher strain over time. The increasing strain for the
crazed PLA/PAni film shows increases of the area under the stress-strain curve and shows
a less stiffness behavior for the crazed PLA/PAni film [21]. The outcomes are in line with
the result obtained in the Young modulus in this study.

From Figure 5, the non-crazed PLA/PAni film presents a higher Young’s modulus
with 1113 MPa than the crazed PLA/PAni film with 651 MPa of Young’s modulus. It
can be explained by the changes in the orientation of the polymer. Theoretically, the
interaction between PLA and PAni created high entanglement between the polymer chain.
However, the presence of crazes in the PLA/PAni film causes the mobility of polymer
chains to increase. As a result, this decreases the polymer chain entanglement in the
crazed PLA/PAni film and leads to lower resistance to deformation [22]. Hence, the crazed
PLA/PAni exhibited less stiffness behavior and eventually decreased Young’s modulus
compared to the non-crazed PLA/PAni film.
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Figure 5. Stress–strain curve graph of non-crazed PLA/PAni film and crazed PLA/PAni film.

The tensile strength of crazed PLA/PAni film and non-crazed PLA/PAni film showed
the resembled reading as 20.02 and 19.25 MPa, respectively. These phenomena can be
explained by the structure of the polymer. Principally, the applied stress during the
crazing process tends to change the orientation of the crazed polymer films rather than
the backbone linkage along with the polymer [23]. Consequently, the backbone linkage for
both PLA/PAni films with and without crazes remains unchanged. Thus, the amount of
energy required to change the area of the film for both PLA/PAni films with and without
crazes is the same. Therefore, both PLA/PAni films with and without crazes showed
almost identical tensile strength reading.

Figure 6 shows the morphology images of non-crazed PLA/PAni film and crazed
PLA/PAni film, respectively. By referring to Figure 6(ai), the PLA/PAni film without the
crazing treatment showed lesser porosity and smooth surfaces. Meanwhile, the crazed
PLA/PAni film in Figure 6(bi) can be observed to have a more porous structure than
PLA/PAni film without the crazing treatment. This result showed the crazes-formation
and reflected via the increases of porosity in the crazed PLA/PAni film morphology images.
The porous structure found in the PLA/PAni film was formed by the fibrils separated
by the nanosized pores as observed by the morphological images [24]. This finding is
consistent with the generation of craze formation in polymer films under the action of
electric discharge plasma done by Kurbanov et al. [25].

Meanwhile, by comparing Figure 6(aii,bii), it can be observed that there are diagonal
cracks on the crazed PLA/PAni film. Theoretically, the crazes on the film can be identified
by bright-field microscopy [26]. The diagonal cracks of the PLA/PAni film presented the
craze zone, as outlined in Figure 6(bii). This eventually confirmed the craze-formation
in the PLA/PAni film. The disruption of the lamellae, voiding, and fibril formation, as
observed in the region of the diagonal crack, further proved the successful development of
crazes in polymer film [27]. Additionally, the diagonal crack region is also recognized as a
plastic deformation region where shear bands formed around the craze zone [28]. This also
demonstrated that the crystalline behavior of PLA/PAni film was approaching to become
an amorphous behavior [29]. As a result, the formation of crazes on the PLA/PAni film
also desired to induce a higher biodegradation rate of the PLA/PAni film.
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Figure 6. SEM morphology images of (a) non-crazed PLA/PAni film (i) 500× and (ii) 10,000×; (b) crazed PLA/PAni film (i)
400× and (ii) 10,000×.

This research studied the enzymatic degradation of PLA/PAni film with and without
crazes within 21 days. Meanwhile, a reference film was conducted to investigate the
hydrolysis of plasticizers in the PLA/PAni film. The enzymatic degradation of the films
was analyzed by monitoring the weight loss of control PLA/PAni, non-crazed PLA/PAni,
and crazed PLA/PAni films at different intervals of degradation time. Figure 7 showed the
weight loss changes for the films under enzymatic degradation. In general, all the weight
of the sample films reduced steadily by ~24% to 26% in the first 7 days. The decrease in
weight of the samples for the first 7 days was due to the hydrolytic degradation of the
glycerol plasticizer [30], which is attributed to the fact that glycerol played the plasticizer
role in upsetting and restructuring the intermolecular polymer chain of PLA and PAni by
hydrogen bonding [31]. Hydrolysis degradation of glycerol prior to happening during
the degradation test as glycerol consists of hydrogen groups. Thus, the hydroxyl groups
tend to have strong attraction with the hydrogen ion and form the hydrogen bonds within
its structure [32]. Therefore, the weight loss in the prior days was due to the hydrolysis
degradation of the glycerol in PLA/PAni film.

The weight loss of control PLA/PAni, non-crazed PLA/PAni, and crazed PLA/PAni
films decrease to ~30% to 34% after 14 days of the enzymatic degradation process. At this
stage, the control film reached a maximum weight loss of 30%. Thus, this indicates that the
glycerol plasticizer in all the sample films had fully degraded. By comparison, the extra
weight loss of 32% by the non-crazed PLA/PAni film and 34% by crazed the PLA/PAni
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samples showed after 14 days, which is due to the fact that the hydrolytic chain scission
of ester bonds of PLA takes place after the degradation of glycerol [33]. Penetration of
water into the PLA/PAni film hydrolyses at the ester group of PLA, which caused the long
chains of PLA to convert into shorter chains and produce a high number of carboxyl end
and hydroxyl end groups of PLA. This phenomenon resembled the explanation of Gupta
and Kumar (2007) on the degradation of PLA [34].

Figure 7. Biodegradation of non-crazed PLA/PAni and crazed PLA/PAni films at different time intervals.

Furthermore, the weight loss of crazed PLA/PAni film showed the highest percent-
ages, which is 42% after 21 days of enzymatic degradation. It also found that the physical
structure of the film collapsed entirely. Meanwhile, the weight loss of non-crazed PLA/PAni
film showed almost linear, which is 31% after 21 days of enzymatic degradation. The high-
est weight reduction of 42% in crazed PLA/PAni film is correlated with the progressive
deterioration of film due to the formation of crazes, which is due to the fact that crazes (in
terms of pores) promote the diffusion of water in the PLA/PAni film. The high accessibility
of water in PLA/PAni film caused random chain scission of the polymer chain to have
occurred. Consequently, high fragmentation of polymer resulted in low molecules weight
of the polymer chains [35]. Therefore, the formation of crazes accelerated the fragmenta-
tion and enhanced the depolymerization action of the polymer [36]. Hence, the crazed
PLA/PAni film showed a significant decrease in the weight of the film after 21 days of
degradation. This result is also in agreement with the research done by Mukhamed et al.
(2020), which investigated the presence of crazes on the degradation properties of the
PLA-based fibers.

At the same time, the highest weight loss of crazed PLA/PAni film also contributed
to the physical erosion when exposed to the biological environment [37]. Generally, the
degradation process happened on the surface of the samples as enzyme molecules are too
large and hardly diffuse in the PLA/PAni film [38]. However, the limitation was overcome
by the formation of crazes (in terms of pores) on the PLA/PAni film. The enzymes can
efficiently adsorb on the surface, diffuse into the PLA/PAni film through the pores, and
accelerate the degradation of the film [39]. Meanwhile, the enzyme used in this study
is Proteinase K since it showed high efficiency in the degradation of PLA, especially in
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contact with the water [40]. Hence, the presence of crazes in the PLA/PAni film significantly
enhanced the action of enzymes and improved the biodegradability of the polymer films,
which could reduce the impact of polymer on environmental pollution. The diffusion
action of the enzyme into the crazed PLA/PAni film is illustrated in Figure 8.

Figure 8. The diffusion of the enzyme in the crazed PLA/PAni film.

After the biodegradation test, the morphology images of crazed and non-crazed
PLA/PAni films was observed and shown in Figure 9. It is well known that PLA is an
aliphatic polyester, which is susceptible to enzymatic degradation. The increase in porosity
of the crazed PLA/PAni film, as shown in Figure 9b, indicates the erosion degradation of
enzymes towards the polymer film. Higher porosity in the polymer film leads to a higher
rate of degradation, which is aligned with the result found in Figure 7. Higher porosity in
crazed PLA/PAni film promotes greater immobilized enzyme loading within the polymer
film [41]. Thus, the existence of crazes in polymer film supports the assessment of enzymes
for the degradation action in the polymer film. As a result, high biodegradability of crazed
PLA/PAni film was produced. This result is also in line with the selective enzymatic
degradation of Poly (ε-caprolactone) done by Kulkarni et al. in 2008 [42].

Meanwhile, the morphology images of non-crazed PLA/PAni film after degradation
also shows a compact and firm surface in Figure 9a, while the crazed PLA/PAni film
shows inflate and expand surface in Figure 9b. Principally, the enzymatic degradation is
related to the chemical structure and the hydrophilic/hydrophobic nature, as well as the
degree of crystallinity of the polymer. The appearance of crazes in crazed PLA/PAni film
tends to increase the film’s amorphous nature. Consequently, the random hydrolytic chain
scission of ester bonds in crazed PLA/PAni film allows higher diffusion of water into the
amorphous region [43]. Thus, the high diffusion of water increases the degradation rate of
the crazed PLA/PAni film [44]. Hence, the amorphous nature of crazed PLA/PAni film
is more desired for the degradation of enzymes than the crystalline nature of non-crazed
PLA/PAni film. Therefore, this also explained the highest weight loss of crazed PLA/PAni
film compared to the non-crazed PLA/PAni film.

Overall, the crazed PLA/PAni film showed lamellae lines that confirmed the presence
of crazes (optical microscope). At the same time, SEM morphology images reflected high
porosity and diagonal cracks for the crazed PLA/PAni film, which responded to the pres-
ence of crazes in the film. On the other hand, the tensile strength is not affected due to the
presence of crazes. Conversely, the flexibility of crazed PLA/PAni improved by 150%, giv-
ing a lower Young’s modulus value. Meanwhile, biodegradation of the crazed PLA/PAni
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film was enhanced with the presence of crazes. The summarized characterization properties
of non-crazed PLA/PAni and crazed PLA/PAni films were shown in Table 3.

Figure 9. SEM morphology images of (a) non-crazed PLA/PAni film and (b) crazed PLA/PAni film after the biodegradation test.

Table 3. The summarized characterization properties of non-crazed PLA/PAni and crazed PLA/PAni films.

Properties Non-Crazed PLA/PAni Crazed PLA/PAni Remarks

Optical microscope - Lamellae presents Confirmed crazes presented

SEM ↓ porosity and smooth ↑ porosity & diagonal crack Confirmed crazes presented

Tensile strength 20.02 MPa (similar) 19.25 MPa (similar) After crazed, high tensile strength remained

Young’s modulus 1113 MPa 651 MPa After crazed, modulus ↓, stiffness decreased

Tensile Strain 100% 250% After crazed, 150% increment, better flexibility

Biodegradation 31% 42% After crazed, % biodegradation ↑

4. Conclusions

Crazing was successfully developed in the PLA/PAni film to improve the biodegrad-
ability of the polymer film. The presence of crazes in the PLA/PAni film was confirmed
by optical microscope and SEM. Crazes in the PLA/PAni film did not show significant
tensile strength changes but showed progressive increases in tensile strain by 150% and
decreases in Young’s modulus. The non-crazed PLA/PAni film showed Young’s modulus
of 1113 MPa, while the crazed PLA/PAni film showed Young’s modulus of 651 MPa. The
differences that occurred in tensile strain and Young’s modulus were due to the increment
in chain mobility and decrement in chain entanglement of the polymer film. Meanwhile,
the crazed PLA/PAni film improved the biodegradability of the polymer film. The signifi-
cant weight loss of the crazed PLA/PAni film was observed after 21 days of biodegradation
as 42%. This was due to the loss of crystalline nature of the polymer film in the presence of
crazes, which induced the erosion degradation of enzymes. Thus, the appearance of crazes
in the PLA/PAni film enhanced the biodegradability of the polymer film. The polymer film
with high biodegradability based on PLA and PAni was formulated and this study could
be useful in a packaging application to lower the polymeric pollution to the environment.
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Abstract: Broader use of bio-based fibres in packaging becomes possible when the mechanical
properties of fibre materials exceed those of conventional paperboard. Hot-pressing provides an
efficient method to improve both the wet and dry strength of lignin-containing paper webs. Here
we study varied pressing conditions for webs formed with thermomechanical pulp (TMP). The
results are compared against similar data for a wide range of other fibre types. In addition to
standard strength and structural measurements, we characterise the induced structural changes with
X-ray microtomography and scanning electron microscopy. The wet strength generally increases
monotonously up to a very high pressing temperature of 270 ◦C. The stronger bonding of wet
fibres can be explained by the inter-diffusion of lignin macromolecules with an activation energy
around 26 kJ mol−1 after lignin softening. The associated exponential acceleration of diffusion with
temperature dominates over other factors such as process dynamics or final material density in
setting wet strength. The optimum pressing temperature for dry strength is generally lower, around
200 ◦C, beyond which hemicellulose degradation begins. By varying the solids content prior to
hot-pressing for the TMP sheets, the highest wet strength is achieved for the completely dry web,
while no strong correlation was observed for the dry strength.

Keywords: hot-pressing; paper web; fibre; lignin; diffusion; activation energy

1. Introduction

Microplastic emissions are one of the world’s greatest environmental threats. The
amount of these emissions has been steadily increasing for many years and is expected to
continue to do so [1]. Thus, material options that are both renewable and biodegradable
have been extensively searched for. A particular challenge is to develop materials that
have similar or better properties in humid or wet conditions as their oil-based counterparts.
This should be the case not only for strength but also for dimensional stability and barrier
properties, which are important, e.g., in packaging and construction applications [2].

Recent studies have shown that hot-pressing of lignin-rich paper webs could provide
at least a partial solution to the above challenge. Clear improvements are observed for both
wet and dry tensile strength (later also referred to as only wet and dry strength) compared to
non-treated webs [3,4], enabling applications in several packaging areas. Joelsson et al. [5]
showed that the tensile strength of paper based on chemithermomechanical pulp (CTMP)
could be improved even by 100% when passing the paper through a hot nip (200 ◦C,
6 MPa) with a pressing time of 1.5 s and 70 s after hold. Moreover, by hot-pressing, the wet
strength increased dramatically to a value of about 16 kNm/kg from the level of 2 kNm/kg
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found for non-heat treated paper. It could be seen that the amount of lignin was of great
importance [5,6]. Thus, such a hot-pressing technology could provide innovative product
solutions once both suitable raw materials and optimal process conditions are defined by a
deeper understanding of underlying strengthening mechanisms. Also, other properties
that are important for the final applications of packaging papers, such as water resistance,
have shown promising results. Contact angle measurements showed increased values for
the hot-pressed paper samples [5], which suggests a more hydrophobic surface [7]. Similar
results and conclusions, that heat treatment of this material increases the hydrophobicity,
have been observed in the area of thermal modification and welding of wood [8,9].

Joelsson et al. [5] postulate that softened lignin from fibres redistributes within the
consolidated structure, enabling strong inter-fibre bonding even in a wet fibre network. In
other words, lignin acts as a natural wet-strength additive. Similar heat-induced bonding
was already found by Gupta et al. in 1962 [10]. They applied isolated lignin to paper
samples and pressed them together at high temperature. The appearing inter-layer bonding
increased the strength properties. The optimal bonding temperature depended on lignin
type and differed for wet or dry paper. This was explained by the thermal transition of
lignin and by the plasticizing effect of water, which reduces the glass transition temperature
(Tg) by 70–165 ◦C depending on the type of lignin [11].

The importance of water for the viscoelastic properties of wood was reviewed in 1982
by Back and Salmén [12], who concluded that water-saturated native lignin has a softening
temperature of about 115 ◦C. This could be further lowered by sulphonation. Joelsson
et al. [13] have recently shown that the softening effect of sulfonation also occurs when
a sulfite-enriched paper is hot-pressed. In this case, a lower temperature is required to
maintain strength.

Lignin is often referred to as a by-product in industries such as the production of paper,
ethanol, biomass, etc. [14]. However, the polymer is seen to have a huge technological
potential, and related research has expanded in recent years. Nevertheless, there are
currently only a few commercial products based on lignin. For example, there are pulping
processes where the lignin is not totally removed, leading to so-called high yield pulps
(HYP). Their yield can be as high as 95%, which can be compared to the yield of about
50% for chemical pulp with removed lignin [15]. Thus, high yield pulping is a preferred
option from the viewpoint of efficient utilisation of wood raw material. The main reason
for removing the lignin in chemical pulping is to achieve high brightness and strength,
which are important properties, e.g., white packaging, copy paper and some heavily-coated
brochure papers. On the other hand, HYP and particularly thermomechanical pulp (TMP)
are mainly used for magazine paper, newspaper and book paper, for which high opacity
and light scattering are more important than brightness or strength. However, the share of
paper usage has declined rapidly during recent years, which leaves a considerable amount
of space for new markets. At the same time, the process targets should be reconsidered
based on the changed product requirements.

The aim of this work is to investigate mechanisms underlying the above improved
mechanical properties obtained by hot-pressing. In particular, we would like to know how
to control lignin redistribution in fibre networks without deteriorating other fibre polymers
such as hemicelluloses. Moreover, the high temperature and moisture content of fibres may
introduce also other structural changes that affect the mechanical properties of the hot-
pressed web. These changes are characterized by X-ray tomography and scanning electron
microscopy (SEM). The experimental results are interpreted with the help of theoretical
ideas on polymer inter-diffusion. In addition to analysing the results carefully for webs
containing TMP, we show that the same diffusion mechanisms explain the wet-strength
improvement for a wide variety of other pulps despite their different lignin content.
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2. Materials and Methods
2.1. Materials

The paper materials used in this study were based on different mechanical and
chemical kraft pulps obtained from Swedish mills, together with some pulps produced in a
laboratory. Mechanical pulps with a lignin content of 26–28% included the following types:
TMP (Holmen AB Braviken mill, Norrköping, Sweden), CTMP (Rottneros AB Rottneros
mill, Sunne, Sweden, and SCA AB Östrand mill, Timrå, Sweden), and high-temperature
chemithermomechanical pulp (HTCTMP) produced at the test pilot refinery at Valmet AB,
Sundsvall, Sweden. Chemical kraft pulps with a lignin content of 0–12% were unbleached
kraft liner (SCA AB Obbola mill, Umeå, Sweden), bleached kraft liner (Metsäboard Husum
mill, Örnsköldsvik, Sweden), bleached kraft (Södra Cell Värö mill, Varberg, Sweden), and
unbleached kraft with different rest-lignin contents produced at the laboratory pilot of
MoRe Research (Örnsköldsvik AB, Örnsköldsvik, Sweden). The mechanical pulps and the
pilot-produced chemical kraft pulps were based on Norway spruce, and the rest of the
chemical pulps were based on softwood (a mixture of spruce and pine). The lignin content
was measured by the Klason method (T222).

All paper material except that containing TMP were prepared using a Rapid Köthen
sheet former (Paper Testing Instruments, Pettenbach, Austria) according to ISO 5269-2:2004,
resulting in uniform fibre orientation. The TMP paper was produced in an XPM Fourdrinier
paper machine at the laboratory of MoRe Research (Örnsköldsvik AB, Örnsköldsvik,
Sweden). The web width was 0.225 m, the machine speed was 1.4 m/min, and the fibre
orientation ratio was 1.7 between machine direction (MD) and cross-machine direction
(CD). The grammage of the paper materials was in the range of 100–150 g/m2. In both of
the above production methods, the structure forming step is followed by water removal
with wet-pressing at relatively low temperatures, which significantly affects the density of
the formed paper material. However, the largest changes in density take place during the
final hot-pressing process.

2.2. Pressing Methods

Two different pressing methods were applied in the experiments (Figure 1). Firstly,
test points pressed at temperatures equal to or lower than 200 ◦C were performed using
an oil-heated cylinder press (Figure 1a). Moist sheets were fed into the press on a felted
fabric with a rate of 1 m/min and a nip pressure of 6 MPa. The pressing time in the nip
was 1500 ms (at a nip length of about 25 mm) and after-hold was 70 s. Secondly, test
points hot-pressed at temperatures higher than 200 ◦C were performed using a test pilot
press with an infrared-heated steel belt carrying the paper samples through a nip shown
in Figure 1b. The speed was 3 m/min, corresponding to a pressing time of 40 ms (nip
length was about 2 mm) and the after-hold was 23.5 s. The nip load was estimated to be
8 MPa, and the press load of the steel belt was 0.15 MPa. In both cases, nip lengths were
measured with sensor films from Fujifilm Holdings Corporation (Tokyo, Japan), Prescale
LW 2.5–10 MPa. Thin blotter papers on both sides of an actual paper sample were used in
all tests to prevent sticking. The solids content of paper sheets was 50–60% before pressing
at the cylinder press, and at the infrared-heated steel belt press test pilot solids content of
TMP sheets was 50–100%.

2.3. Sheet Testing

Sheet testing was carried out after conditioning according to ISO 187. Grammage and
density were determined according to ISO 536 and ISO 534 respectively. The standard
sheet thickness was measured according to ISO 5270. Dry tensile strength was determined
according to ISO 1924-3. Wet tensile strength was measured according to ISO 3781 after
immersion in water for one hour.
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tively. The corresponding beam spot sizes were 26 nm, 26 nm and 4 nm, respectively. A 
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sample, which ranges from 5 to 7 mm, was adjusted for each image to achieve the best 
possible image quality. 

The cross-sections were polished either using an argon ion milling system (Hitachi 
IM4000Plus, Hitachi High-Tech Co., Tokyo, Japan) or by freeze-drying the specimens at 
−110 °C and vacuum for 12 h followed by crushing to produce the transverse sections. 
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X-ray tomography images of the sheets pressed at different temperature levels were 
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cord, CA, USA). A sample approximately 1 mm wide was cut from the sheet with a sur-
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(MTF10%), at 40 kV X-ray tube accelerating voltage and 4 W power. 1750 projection im-
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tions were reconstructed into a 3D volume image using the filtered backprojection algo-
rithm. The volume images show an area of approximately 1.1 mm × 1.1 mm of the sheet. 
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2.4. Characterisation
2.4.1. Scanning Electron Microscope (SEM)

Image analyses using a high-resolution SEM (Tescan Maya3-2016, TESCAN Brno,
s.r.o., Brno, Czechia) were performed on TMP sheets with different pressing conditions.
The applied electron beam voltage was 3.00 kV and the beam intensity was 1.00. To
obtain images of the structures at different scales, magnifications 500×, 2000× and 10,000×
were used. These magnifications correspond to pixel sizes of 270 nm, 67 nm and 13 nm,
respectively. The corresponding beam spot sizes were 26 nm, 26 nm and 4 nm, respectively.
A secondary electron detector was used to capture the images. The working distance to
the sample, which ranges from 5 to 7 mm, was adjusted for each image to achieve the best
possible image quality.

The cross-sections were polished either using an argon ion milling system (Hitachi
IM4000Plus, Hitachi High-Tech Co., Tokyo, Japan) or by freeze-drying the specimens at
−110 ◦C and vacuum for 12 h followed by crushing to produce the transverse sections.
Lastly, the samples were prepared by sputtering them with a 5–10 nm thin layer of iridium
prior to imaging.

2.4.2. X-ray Microtomography

X-ray tomography images of the sheets pressed at different temperature levels were
acquired using an X-ray microtomograph (CT) (Xradia MicroXCT-400, Xradia Inc., Concord,
CA, USA). A sample approximately 1 mm wide was cut from the sheet with a surgical
knife and glued to the top of a carbon fibre rod, which served as a sample holder. Images
were acquired with 0.6 µm pixel size, corresponding to 1.5 µm spatial resolution (MTF10%),
at 40 kV X-ray tube accelerating voltage and 4 W power. 1750 projection images per
sample were acquired with an exposure time of 10 s per projection. The projections were
reconstructed into a 3D volume image using the filtered backprojection algorithm. The
volume images show an area of approximately 1.1 mm × 1.1 mm of the sheet.

The reconstructed images were denoised using bilateral filter (spatial sigma = 1.5 µm,
radiometric sigma ≈ 7% of dynamic range) [18]. The filtered images showed a high
contrast-to-noise ratio (typically ≈ 40) and could therefore be segmented using the simple
Otsu thresholding method [19]. After the thresholding procedure, the remaining small
image artefacts were removed by deleting all contiguous regions whose size was less than
100 voxels. This procedure results in a visually correct segmentation, as shown in Figure 2.
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Figure 2. Visualisation of the X-ray microtomograph (CT) image of a sample pressed at 190 ◦C
temperature (grayscale), edges of segmented regions (red) and surfaces of the sheet (blue).

The surfaces of the paper sheets were defined using the Carpet method [20] which
works by lowering a surface following quenched noise Edwards-Wilkinson dynamics to-
wards the segmented paper sheet. The bright pixels corresponding to the paper eventually
slow down and stop the evolution of the surface. The paper surface is then defined by the
position where the motion of the dynamic surface stops. An example of the surfaces is
shown in Figure 2.

The total volumes of the sheet, pores, and fibres were determined by counting the
number of pixels classified to each material phase. The pore size distribution was deter-
mined using the local thickness algorithm [21]. Image analysis was performed using the
freely available software pi2 (https://www.github.com/arttumiettinen/pi2, accessed on 28
July 2021), and 3D visualisations were created using MeVisLab (MeVis Medical Solutions
AG, Bremen, Germany).

3. Results
3.1. Porosity of the Fibre Networks from X-ray Microtomography

Hot-pressing narrows the pore-size distribution of a sheet significantly as can be seen
in Figure 3. This effect is strongest at very high temperatures. Still, the mean pore size
in all cases is several micrometres and thus clearly higher than the resolution of X-ray
imaging. Therefore, it is reasonable to assume that the measurement of total pore volume
gives reliable results.
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temperature of 190 ◦C (cylinder press) and 270 ◦C (steel belt press).

The average porosity, 0.74, is quite high for the unpressed reference sheet. In this
case, lumens are still partly open, and the above value for porosity is similar as in earlier
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similar measurements [22]. During hot-pressing, density increases and porosity decreases
significantly as lumina collapse and fibres soften (Figure 4). Moreover, a slight decrease in
sheet porosity is also observed when temperature and pressure are increased, from 0.34 at
190 ◦C and 6 MPa (cylinder press) to 0.32 at 270 ◦C and 8 MPa (steel belt press), despite the
much shorter pressing time in the latter case. Thus, plastic fibre deformations take place
very rapidly at high temperatures when the polymer components of fibres soften.
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Table 1 shows the resulting sheet densities. The values obtained from 3D structural
images are higher than those obtained with standard sheet density measurements mainly
because of the surface roughness volume excluded when calculating the effective value
from the CT data.

Table 1. Effective density of the TMP sheets obtained from the X-ray microtomography (CT) com-
pared with the standard measurement.

Sample Effective Sheet Density (CT) Sheet Density (ISO 534)

Unpressed 367 kg/m3 313 kg/m3

Pressed 190 ◦C 955 kg/m3 694 kg/m3

Pressed 270 ◦C 1000 kg/m3 734 kg/m3

The effective fibre density ρ f can be measured from sheet grammage G, area of sample
A, and total volume of fibres Vf determined from the 3D images,

ρ f =
GA
Vf

(1)

Equation (1) gives the values 1440 kg/m3 (unpressed reference), 1450 kg/m3 (190 ◦C,
cylinder press) and 1460 kg/m3 (270 ◦C, steel belt press) for the density of the fibres. The
wall density without lumen is about 1500 kg/m3 for natural wood fibres [23]. The slightly
lower values can be explained by a small total volume of pores whose size is below the
imaging resolution. However, the main conclusion is that the hot-pressing does not induce
any noticeable density change in the fibre walls, despite a large reduction in the network
porosity and mean pore size.

3.2. Visual Observations on Pressing-Induced Changes in Fibres

Figure 5 shows SEM images of the TMP paper sheets pressed at different temperatures.
The unpressed sample (Figure 5a) has a porous structure, with fibres having their charac-
teristic oval shape. For the sheets pressed at higher temperatures, 190 ◦C (Figure 5b), and
270 ◦C (Figure 5c), fibres consolidate into ribbon-like structures with an almost perfectly
closed lumen. The sample pressed at 190 ◦C (cylinder press) is treated for a much longer
time, 1.5 s in the nip and 70 s after hold, compared to the sample at 270 ◦C (steel belt press),
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treated 40 ms in the nip and 23 sec in after hold. This difference appears as a more closed
surface for the 190 ◦C sample, despite its slightly higher overall porosity (see Section 3.1).
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Figure 5. SEM images of the structures for three different pressing temperatures for the material, (a) unpressed reference,
(b) pressed at 190 ◦C, and (c) pressed at 270 ◦C. SEM images of the cross-sections polished with an argon ion miller for three
different pressing temperatures for the material, (d) unpressed reference, (e) pressed at 190 ◦C, and (f) pressed at 270 ◦C.
SEM images of the freeze-dried cross-sections of the fibre wall for three different pressing temperatures for the material,
(g) unpressed reference, (h) pressed at 190 ◦C, and (i) pressed at 270 ◦C. The working distance for the samples was in the
range from 5 to 7 mm.

The porosity differences in different samples are best visible in SEM cross-sections of
these structures, obtained after polishing the samples with an argon ion milling machine.
In addition to inter-fibre pores, also fibre lumens stay partly open for the unpressed sheets
(Figure 5d). On the other hand, the highest 270 ◦C temperature causes an almost complete
disappearance of lumen space due to thermal softening (Figure 5f), whereas most of the
collapsed lumens are still visible at the lower 190 ◦C temperature (Figure 5e).

In order to look closer at the nano-/microstructure inside the fibre wall, cross-sections
were prepared also by freeze-drying the material prior to breaking the sheets. However, in
these cross-sections (Figure 5g–i), it is not possible to observe any substantial differences
in the porous structure when comparing the unpressed sample and the ones pressed at
high temperatures. This suggests that lignin and other matrix polymers are not extracted
from the fibre wall to the same extent as for some chemical treatments of wood fibres [24],
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where the extra microporosity is clearly visible. This observation is in alignment with the
fibre wall densities obtained from the CT analyses (see Section 3.1).

3.3. Lignin Inter-Diffusion Affecting Wet Tensile Strength

The dependence of wet tensile strength index (wet tensile strength divided by the
grammage) on pressing temperature seems to be defined by the activation energy for
the inter-diffusion of lignin between fibre surfaces. The inter-diffusion is expected to be
proportional to exp (− Ea

RT ) [10], where Ea is the activation energy, T is temperature, and R
is gas constant. We obtained Ea/R by plotting ln(Wet tensile strength index) vs. 1/Temper-
ature (1/T) and taking the slope of the linear fitting line. In Figure 6, this is done first for
TMP only (Figure 6a) and then for the whole data (Figure 6b) with different furnishes at
temperatures exceeding 150 ◦C. The relationship between ln(Wet tensile strength index)
and 1/T seems quite linear in the range of 150–270 ◦C for all pulps. This is striking taking
into account that the press type and associated nip dwelling time are different below
(cylinder press) and above (steel belt press) 200 ◦C for the data. The above exponential
temperature-dependence of lignin diffusion rate thus dominates over other factors when
the level of wet tensile strength of pressed material is set by these processes.
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The temperature behaviour of TMP (Figure 6a) is quantitatively similar to that of the
whole data (Figure 6b) with Ea/R ≈ 3080 K, i.e., Ea ≈ 26 kJ mol−1. This value is close to the
value of 29 kJ mol−1 obtained earlier for the diffusion of dissolved lignin from the interior
of the chip to the bulk liquor, during the kraft pulping of Eucalyptus globulus wood [25].
Thus, the diffusion rate does not seem to be very sensitive to the type of lignin.

We studied the effect of lignin content of fibres by making similar plots for different
pulps separately. A systematic increase in lignin content in the range of 0–12% was obtained
for chemical kraft pulps by varying the cooking time. The results for these pulps were
compared with similar data for CTMP (lignin content 27%) and TMP (lignin content
28%). Figure 7 shows both estimated Ea and extrapolated wet strength at 1/T = 0 for the
different cases. Here the 1/T = 0 limit, plotted on a logarithmic axis, describes the order of
magnitude of wet strength achievable in hot-pressing. On the other hand, a low Ea value
seen for the smallest lignin contents indicates a relatively weak temperature dependence,
which is generally coupled with a low 1/T = 0 limit as well. It seems that at least c.a. 7% of
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lignin in kraft fibres is required to raise wet strength to a similar level as for the other pulps.
On the other hand, lignin content of fibres higher than 12% does not seem to improve wet
strength further, as both the activation energy and the 1/T = 0 limit saturate in Figure 7.
In other words, the main improvement on wet strength is achieved already for moderate
lignin content of fibres. This suggests that a fairly thin surface layer of diffused lignin is
sufficient to provide the maximal bonding between wet fibres.
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Figure 7. The apparent activation energy (left vertical axis) and extrapolated ln(Wet tensile strength
index) at 1/T = 0 (right logarithmic axis) for different pulps with varied lignin content. The ex-
trapolation omits the degradation of fibre-wall polymers and therefore does not describe the true
high-temperature limit of wet tensile index. The points up to 12% lignin content describe kraft pulps
with varied cooking times in pulping. These results are compared with similar data for CTMP and
TMP with lignin content of 26–28%.

In addition to the primary effects of pressing temperature and lignin content (i.e., pulp
type) mentioned above, it is interesting to consider other parameters. Wet strength appears
to have a similar level and temperature behaviour for sheets with uniform (Figure 6b) and
non-uniform (Figure 6a) fibre orientation. This further suggests that the effective bonding
of the contacting inter-fibre surfaces is more important for wet strength than the geometry
of the fibre network. This idea is also supported by the observation that wet strength
is surprisingly insensitive to nip pressure. When studying heat-treated sheets with and
without applied nip pressure, we found no correlation between measured wet strength
and average sheet density. On contrary, wet strength and solids content before pressing are
correlated as shown in Figure 8. However, the total variation here is much smaller than that
for varied temperatures. One possible reason for the correlation between the wet strength
index and solids content could be the higher sheet temperature achieved when pressing a
drier sheet, which accelerates the lignin inter-diffusion and thus enhances bonding.
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Figure 8. Wet tensile strength index of TMP sheets improves when the pressing is done on a dried
web. Here the initial solids content is varied for the constant pressing temperature of 230 ◦C, keeping
other process conditions fixed for all trial points. The points represent an average of 10 data points
and their 95% confidence intervals. The applied pressure is 8 MPa for the blue markers, and 0 MPa
for the red markers. Wet tensile strength seems not to be very dependent on pressure or density. The
applied pressure (0.15 MPa over 23 s) exerted by the steel-belt after the pressing nip seems sufficient
to improve wet tensile strength to the same level as when using the 8 MPa nip pressure.

3.4. Network Stiffness and Dry Tensile Strength

The same varying solids contents prior to pressing as in Figure 8 were used for the
data in Figure 9, where elastic modulus and dry tensile strength index (dry tensile strength
divided by the grammage) are compared against sheet density. The elastic modulus for
oriented TMP sheets in MD increases with density (Figure 9a). This is expected as density
generally determines the relative bond area for random fibre networks [26]. Nevertheless,
the correlation between dry strength and density is rather poor for this particular fibre type
(Figure 9b), suggesting that the inelastic behaviour after yielding of the fibre network is
important for dry strength. All in all, it seems that the mechanisms underlying dry strength
are much more complex than the inter-diffusion mechanism previously discussed in the
case of wet strength. For example, in Figure 9b, there is a much higher dry strength value
for a particular pressing condition corresponding to 62% solids content. In this case, the
parallel measurements have very good reproducibility. Curiously, the elastic modulus,
calculated from the same measurement curves, does not differ from the general trend
observed for other conditions, as shown in Figure 9a. It is possible that the dry strength
(and associated inelastic straining) is more sensitive to overheating of the fibre polymers
than the wet strength. Thus, maximising dry strength may require a delicate balance of
temperature and process dynamics for optimal moisture removal during hot-pressing.
Generally, inelastic deformations are controlled by amorphous fibre components such as
hemicelluloses, whose mechanical behaviour changes dramatically with varying moisture
content and temperature [27–29].
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Figure 9. (a) Elastic modulus (MD) of hot-pressed sheets with and without nip pressure follows the density as expected.
(b) Correlation between tensile strength index (MD) and density is still rather weak. The solids contents prior to pressing
are indicated in the figures. Note the highest value, which appears like an outlier here, comes from the same measurement
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The deterioration temperatures of cellulose and hemicellulose differ slightly, and some
differences for the high-temperature behaviour of elastic modulus and dry tensile strength
could be expected. The hemicelluloses degrade at 230–315 ◦C, whereas lignin decomposes
over a broader temperature range of 200–500 ◦C [30,31]. However, as seen in Figure 10
for varied pulp types, both elastic modulus and dry strength peak around 150–200 ◦C,
followed up by a decrease for most cases when further increasing the temperature. In other
words, the above slight differences in polymer degradation do not seem to change the big
picture concerning the mechanical behaviour of materials with different pulp types. The
only exceptions are a few kraft pulp samples, which contain some lignin that might shield
hemicelluloses, and for which a similar decrease of mechanical properties beyond 200 ◦C is
not observed.
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Figure 10. Elastic modulus and dry tensile strength index for a wide data set of sheets with uniform
fibre orientation and different furnishes. One should notice that samples above 200 ◦C have been
pressed using the steel-belt press, and those in the range of 20−200 ◦C have been pressed with cylinder
press. The dashed trend lines describe the average behaviour for varied pressing temperatures.
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Standard carbohydrate analysis (performed with SCAN-CM 71:09) of some of the
samples pressed at 20 ◦C and 270 ◦C showed a small reduction in hemicellulose content
(calculated according to KA 10.314) caused by hot-pressing. The samples containing nearly
100% carbohydrate showed the largest decrease in hemicelluloses (less than 10% decrease),
perhaps due to the lack of “protecting” lignin. However, in general, the changes are rather
small in all cases, which is in agreement with earlier findings in wood welding studies [32].
This means that it is not possible to explain the decrease in mechanical properties caused by
hot-pressing, as seen in Figure 10, solely by observing the changes in hemicellulose content.

4. Discussion

Hot-pressing often produces a significant increase in the wet tensile strength of paper
webs. This effect is strongest when the lignin content of the fibres exceeds 7–12% and the
pressing temperature is as high as possible. It is possible that there is an optimum range of
lignin contents for wet strength. The relative change in wet strength with temperature is
similar for very different pulps, which is explained by a similar lignin inter-diffusion mech-
anism that strengthens inter-fibre bonding under wet conditions. The strong exponential
temperature dependence of the diffusion rate appears to overrule other factors such as
pressing time or changes in network density (affected by nip pressure) in determining wet
strength levels. This suggests that the wet-strengthening mechanism described above is
not sensitive to the amount of lignin diffusing into the bond region between fibres. Even a
very thin layer of lignin is sufficient to glue fibre surfaces together so that the bond formed
is water resistant. However, it appears that a lignin content of at least 7% is required to
cover the surfaces well enough for the wet strength improvement to reach its full potential.

When investigating wet strength for TMP papers with varying initial solids content,
the best results were obtained when pressing an initially dry web, which is also expected to
have the highest web temperature. It should be noted that the theoretical intra-fibre vapour
pressure can become very high, several tens of bars, when the temperature is 200 ◦C or
higher and the solids content is below 80% (see Appendix A). This high internal pressure
in the fibre walls does not appear to accelerate lignin transfer, at least when considering the
observed changes in wet strength at different solids contents. In other words, lignin and
water transport mechanisms seem to decouple from one another. This is very interesting
since it is known that the presence of water critically affects the softening (i.e., Tg) of lignin.

The dry tensile strength of hot-pressed TMP paper shows a very complex behaviour
under varying process conditions. Rather than having clear trends with varying solids
content or temperature, certain conditions appear to be more optimal than others in
unexpected ways. This behaviour differs depending on the pulp being pressed, e.g.,
mechanical pulp or chemical pulp, so it is difficult to draw general conclusions. However,
it seems that softening, e.g., by water or sulfonation [13], is important for dry strength.
It should be noted that dry strength is quite high even without pressing, so the relative
changes are smaller than for wet strength. In addition, polymer degradation can degrade
strength at high temperatures. Therefore, evaporation of water in the fibre walls can
appropriately control the temperature rise and prevent polymer degradation. Perhaps
the best conditions consist of pressing times and temperatures that are just sufficient to
evaporate most of the water from the fibres but do not cause over-drying or heating of the
fibres that degrades their strength properties.

5. Conclusions

The main findings in this study are highlighted below:

• Hot-pressing does not cause a noticeable change in density in the fibre walls, despite
a large reduction in network porosity and mean pore size.

• The wet strength increases with increasing pressing temperature. The stronger bond-
ing of the wet fibres can be explained by inter-diffusion of lignin macromolecules
(with an activation energy around 26 kJ mol−1) after lignin softening. The associated
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exponential acceleration of diffusion with temperature dominates the setting of wet
strength over other factors such as process dynamics or final material density.

• The highest solids content before hot-pressing for the TMP sheets was found to give
the highest values for wet strength. A possible explanation for this is that when a drier
sheet is pressed, a higher temperature is reached, which accelerates the inter-diffusion
of the lignin and thus enhance bonding. No significant correlation was observed
between the varied solids content before pressing and dry strength.

• The elastic modulus increases with the increasing density of the sheets after hot-
pressing, as expected. On the other hand, the dry strength does not show the same
trend, indicating that the inelastic behaviour after yielding is responsible for the
observed differences among the trial points.

• For dry strength and elastic modulus, the optimum pressing temperature is lower
than for wet strength due to the degradation of hemicelluloses.
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Appendix A

The vapour pressure Pv inside a fibre wall at elevated temperatures can be estimated
based on the theory developed by Flory and Huggins [33]. We assume that all water is
bound to the (hemi)cellulose gel. In a binary polymeric solution (w water, c cellulose) [33],
the vapour pressure Pv is given by

ln
(

Pv

P0

)
= ln(φw) +

(
1 − vw

vc

)
φc + χφ2

c (A1)

where P0 is the vapour pressure of pure solvent, approximated by the Antoine equation

log10P0 = A − B
C + T

; A = 8.071, B = 1731 ◦C, C = 233.4 ◦C (P0 in Torr) (A2)

In Equation (A1), φi is volume fraction, vi is molar volume (molar mass divided by
mass density), and χ is Flory–Huggins interaction parameter (for cellulose at moderate
water contents). According to reference [34], the specific volume (or density) of cellulose
does not vary much with temperature up to 190 ◦C if the pressure remains below 20 MPa.
Assuming that the lignin content of fibre is cl , the cellulose content is 1 − cl . The volumes
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of the different components are (assuming bulk phase dominates the volume for both
components when the moisture content is high).

Vi =
Mi
ρi

(A3)

For cellulose, we obtain the volume

Vc =
(1 − cl)M f

ρc
(A4)

where M f is dry fibre mass and ρc is cellulose density. The water mass in terms of moisture
content mc and dry fibre mass M f becomes

Mw =
mc M f

100 − mc
(A5)

leading to the water volume

Vw =
mc M f

(100 − mc)ρW
(A6)

where ρw is water density. The total volume of the water-cellulose gel can be approximated as

VT ≈ Vc + Vw =

[
1 − cl

ρc
+

mc
(100 − mc)ρw

]
M f =

(1 − cl)(100 − mc)ρw + mcρc

ρc(100 − mc)ρw
M f (A7)

Thus, we can write volume fractions as

φw =
Vw

VT
≈ mc ρc

(1 − cl)(100 − mc)ρw + mcρc
(A8)

φc =
Vc

VT
≈ (1 − cl)(100 − mc) ρw

(1 − cl)(100 − mc)ρw + mcρc
(A9)

In Figure A1 we show the behaviour of vapour pressure for varied temperatures and
solids contents. The used values of the parameters are presented in Table A1.
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Table A1. The values of the parameters used for plotting the vapour pressure as a function of
temperature and solids content in Figure A1.

Parameter Value

Molar volume of water (vw) 18.02 cm3/mol
Molar volume of cellulose (vc) 101.3 cm3/mol

Flory–Huggins interaction parameter (χ) 0.67 [35]
Density of water (ρw) 1000 kg/m3

Density of (crystal) cellulose (ρc) 1600 kg/m3

Lignin content of fibre (cl) 25%
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Abstract: The paper aims to investigate the behavior of Arboblend V2 Nature biopolymer samples
covered with three ceramic powders, Amdry 6420 (Cr2O3), Metco 143 (ZrO2 18TiO2 10Y2O3) and
Metco 136F (Cr2O3-xSiO2-yTiO2). The coated samples were obtained by injection molding, and the
micropowder deposition was achieved by using the Atmospheric Plasma Spray (APS) method, with
varied thickness layers. The present study will only describe the results for nine-layer deposition be-
cause, as the number of layers’ increases, the surface quality and mechanical/thermal characteristics
such as wear, hardness and thermal resistance are also increased. The followed determinations were
conducted: the adhesion strength, hardness on a microscopic scale by micro-indentation, thermal
analysis and structural and morphological analysis. The structural analysis has highlighted a uni-
form deposition for the ZrO2 18TiO2 10Y2O3 layer, but for the layers that contained Cr2O3 ceramic
microparticles, the deposition was not completely uniform. The thermal analysis revealed structural
stability up to a temperature of 230 ◦C, the major degradation of the biopolymer matrix taking place
at a temperature around 344 ◦C. The samples’ crystalline structure as well as the presence of the
Cr2O3 compound significantly influenced the micro-indentation and scratch analysis responses. The
novelty of this study is given by itself the coating of the Arboblend V2 Nature biopolymer (as base
material), with ceramic microparticles as the micropowder coating material. Following the under-
taken study, the increase in the mechanical, tribological and thermal characteristics of the samples
recommend all three coated biopolymer samples as suitable for operating in harsh conditions, such
as the automotive industry, in order to replace plastic materials.

Keywords: biodegradable thermoplastic; coating; Amdry 6420; Metco 143; Metco 136F; hardness;
adhesion; structure

1. Introduction

The thermal coating process finds its applicability in areas such as the automotive,
aerospace and naval industries in order to improve the corrosion resistance, wear resistance
and lifetime of the equipment part as follows: thermal barrier coatings for components
that operate in severe thermal conditions (turbine blades, fuel parts, vanes) with the role of
increasing their life by improving resistance to oxidation, heat and corrosion [1]; hard metal
coatings such as tungsten and chromium carbide are commonly used to increase the wear
and corrosion resistance of the parts surfaces [2]; corrosion resistance after heat treatment
of a Cr3C2–NiCr coating showed significant improvement due to both the microstructural
changes and the presence of a metallurgical bond at the coating–substrate interface [3];
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titanium plasma spraying (TPS) used on polymers as polyethylene/polyamide highlighted
good mechanical properties and increased hardness [4].

One of the most common thermal deposition techniques is Atmospheric Plasma Spray
(APS), and the coatings obtained by zirconium and chromium ceramic layer depositions
are widely spread materials in mechanical applications [5]. The main drawbacks of these
coatings are given by the micro-cracks, isolation inhomogeneity and residual stresses
(appears during cooling process) [6].

The Al2O3 (aluminium oxide (alumina)) powder with high purity used for coating,
usually applied by the plasma spray method, presents electrical insulation in terms of
thermal conductivity and dielectric characteristics. Furthermore, the coatings are wear-
resistant, have higher hardness, higher temperature stability and are chemically inert. The
ceramic coating is suitable for electrical, electronic and semiconductor manufacturing tool
applications, electrostatic chucks and capacitors, vacuum chamber lines, etc. The high pu-
rity of the material ensures that it will not contaminate the semi-conductor components [7].
Nickel, zirconium, aluminium, molybdenum and chromium, as powder elements, are
a good choice for applications that require high toughness with moderate resistance to
fretting, erosion and scuffing. Zinc-based coatings are widespread in applications that
require increased corrosion resistance, but if this chemical element is not alloyed with other
elements such as tungsten carbide or nickel, it has low mechanical characteristics [8]. The
degradation of the Zn–polymer interface has been studied by the authors of the paper [9],
and they point out that the delamination can be inhibited by CO2 gas in a humid environ-
ment. Inhibition depends very much on the polymer matrix’s affinity for carbon dioxide.
Other researchers such as [10] have used nano-zinc-oxide (5 wt %) and epoxy acrylate in
order to obtain a corrosion protection coating for mild steel panels.

It is well known that the addition of ceramic particles, metals particles and biopoly-
mers as a substrate provides a combination of properties of all three types of materials:
biopolymer matrices and metallic and ceramic reinforcement components. This may result
in the improvement of the physical and mechanical properties of the composite [11].

In the literature, the applications of function coatings refer mainly to corrosion protec-
tion characteristic, and there is a limited emphasis on equally important properties—for
example, mechanical robustness, which is significant for determining the applicability of
developed coatings. However, there are discussions on the principal working theories, pro-
cedures for preparation, performance investigations and applications of superhydrophobic
coatings, for instance: a viable preventative method for controlling metal corrosion due
to their mechanical stability and durability, and the shortcoming consists in the ability of
maintaining this characteristic for a prolonged period of time [12]; corrosion inhibition of
metallic materials with the help of smart coatings involves difficulties in achieving some fea-
tures as thermal stability, resistances to scratching and strong chemical acids, high optical
transmission, in situ healing, etc. [13]; coating of stainless steel and titanium bipolar plates
in order to improve the corrosion resistance and electrical conductivity in PEMFC (proton-
exchange membrane fuel cells), which has, for the moment as the main impediment in the
large-scale spread of the product, a high manufacturing cost [14]; excellent anticorrosion
durability obtained by coating the polyaniline–graphene oxide composite with zinc-based
waterborne [15]; anticorrosive coatings in the marine field face the degradation, loss of
adhesion and failure of coating systems [16]; metallic substrates (aluminum alloy) coated
with active corrosion protection systems (with self-healing ability) such as silica−zirconia
nanoparticles highlighted long-term corrosion protection and the ability to self-heal defects,
and these characteristics are obtained by rigorous control of the inhibitor regular release
at the moment when the corrosion process begins to arise [17]. A comparative review
that accounts for all factors, including the durability and other mechanical properties, is
essential for understanding the applicability of an advanced coating at a practical level.

In addition, another area targeted by coating researchers is related to composites based
on polymer matrices with the inclusion of magnetic nano-sized particles: Polydimethyl-
siloxane (PDMS) coated with different concentrations of nanosized Ni@C core-shell [18];
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Ni-silicone elastomagnetic composites [19]; polyacrylamide-based hydrogels coated with
Ni ferrite [20]; polyetherurethane (TFX) and a biodegradable multiblock copolymer (PDC)
with poly(p-dioxanone) as hard segment and poly(ε-caprolactone) as soft segment were
investigated as matrix component, coated with iron oxide particles [21]; and oligo(ε-
caprolactone)dimethacrylate/butyl acrylate, coated with Fe3O4 [22]; carbon-fiber–epoxy
composites coated with two thermal ceramic particles (lass flakes and aluminum titanate)
in order to create a thermal barrier for the substrate [23]. The interest of researchers was
focused mainly on elastomagnetic effects [19] and the wide prospects of applications as
follows: Ni ferrite with a highly organized structure as humidity sensors [20]; magnetic
nanoparticles for practical applications which involve sensors and biosensors [24]; magne-
toresistive sensors for applications where the ultimate field detection limits are required or
as readers in hard disk drives [25]; Mg substitution on Ni-ferrite ceramics with applications
in biomedicine, gas detection, heterogeneous catalysis, adsorption, etc. [26]; shape-memory
materials through the inductive heating of magnetic nanoparticles in thermoplastic poly-
mers [21]; and the incorporation of surface-modified superparamagnetic nanoparticles into
a polymer matrix [22]. These materials also demonstrate prospects for biomedicine: drug
delivery, hyperthermia, magnetic resonance imaging contrast enhancement [27] and the
manipulation of cell membranes [28]; recording media and high-frequency applications—
electromagnetic-wave-absorption materials [29], microwave absorption [30] and gigahertz
microwave absorption [31].

In this paper, the authors have analysed three types of plasma jet coatings for interme-
diate layers (micrometallic powder) and one type of ceramic coating (aluminium oxide).
The coatings were made on Arboblend V2 Nature substrate materials. The samples were
obtained using injection moulding, and the method used for coating was atmospheric
plasma spraying.

The registered trademark Arboblend®, developed by scientists and engineers from
the German company Tecnaro in collaboration with those from the Fraunhofer Institute for
Chemical Technology, is a 100% biodegradable biopolymer [32], and a part of the current
research group has investigated the behavior of samples covered with metallic intermediate
layer and ceramic final layer in the past but not at such a deep level and not following an
experimental plan [33].

The aim of the manuscript was to obtain a new material with improved properties
that can then be used successfully as a substitute for synthetic plastics in the automotive
industry. Given this objective, the biodegradable material Arboblend V2 Naure was chosen,
for which the research team previously studied the properties. The next step was to realize
the coating with ceramic microparticles by using the APS method, after which the same
characteristics were studied. The present study is not found in the research activity of other
authors, so the proposed research through both technology and experimental results is
constituted as a novelty element.

The introduction section provides a coatings overview. This chapter is followed by a
description of the materials and methods used in the analysis of the coated samples. The
results of the experimental research are presented and commented on in Section 3.4, and
the conclusions part suggestively presents general comments on the main obtained results.

2. Materials and Methods

The thermoplastic material selected to be coated with ceramic microparticles was
Arboblend V2 Nature. According to the information provided by the producers but also to
some studies from the specialized literature [32,34,35], the basic matrix of the polymer is
lignin, this being extracted from annual vegetable plants, so it is not necessary to use wood
raw materials that require dozens of years or even longer to reach maturity and be used in
the forestry and paper industry. This is important to mention because another source of
lignin used for this material comes from its extraction from the paper industry waste. In
addition, the Arboblend V2 Nature structure can contain a significant amount of polylactic
acid (PLA—also biodegradable polyester) and other constituents such as bio-polyamides
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(bio-PA), cellulose, natural vegetable fibers and, for processing in good conditions, contains
a small amount of natural additives (resins, waxes, shellac) [33,36,37].

Obtaining the necessary samples for coating with ceramic layers was realized by
injection in the mold using the SZ-600H equipment (SHEN ZHOU, Zhangjiagang, China).
The dimensions of the samples were (70 × 50 × 10) mm3. The following technologi-
cal parameters were used for injection: material melting temperature—165 ◦C; injection
pressure—100 MPa; injection speed—80 m/min; cooling time—30 s.

The preparation of the rectangular biopolymer samples consisted in the fixed adhesion
between metal strips, followed by the blasting and removal of impurities in order to obtain
a surface roughness that was as low as possible. The final stage of preparation was
degreasing with ethyl alcohol.

Atmospheric plasma spray (APS) technology (SPRAYWIZARD-9MCE, Sultzer-Metco,
Westbury, New Yorkxz, USA/9MBspraying gun) was used to cover the injected samples.
The technological coverage parameters used are shown in Table 1.

The deposition rate of the microparticles was constant. The thickness of the deposited
ceramic layer was of the micrometers order and for the thermal control of the samples’
melting temperature, a laser pyrometer was used throughout the process.

Three ceramic powders were used for the coating: Amdry 6420 (Cr2O3), Metco 143
(Cr2O3-xSiO2-yTiO2) and Metco 136F (ZrO2 18TiO2 10Y2O3). The three micropowders
were deposited on three samples injected from Arboblend V2 Nature. On each sample,
a distinct number of passes was made, namely, 5, 7 and 9 passes, in order to study the
improvement or not of the mechanical characteristics with the increase in the deposited
ceramic layer. However, this manuscript will only present the results for the samples
obtained by performing 9 passes, because the objective of the paper is to highlight the
uniformity and homogeneity of the deposited layers, which is not entirely revealed by the
samples obtained with 3 and 5 passes. The experimental plan used to cover the samples
with ceramic micropowders is highlighted in Table 2.

Table 1. Technological parameters used during the counting process.

Powder
Gun
Type

N2 H2 Electric 9MP Powder Dispenser
Spray

Distance (mm)
Pressure

(Bar)
Gas Flow
(NLPM)

Pressure
(Bar)

Gas Flow
(NLPM)

DC
(A)

DC
(V)

Carrier Gas
Flow (NLPM)

Air Pressure
(Bar)

Amount
(g/min)

ZrO2 18TiO2
10Y2O3

9MB

3.4 44 3.4 6.6 400 70–80 5.3 1.4 144 137

Cr2O3 3.6 39 3.6 6.6 400 70–80 5.1 1.4 126 145

Cr2O3-xSiO2-
yTiO2

3.7 42 3.7 6.6 400 70–80 5.1 1.4 132 145

Table 2. Experimental plan used to cover the samples with ceramic layer.

No.crt. Sample Number Powder Type Number of Passes

1 1 143 5

2 2 143 7

3 3 143 9

4 4 6420 5

5 5 6420 7

6 6 6420 9

7 7 136 5

8 8 136 7

9 9 136 9
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The ceramic micro powders were purchased from the Oerlikon Metco manufacturer
(Bella Vista, New South Wales, Australia). The microparticles dimensions and shapes are
varied as follows [38]:

- Chromium Oxide Thermal Spray Powder, Amdry 6420 (Cr2O3): angular, blocky
morphology, (10–105) µm;

- Chromia–Silica composite powder, Metco 136F (Cr2O3-xSiO2-yTiO2): irregular or an-
gular/blocky morphology, (9–110) µm, Cr2O3—Balance; SiO2—(3.0–4.5)%; TiO2 < 4.0%;

- Zirconia–Titania–Yttria Composite Powder, Metco™ 143 (ZrO2 18TiO2 10Y2O3): spheroidal
morphology; typically particle size between (3–40) µm;

- The microindentation and scratch tests used the CETR UMT-2 microtribometer (Uni-
versal Materials Tester, CETR®, Campbell, SUA). Test conditions were as follows:

- Scratch analysis: a blade with a tip of 0.4 mm (radius at the tip) was used, the samples
were fixed on the table and during the test samples were pressed with a vertical force
of 10 N NVIDIA blade, moving the table over a distance of 10 mm in 60 s, and the
test speed was 0.167 mm/s. The software performed the automatic test and recorded
the following parameters: vertical force Fz, horizontal force Fx, time and distance of
movement in the horizontal direction Y (of the fixing mass of the sample).

- Microindentation test: the Rockwell type indenter was used (cone with diamond
tip having an angle of 120◦ and a radius at the peak of 200 microns), the samples
were fixed on the table and during the test samples were pressed with a vertical
force of 10 N (with steps/times described in work). Three samples of each type
of powder were tested in order to be able to calculate the parameters statistically
with the highest possible accuracy (hardness and Young’s modulus). The software
performed the automatic test and recorded the following parameters: vertical force
Fz, time and vertical travel distance C of the indenter (with capacitive sensor). Other
process parameters were loading time—30 s; holding time—15 s; unloading time—
30 s; and sensor of (0.2–20) N. Microindentation tests involved testing three samples
for each type of ceramic powder in order to confirm experimental repeatability. The
average values were obtained by calculating the arithmetic average, and the standard
deviation highlights the variation in a set of numbers compared to the calculated
average value.

In order to determine the thermal, structural and morphological behavior, only the
samples with 9 successive passes were selected for this study: sample 3 coated with
Zirconia–Titania–Yttria Composite Powder, Metco™ 143, further noted with P3–143–9
passes; sample 6 coated with Chromium Oxide powder, Amdry 6420, noted with P6–6420–
9 passes; sample 9 coated with Chromia–Silica composite powder, Metco 136F, noted with
P9–136–9 passes. The used equipments for these analyzes were as follows:

Differential scanning calorimetry (DSC) was performed on a DSC 200 F3 Maia differ-
ential scanning calorimeter (NETZSCH-Gerätebau GmbH, Selb, Germany). The calibration
of the device was realised in accordance with mercury (Hg), zinc (Zn), Indium (In), Tin (Sn)
and Bismuth (Bi) standards. The mass of the analyzed samples was less than 30 mg. The
experiments were analyzed in the atmosphere of inert gas (Ar). In this experiment, a sam-
ple and a reference (an empty crucible) were subjected to the same temperature program.
The temperature program consisted of heating from room temperature (RT ≈ 20 ◦C) to
200 ◦C, then cooling from this temperature to RT. The heating and cooling speed used was
10 K/min. During the experiment, the reference and sample temperatures were measured
and the temperature difference recorded between the two was converted into heat flux.
The recorded thermograms were then evaluated using Proteus software (provided by
NETZSCH). The tangent method was used to determine the transition temperatures. The
area was determined by using a rectilinear baseline. Temperature of the transformation
beginning (Tonset), temperature assigned to the peak (Tpeak), temperature at the end of the
transformation (Tend) and the amount of absorbed or dissipated heat were determined.

Thermogravimetric curves (TG), derived thermogravimetric curves (DTG) and dif-
ferential thermal analyzes (DTA), were determined using Mettler Toledo TGA/SDTA 851
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equipment. The mass of samples subjected to thermal decomposition was between 2.9 and
3.9 mg. It was worked in an air atmosphere with a flow rate of 20 cm3/min. The study
was realized in the temperature range of 25–700 ◦C using a heating rate of 10 ◦C/min. The
processing of thermogravimetric curves was performed with the STARe SW 9.10 software
from Mettler Toledo (Columbus, OH, USA). As in the case of DSC analysis, the begin-
ning (Tonset), maximum (Tpeak) and end (Tend) temperatures of each thermal degradation
stage were determined. For each identified stage, it is indicated the loss mass percentage
residue (W%).

SEM structural analysis (Scanning Electron Microscopy) was performed on the QUANTA
200 3D electron microscope (FEI Company, Fremont, CA, USA). Micrographic maps of the
samples coated with ceramic micropowders were made on their surface to observe mainly
the uniformity of the deposition. The main parameters considered were the following:
the pressure inside the microscope chamber—60 Pa; detector—(Large Field Detector) for
the analysis of non-conductive samples such as polymers, textile fibers, powders, etc.; tilt
angle—0◦; secondary electron acceleration voltage—20 Kv; working distance—15 mm;
magnification power—500×–2000×.

To determine the chemical elements that appeared with the deposition of the ceramic
layers, an Energy-dispersive X-ray spectroscopy (EDX) together with a SEM was performed.
The SEM equipment was VegaTescan LMHII (TESCAN ORSAY HOLDING, Kohoutovice,
Czech Republic) with EDX detector X Flash 6I10 from Bruker, Germany, using Esprit
2.2 software. The type of EDX analysis was in-line in order to capture as accurately as
possible the difference in chemical composition between the resulted microceramic layer
and substrate material.

X-ray diffraction analysis (XRD) was performed with the X’Pert Pro MRD X-ray
diffractometer, which has a Cu kα anode X-ray tube, λ–1.54 Å, Panalytical equipment
(PANalytical, Almelo, the Netherlands), on which a voltage of 45 kV was applied, the
variation of the diffraction angle (2θ) being between 10 and 90◦. Two X’Pert Data Collector
programs were used to process the data and make the diagrams, namely X’Pert High Score
Plus version number 3 and X’Pert Data Viewer version number 2.2 g (Malvern Panalytical,
Malvern, UK). This analysis aimed to identify the existence of crystallization phases specific
to ceramic micropowders deposited on the surface of the samples from Arboblend V2
Nature. The identification of the crystallization phases was performed by comparing the
obtained data with those from the scientific literature.

The chemical composition analyses were performed in five distinct points, and an
overall average composition was made with the help of Minitab software.

3. Results and Discussion
3.1. DSC Analyse

In order to establish the physical transformations that take place during the gradual
heating of the Arboblend V2 Nature samples coated with ceramic micropowders, a DSC
analysis was performed. Three distinct samples were used, one from each type of powder:
P3–143–9 passes; P6–6420–9 passes; and P9–136–9 passes. The sample size was less than
5 mm; their mass was less than 20 mg.

During the heating of the three selected samples, three transformations were high-
lighted, two of them endothermic (Ist and IIIrd) and one exothermic (IInd), the same thermal
behavior being highlighted for the sample injected from Arboblend V2 Nature but not
covered with a ceramic layer [34,35].

The variation in the heat flow in relation to the recorded temperature for the three
phase transformations of each analyzed sample is shown in Figure 1. In order to highlight
the possible different thermal compartments of the coated samples, the three signals
were overlapped.
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Figure 1. Highlighting the thermal behaviors of the tested samples: Ist—first transformation; IInd—second transformation;
IIIrd—third transformation; P3–143–9 passes (green), P6–6420–9 passes (blue), P9–136–9 passes (red).

Both Figure 1 and Table 3 reveal changes in the temperatures at which the phase
transformations take place. This aspect can be attributed to the small but still existing mass
difference between the three analyzed samples (P3–143–9 passes 12.6 mg, P6–6420–9 passes
16.7 mg, P9–136–9 14.5 mg). At the same time, the amount of heat absorbed or dissipated
is slightly different [39]. Another reason that could have generated this difference is the
thickness of the deposited layer with the completion of the nine passes. As the dimensions
of the microparticles differ in the case of the three ceramic powders, it is expected that
the powder, whose microparticles are larger, will form a thicker layer, and thus the phase
transitions will take place at slightly higher temperatures and the amount of absorbed or
dissipated heat will be lower.

The critical temperatures of the three transformations are as follows: Tonset is the
starting temperature; Tpeak is the middle temperature; Tend is the finishing temperature
(determined using the tangent method); and ∆H/m is the amount of dissipated/absorbed
heat (using a rectilinear baseline).

Analyzing the first phase transformation, it is observed that the three samples register
an endothermic maximum around 65 ◦C, a slightly lower transition temperature (64.7 ◦C)
that the P3–143–9 passes sample (Zirconia–Titania–Yttria Composite Powder), whose
powder has a smaller granulation. The first peak can be associated with a slow monotropic
transformation of the solid-solid type and of some metastable crystals [40], which takes
place with reduced heat absorption, −8.81 kJ/kg for P3–143–9 passes, −4.29 kJ/kg for the
P6–6420–9 passes and −5.57 kJ/kg in the case of the P9–136–9 passes. The variation in the
absorbed heat can be attributed, first of all, to the thickness of the deposited layers but also
to the mass difference of the analyzed samples.

Table 3. Calorimetric characterization of samples coated with ceramic layers.

Sample Transformation Tonset
[◦C]

Tpeak
[◦C]

Tend
[◦C]

∆H/m
[kJ/kg]

P3–143–9
passes

Ist 62.0 64.7 68.5 −8.81

IInd 81.9 87.2 93.0 19.36

IIIrd 162.7 169.3 175.3 −40.1

P6–6420–9
passes

Ist 62.1 65.3 71.2 −4.29

IInd 81.4 87.2 94.2 7.16

IIIrd 164.0 173.7 185.3 −38.14

P9–136–9
passes

Ist 61.8 65.8 71.8 −5.57

IInd 81.7 88.7 95.6 8.66

IIIrd 166.0 171.4 178.0 −48.38
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The second peak takes place around the temperature of 86 ◦C, the powder with the
highest granulation, the P9–136–9 passes, registering an increase in the transformation with
1.5 ◦C higher than the other two covered samples. The exothermic peak can be associated
with the base biopolymer crystallization or with the reticular reorganization of lignin, the
basic matrix of the biopolymer [39].

The third peak occurs with considerable heat absorption, in the case of all analyzed
samples: −40.1 kJ/kg for the sample with smaller microparticles (P3–143–9 passes) and
−48.38 kJ/kg for the sample with higher granulation (P9–136–9 passes). The endother-
mic transformation is attributed to the melting of the Arboblend V2 Nature biopolymer
around the temperature of 170 ◦C, with small variations depending on the size of the
ceramic microparticles.

3.2. TG Analyses

Knowing the thermal stability of Arboblend V2 Nature samples coated with ceramic
powders is essential because their use in applications that require operation in severe
working conditions, whether it is wear resistance or thermal resistance, requires the study
of thermogravimetric behavior. It is desirable that the coating with ceramic microparticles
increases the mechanical characteristics but also the thermal stability. Figure 2 compares the
thermogravimetric (TG), derived thermogravimetric (DTG) and differential thermal (DTA)
curves for the three samples coated with ceramic layers made from nine successive passes.

The main thermogravimetric characteristics of the P3–143–9 passes, P6–6420–9 passes
and P9–136–9 passes samples are presented in Table 4.

Table 4. Thermogravimetric characteristics of the samples covered with ceramic micropowders.

Sample Stage Tonset
[◦C]

Tpeak
[◦C]

Tend
[◦C]

W
[%]

DTA
Characteristic

Residue
[%]

P3–143–9
passes

I 289 341 369 84.98 exo
3.81

II 413 423 436 11.21 exo

P6–6420–9
passes

I 282 346 373 84.61 exo
6.60

II 413 426 438 8.79 exo

P9–136–9
passes

I 281 347 367 88.06 exo
1.68

II 415 426 438 10.26 exo

Tonset, the temperature at which thermal degradation begins at each stage; Tend, the temperature at which the thermal degradation ends
at each stage; Tpeak, the temperature at which the degradation rate at each stage is maximum; W%, percentage mass loss at each stage;
residue, the amount of degraded sample remaining at a temperature above 700 ◦C.

The three coated samples with different ceramic layers highlight two decomposition
stages, the first recorded being around a temperature of 345 ◦C, with a significant mass
loss of over 85%: this decomposition is attributed to the structural degradation of the basic
constituent of the material, lignin. This stage consists of the formation of aromatic hydrocar-
bons, guaiacyl-/syringyl-type and hydroxy-phenolic compounds and more [40]. According
to the manufacturer [32], another constituent contained by the analyzed biopolymer is PLA,
which decomposes in considerable proportions in this temperature range [41,42]. Accord-
ing to the literature [43,44], PLA and pure lignin degrade completely up to a temperature
of 500 ◦C.
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The curves obtained from the TG analysis were overlapped to highlight their difference
in behavior, and the thermal stability of the coated samples is similar (Figure 2).

In the second stage with a Tpeak around 425 ◦C, there is a mass loss in a percentage
much lower than 10%, attributed to the thermal oxidation of the carbonic residue that
appeared from the pyrolysis of lignin and/or PLA but also of another biodegradable
constituent of the biopolymer that was introduced by the manufacturer as a binder (resin,
wax, shellac, etc.) [33]. At a temperature of 700 ◦C, depending on the used ceramic powder
type, a certain amount of residual mass is found. It is observed that the sample P6–6420–9
passes has the highest percentage of residue, 6.6%, most likely due to the higher amount
of microparticles than, for example, in the case of the P3–143–9 passes sample, where the
amount of ceramic powder deposited is much lower. The ceramic powders at the end of
the analysis temperature have not yet reached the melting point of approximately 2500 ◦ C,
their working temperature varying from 540 ◦C (P6–6420–9, P9–136–9 passes) to 980 ◦C
(P3–143–9 passes) [38]. In addition, inorganic substances that are found in the composition
of the biopolymer are very likely to be part of the residual mass [45].

Figure 2c shows the DTA curves where the melting temperature of Arboblend V2
Nature can be observed, 169 ◦C, very close to the values obtained by calorimetric analysis,
especially in the case of the P3–143–9 passes sample.

3.3. Surface and Structure Analysis of Coated Samples
3.3.1. SEM Analysis

Figure 3 shows the morphological aspect of the Arboblend V2 Nature material coated
with Metco ™ 143 (ZrO2 18TiO2 10Y2O3). A uniform coating of the biopolymer mass
is observed. The coating consists of spherical component particles having a dimensions
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variation between 1 and 27 µm. The particles retain their spherical shape due to the very
rapid cooling on contact with the base matrix. They do not flatten in the form of splats as is
conventional in the case of coatings on metal substrate [46]. The fact that the basic matrix
contains various particles in shape and size, in large quantities and evenly distributed,
leads to an increase in mechanical properties.
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Figure 4. SEM analysis of the P6–6420–9 passes samples. 

The coating of chromium oxide, silicon oxide and titanium oxide (Cr2O3-xSiO2-yTiO2, 
Figure 5) highlights a relatively uneven distribution of microparticles, similar to the situ-
ation presented in Figure 4. The particles are of different shapes with mostly polyhedral 

Figure 3. SEM analysis of the P3–143–9 passes samples: Zirconium dioxide (bearing balls)—orange arrow; Titanium
dioxide—blue arrow; Yttrium oxide—green arrow.

Yttrium oxide (green arrow, Figure 3) shows a porous spherical morphology in the
form of a sintered agglomerate.

Figure 4 shows the polymer matrix containing particles from the coating formed by
chromium oxide. Some of these particles are heterogeneously distributed, and another part
is embedded in the polymeric structure. Their size varies from 18 µm to 30 µm, and they
have rectangular shapes specific to chromium oxide. The spherical microparticles can be
attributed to the presence of Fe2O3 and SiO2, which are released in small quantities in the
structure of the Amdry 6420 powder, maximum 0.4% and 0.45%, respectively. Compared
to the P3–143–9 passes sample, the material incorporated a smaller amount of powder
appearance, which represents the lower capacity of the coating and embedding chromium
oxide in the polymeric structure.

The coating of chromium oxide, silicon oxide and titanium oxide (Cr2O3-xSiO2-yTiO2,
Figure 5) highlights a relatively uneven distribution of microparticles, similar to the situa-
tion presented in Figure 4. The particles are of different shapes with mostly polyhedral
appearance (TiO2—green arrow) but there are also spherical (SiO2—blue arrow) and rect-
angular (Cr2O3—orange arrow) structures, their dimensions varying between 1 and 63 µm.
The particles are embedded in the polymer mass. Both Figures 4 and 5 show chromium
oxide, and this compound does not have a better adhesion compared to the sample coated
with P3–143–9 passes (Figure 3), which does not contain chromium oxide.
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3.3.2. EDX Analysis

In order to observe the presence of the deposited ceramic layers, the line EDX analysis
was performed together with the SEM analysis of the P3–143–9 passes, P6–6420–9 passes
and P9–136–9 passes samples. This analysis series had as the point of study the edge area
of the samples in order to highlight as accurately as possible the presence, distribution and
concentration of the chemical elements which form the ceramic microlayers and also the
biopolymeric support.

The EDX in-line analysis (Figure 6—yellow arrow) of all samples reflects the abundant
presence of two chemical elements, carbon and oxygen. Their existence is closely related
to the chemical composition of the biopolymer matrix which presents, according to the
previous determinations, C and O in similar mass proportions, 48 ± 0.02% and 52 ± 0.02%,
respectively [35]. The acquisition of data is a difficult one because the polymer matrix is
not an electrical conductor, so the electrons coming out of the material are of much lower
intensity than, for example, in the case of an analyzed metallic material.
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For the sample covered with Zirconia–Titania–Yttria Composite Powder (Figure 6a),
the presence of ceramic microparticles in the first 20 µm is observed, an area that we
consider to coincide with the thickness of the deposited ±0.02 ceramic layer (blue arrow).
Titanium is the chemical element found in the most significant amount in the area of the
ceramic layer, but the other two elements are highlighted by the graphic. The presence of a
small amount of Zr and Ti during the entire test distance is due to the microparticles that
came off of the brittle ceramic layer in the moment of EDX preparation. The higher amount
of carbon than oxygen is attributed to the carbides that form during the embedding of
molten microparticles in the solid (cold) polymeric matrix, carbides that provide surface
hardness. Oxides are also formed but in a much smaller amount.

Chromium being a hard metallic element during the preparation of the P6–6420–
9 passes sample, this one is visible over the entire analyzed surface; however, it can
be observed that in the first part of the analyzed distance (first 20 µm), the amount of
chromium is higher (Figure 6b). As in the case of the P3–143–9 passes sample, the amount
of carbon is higher than that of oxygen. In the 35–75 µm interval, the graph highlights a
steep decrease in the amount of elements reflected by the sample, but most likely this can
be attributed to the transition between the deposited layer and the biopolymer support.
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For the P9–136–9 passes sample (Figure 6c), the in–line analysis reveals the presence of
the ceramic layer on the right side of the SEM image (last 15 µm), and the graph reflects the
existence of the micropowder chemical elements. Silicon being a semiconductor chemical
element reflects its presence in the structure of the ceramic layer much more than the than
the other constituents. The Cr, Ti and O of the composite micropowders were highlighted
by the analyzed sample.

3.3.3. XRD Analysis

The main purpose of the XRD analysis was to determine the structure of the samples
made of Arboblend V2 Nature and coated with ceramic micropowders, Amdry 6420
(Cr2O3), Metco 143 (ZrO2 18TiO2 10Y2O3) and Metco 136F (Cr2O3-xSiO2-yTiO2), but also
to identify possible crystal phases.

Figure 7 shows the phase diffractograms for the three samples with distinct ceramic
coatings: P3–143–9 passes, P6–6420–9 passes and P9–136–9 passes. It can be seen that
two of the three samples have a crystalline structure (P3–143–9 passes, P9–136–9 passes)
highlighted by specific peaks, and the third (P6–6420–9 passes green diffractogram) has
a semi- crystalline structure with the presence of small peaks of chromium oxide at four
distinct 2θ angles, 24.25◦, 33.39◦, 35.88◦ and 54.61◦, respectively, of low intensity, 1036 to
1356 [47–49]. The major peak registered at 16.73◦, with a diffraction intensity of 2643, which,
according to the literature, may be associated with the presence of polylactic acid in its the
chemical composition ((C3H4O2)n) [50,51]. The presence of this compound is not accidental
because it is due to the fact that the thickness of the deposited layer is very thin (small
microparticles), thus, the equipment is detecting one of the basic material constituents.
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In the case of the other two coatings, the presence of predominant peaks is observed,
which correspond to the crystallization of certain compounds as follows:

• The P3–143–9 passes sample (blue diffractogram) has a strong crystalline aspect due to
the large amount of zirconium dioxide particles present in the structure of the ceramic
powder. Thus, to the ZrO2 compound can be assigned the peaks from 2θ = 31.14◦,
38.43◦, 60◦, 82◦ and 84.78◦ [46,52,53]. Titanium dioxide, as in the case of the P9–136–9
passes sample, is found at angles of 27.43◦, 28.34◦, 63.02◦ and 74.41◦ [54,55]. However,
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the intensity of the diffraction peaks is quite low, the highest being registered in the
case of the 2θ = 28.34◦ angle. The low angle from 2-theta = 43◦, was identified as the
specific angle of Y2O3 crystallization [56].

• The P9–136–9 passes sample (red diffractogram) shows diffraction maxima associated
with the presence of the polymer matrix, which has in its structure polylactic acid
(16.73◦) and lignin or natural fibers (19.04◦) [53,57]. Diffraction angles corresponding
to the coating with ceramic micropowder are also visible: The specific peaks to Cr2O3
crystallization at 2-theta angles of low intensity are 30.35◦, 31.70◦, 35.16◦, 50.48◦

and 54.12◦ [47–49,58]. For SiO2 microspheres, a peak located at about 2θ = 22.5
is observed [59]. No other diffraction peaks can be detected for this compound.
According to the literature [54,55], the diffraction angles that can be attributed to
the titanium dioxide (TiO2) present are at 27.33◦ and 32.13◦ in the case of Metco
136F micropowder.

3.4. Scratch Analysis

The scratch test was performed in order to evaluate the adhesion of the hard (ceramic)
coatings made on the surface of the Arboblend V2 Nature biopolymeric material.

Analyzing the curves presented in Figure 8, it is observed that one of them, the green
curve (P6–6420–9 passes), shows a sudden and gradual transition of the apparent friction
coefficient (A-COF), which means that the adhesion between the deposited thin layer
and the polymeric material is better than in the case of the other two coatings due to the
presence of chromium oxide. The other two tests have a good scratching behavior, but the
P3–143–9 passes test (blue curve), recorded higher A-COF values than in the case of the
P9–136–9 passes test.

Polymers 2021, 13, x FOR PEER REVIEW 15 of 22 
 

 

3.4. Scratch Analysis 
The scratch test was performed in order to evaluate the adhesion of the hard (ce-

ramic) coatings made on the surface of the Arboblend V2 Nature biopolymeric material. 
Analyzing the curves presented in Figure 8, it is observed that one of them, the green 

curve (P6–6420–9 passes), shows a sudden and gradual transition of the apparent friction 
coefficient (A-COF), which means that the adhesion between the deposited thin layer and 
the polymeric material is better than in the case of the other two coatings due to the pres-
ence of chromium oxide. The other two tests have a good scratching behavior, but the P3–
143–9 passes test (blue curve), recorded higher A-COF values than in the case of the P9–
136–9 passes test. 

The more peaks that appear in the variation of the apparent friction coefficient, the 
better the adhesion between the deposited layer and the polymeric material is. 

For the P6–6420–9 passes sample, a high amplitude peak of A-COF is registered at 
the beginning of the test; the explanation for this would be related to the deposition gran-
ulation. It is very possible that the tip of the cutting tool (pin) has hung an area of depos-
ited material with a larger granulation. 

 
Figure 8. Results regarding the scratching behavior of the samples coated with ceramic layers: blue curve—P3–143–9 
passes; green curve—P6–6420–9 passes; red curve—P9–136–9 passes. 

The samples injected from Arboblend V2 Nature and coated with ceramic micropow-
ders showed the following behavior during the 60 s of testing (Figure 9): For sample P3–
143–9 passes, blue curve, an increase in A-COF is observed in the first 4 s, after which its 
value begins to decrease sharply until the 16 s when it registers an increase followed 
quickly by a decrease. Starting with at 19 s, the average value of A-COF increases and 
begins to stabilize, reaching a maximum value of 0.53 at 50 s. The mean value of A-COF 
was 0.29 ± 0.16. The behavior of the sample coated with Zirconia–Titania–Yttria composite 
powder is a typical one, and the coatings in the first part of the test register variations of 
A-COF in order to later stabilize. Sample P6–6420–9 passes, green curve, reflects a com-
pletely different behavior from the first test. In the first part of scratching, the first 3 s, it 
reaches the maximum value of A-COF at 1.62, followed by a sudden decrease until 6 s. 
Next, the sample registers two fluctuations, and starting at 40 s, the A-COF value begins 
to increase, at the end of the 60 s reaching the value of 1.37. These fluctuations can be 
attributed to the variable dimensions (9–30 µm) of the microparticles that constitute the 
ceramic powder. The progressive increase recorded in the last 20 s of testing reflects the 

Figure 8. Results regarding the scratching behavior of the samples coated with ceramic layers: blue curve—P3–143–9 passes;
green curve—P6–6420–9 passes; red curve—P9–136–9 passes.

The more peaks that appear in the variation of the apparent friction coefficient, the
better the adhesion between the deposited layer and the polymeric material is.

For the P6–6420–9 passes sample, a high amplitude peak of A-COF is registered
at the beginning of the test; the explanation for this would be related to the deposition
granulation. It is very possible that the tip of the cutting tool (pin) has hung an area of
deposited material with a larger granulation.

The samples injected from Arboblend V2 Nature and coated with ceramic microp-
owders showed the following behavior during the 60 s of testing (Figure 9): For sample
P3–143–9 passes, blue curve, an increase in A-COF is observed in the first 4 s, after which
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its value begins to decrease sharply until the 16 s when it registers an increase followed
quickly by a decrease. Starting with at 19 s, the average value of A-COF increases and
begins to stabilize, reaching a maximum value of 0.53 at 50 s. The mean value of A-COF
was 0.29 ± 0.16. The behavior of the sample coated with Zirconia–Titania–Yttria composite
powder is a typical one, and the coatings in the first part of the test register variations
of A-COF in order to later stabilize. Sample P6–6420–9 passes, green curve, reflects a
completely different behavior from the first test. In the first part of scratching, the first 3 s,
it reaches the maximum value of A-COF at 1.62, followed by a sudden decrease until 6 s.
Next, the sample registers two fluctuations, and starting at 40 s, the A-COF value begins
to increase, at the end of the 60 s reaching the value of 1.37. These fluctuations can be
attributed to the variable dimensions (9–30 µm) of the microparticles that constitute the
ceramic powder. The progressive increase recorded in the last 20 s of testing reflects the fact
that the test pin detached ceramic microparticles from the sample surface, thus gradually
becoming more and more rough. The mean value of A-COF for this sample, 0.56 ± 0.42, is
the highest compared to the other two tested samples. The last test subjected to tribological
determination, P9–136–9 passes, red curve, as well as the previous test, records fluctuations
throughout the test with the A-COF value at the end of the test reaching a maximum of 0.37.
The average value of A-COF for this sample is the lowest, 0.18 ± 0.08. The value registered
is very close to that of the injected samples and not covered with ceramic layer, 0.16 for
rotational determinations and 0.13 for oscillation ones [60]. This similarity comes from the
fact that the coverage of the sample was not uniform, the adhesion and incorporation of
Chromia–Silica composite powder, as it could be observed in the SEM images being very
low, had a very high percentage both in the P6–6420–9 passes test and in the P9–136–9
passes test. This lack of deposition is due to the thermal behavior of chromium oxide,
which is found in a very high percentage both in the P6–6420–9 passes and P9–136–9
passes samples.
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Table 5 shows the results of scratch testing in the case of the three samples covered
with ceramic micropowders.
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Table 5. Values of A-COF recorded by samples covered with ceramic layers.

Sample A-COF
Medium Value

A-COF
Maximum

Time of A-COF
Maximum[s]

P3–143–9 passes 0.29 ± 0.16 0.53 50

P6–6420–9 passes 0.56 ± 0.42 1.62/1.37 3.0/60

P9–136–9 passes 0.18 ± 0.08 0.37 60

3.5. Microindentation Test

To conduct the microindentation test, three samples were tested for each type of
ceramic powder used to coat the Arboblend V2 Nature biopolymeric material. Repeated
testing was to confirm the experimental stability. Figure 10 shows the evolution of the
force as a function of the depth of penetration for all three samples subjected to analysis.
The software package used (UMT Test Viewer, 2.16) allowed the reading of both the
microhardness values and the Young’s modulus. These values are presented in Table 6.
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The force applied to the indenter increases constantly during the charging phase and
is maintained at the maximum value of 10 N. This phase is called creep, after which there
is a decrease to zero in the discharge phase.
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Table 6. Results obtained by microindenting the samples coated with ceramic micropowders.

Sample Test Max Load
(N)

Max Depth
(µm)

Young’s Modulus
(GPa)

Micro Hardness
(GPa)

P3–143–9 passes

1 8.99 73.55 1.52 0.11

2 8.7 72.78 1.69 0.11

3 8.98 73.02 1.48 0.11

Average 8.98 ± 0.01 73.12 ± 0.4 1.56 ± 0.11 0.11 ± 0.00

P6–6420–9 passes

1 8.99 66.64 1.69 0.13

2 8.98 71.70 1.91 0.11

3 8.98 71.02 2.53 0.10

Average 8.99 ± 0.01 69.79 ± 2.75 2.04 ± 0.44 0.12 ± 0.01

P9–136–9 passes

1 8.99 53.77 2.92 0.16

2 8.99 53.08 3 0.16

3 8.97 50.42 2.9 0.17

Average 8.99 ± 0.01 52.42 ± 1.77 2.94 ± 0.05 0.17 ± 0.01

According to the data obtained from the micro-indentation, the P9–136–9 passes
sample, although it does not have a uniform coating, presents the best values of microdurity,
(0.17 ± 0.01 GPa), the maximum indentation depth being 52.42 ± 1.77 µm. Compared to
the zirconium-based ceramic coating (P3–143–9 passes), the chromium oxide coatings have
a higher hardness (P6–6420–9 passes, P9–136–9 passes) [35]. Another justification of the
results comes from the reduced layer thickness due to the small dimension of microparticles
(P3–143–9 passes) than in the case of the other two types of ceramic micropowders.

The lowest dispersion of the results was obtained in the case of the P3–143–9 passes
sample, most likely due to the fact that the deposited ceramic layer was uniform. In
addition, the other samples tested did not show large differences.

4. Conclusions

The coating of bio-based polymers has gained the attention of researchers worldwide.
The purpose of coatings with various layers, be they ceramic, metal, etc., as well as
in the case of reinforcements, is to increase the characteristics of the base material so
that it responds better to certain industrial applications and can even replace a certain
material, such as metal. The coatings have been realized in order to increase the mechanical,
tribological and thermal characteristics of the samples (wear, hardness and increase in
thermal resistance), thus becoming suitable in applications that require harsh working
conditions, especially in the automotive industry. The coating of sample with ceramic
microlayers led to the following results:

- A slight increase in the melting point, from 172 ◦C (base material [35,61]) up to 174 ◦C,
varying depending on the thickness of the deposited layer. The thickness value is closely
influenced by the microparticles size that constitute the ceramic powder. Thus, the larger
the size of the microparticles, the higher the thermal resistance of the coated material is.

- No significant changes were visible both in terms of temperature range and the
amount of mass lost during the thermal degradation, and the differences were also
attributed in this situation to the size of the ceramic microparticles.

- Regarding the coatings’ uniformity, the SEM surface analysis indicated a good and
uniform incorporation of microparticles in the case of composite powder based on
zirconium oxide. The other two ceramic micropowders in contact with the polymer
matrix did not reveal a good adhesion due to the lower working temperature than the
melting point (2435 ◦C).

- XRD and EDX analyses highlighted the presence of microceramic layers. Their
crystalline/semi-crystalline structure confers hardness; thus, they are suitable for
applications that require this feature. The coating with Cr2O3-xSiO2-yTiO2 (sample
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9) formed the hardest layer (0.17 ± 0.01 GPa), which was demonstrated during the
microindentation test. Analyzing the obtained results from the SEM and scratch
analyses point of view, it can be concluded that the deposition was not uniform due to
the fact that the adhesion between the microparticles of chromium oxide, silicon oxide
and titanium oxide is lower than in the case of the other two samples, the average
value of the apparent friction coefficient (A-COF) being 0.18 ± 0.08.

According to the obtained results regarding the adhesion of the ceramic layers on the
polymer surface, it can be stated that the samples showed strong chemical bonds at the
interface between the thin layers and Arboblend V2 Nature bio-based polymer. Thus, these
coated materials can be used in industrial applications that require high surface hardness
and thermal resistance. They can also successfully replace various non-biodegradable
polymeric materials used in various applications such as those in the automotive and
electronics industry (telephone covers, housings, worm wheels, car wiper system, etc.).
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Nomenclature

TPS Titanium Plasma Spraying
APS Atmospheric Plasma Spray
PDMS Polydimethylsiloxane
PDC biodegradable multiblock copolymer
TFX Polyetherurethane
PLA polylactic acid
NLPM normal litre per minute
DC Direct Current
DSC Differential scanning calorimetry
RT room temperature
TG Thermogravimetric curves
DTG derived thermogravimetric curves
DTA differential thermal analyzes
Tonset starting temperature
Tpeak middle temperature
Tend finish temperature
SEM Scanning Electron Microscopy
LFD Large Field Detector
EDX Energy-dispersive X-ray spectroscopy
XRD X-ray diffraction analysis
W% percentage mass loss at each stage
A-COF apparent friction coefficient
Y testing distance (mm)
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Abstract: This research was performed to evaluate the physical, mechanical, and morphological
properties of treated sugar palm fiber (SPF)/glass fiber (GF) reinforced poly(lactic acid) (PLA) hybrid
composites. Morphological investigations of tensile and flexural fractured samples of composites
were conducted with the help of scanning electron microscopy (SEM). Alkaline and benzoyl chloride
(BC) treatments of SPFs were performed. A constant weight fraction of 30% total fiber loading
and 70% poly(lactic acid) were considered. The composites were initially prepared by a Brabender
Plastograph, followed by a hot-pressing machine. The results reported that the best tensile and
flexural strengths of 26.3 MPa and 27.3 MPa were recorded after alkaline treatment of SPF, while
the highest values of tensile and flexural moduli of 607 MPa and 1847 MPa were recorded after BC
treatment of SPF for SPF/GF/PLA hybrid composites. The novel SPF/GF/PLA hybrid composites
could be suitable for fabricating automotive components.

Keywords: mechanical properties; sugar palm fiber; poly(lactic acid); alkaline treatment; benzoyl
chloride treatment; hybrid composites

1. Introduction

Due to environmentally friendly customers’ desires to save the earth, recently there
has been a growing interest in using renewable resources and biodegradable products.
For the development of polymer composites, many major industries have focused on
using natural fibers. This is owing to the benefits offered by natural fibers (e.g., they are
cost-effective, dense, easy to obtain, environmentally safe, non-toxic, durable, reusable,
biodegradable, abrasion-resistant, have high strength and modulus, and are simple to
process) [1,2]. Natural fibers’ biodegradability makes them ideal for reinforcement in
polymer composites [3,4]. Both natural and synthetic fibers can be used to create hybrid
composites. This combination demonstrates outstanding structural and mechanical proper-
ties [5,6]. Recently, sugar palm has been considered by many studies as a desirable natural
fiber due to its easy cellulose separation from other components [7]. Sugar palm (Arenga
pinnata Wurmb. Merr) is found abundantly in Malaysia, Indonesia, India, and Thailand [8].
SPF has the advantages of having low density, biodegradable, lack of toxicity, low cost,
non-abrasive nature, and long-lasting [9,10].

In the world of biodegradability, efforts in commercializing PLA polymers have been
taking place since the last decade. PLA is a thermoplastic bio-based product obtained from
fermentation processes of natural agricultural raw materials (starch and sugar) [11,12]. PLA
is recyclable, readily decomposable, has cheap manufacturing costs, and is commercially
available [13]. These features enable PLA to replace petroleum-based polymers for several
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biomedical, textile, plastic, 3D printing materials, and packaging applications [14,15]. How-
ever, some drawbacks of PLA include its high price and water sensitivity, low crystallinity
rate, and fragility [16]. Many researchers aim towards overcoming these limitations, com-
monly by mixing PLA with natural fibers [17].

Moisture absorption is a major problem with natural fibers that negatively affects the
strong interfacial bonding between a fiber and a matrix. This problem can be solved by
fiber pre-treatment, which eliminates lignin and other related materials, improving the
interfacial bonding between the fiber and the matrix [18,19]. Treating the lignocellulosic
fiber for improved adhesiveness and good stress transfer from the matrix to the rigid
fiber will increase the performance of different hybrid composites. Since hydrophilic fiber
does not tightly bond with a hydrophobic polymer, weak fiber-matrix bonding degrades
composite strength [8,18]. Treatment of the fiber is needed to enhance bonding between
the fiber and the matrix. After the treatment, the fiber has reduced moisture absorption,
increased bonding, and, most significantly, both enhanced physical and mechanical proper-
ties. Alkaline treatment is one of the most effective chemical treatments for fiber surface
modification [18–20]. An alkaline treatment procedure has proven to be a successful treat-
ment for extracting waxy substances and impurities [20,21]. As a result, the fiber’s surface
becomes rough, allowing for greater adhesion with the polymer. This treatment affects
the fiber in two ways. Firstly, hydrogen bonding in the network structure is disrupted,
enhancing the surface roughness. Secondly, lignin, wax, and oils are eliminated from the
surface, enhancing the exposure of cellulose to the fiber surface. This results in increasing
the number of possible reaction sites [22]. However, alkaline treatments have the added
problem of fiber degradation at high concentrations, which may be addressed with a
moderate chemical treatment such as benzoyl chloride.

The fiber treatment with BC decreases the hydrophilic nature of natural fibers and
strengthens fiber attachment to the matrix, improving the bio-composites’ strength [23,24].
Alkali pre-treatment is used during the benzoylation process. When further treated with
BC, these alkaline pretreated fibers lead to the —OH groups of the cellulose fibers over-
taken by benzoyl groups and render them hydrophobic [22]. Extractable materials such as
waxes, lignin, and oil-coating materials are removed at this stage, exposing more volatile
hydroxyl groups on the fiber surface. The fiber’s —OH groups are substituted by the
benzoyl groups, which binds to the cellulose backbone [25]. Prabhu et al. [24] addressed
that the benzoylation of fiber improved adhesion to the fiber-matrix, significantly improved
composite strength and decreased water absorption. The treatment improved the wet-
tability of Impomea pes-caprae fiber and epoxy composites, resulting in stronger bonding
and increased overall composite strength [26]. Palmyra palm-leaf stalk fiber composites
were also treated with BC, which improved tensile strength and modulus by 60% [27]. The
BC treatment strengthened fiber and matrix adhesion, improved strength, and reduced
the water absorption character of the whole composite by reducing SPF’s hydrophilic
nature and strengthening the blend with epoxy resin matrix [25,28]. Currently, Mohd
Izwan et al. [29] investigated SPF benzoylation treatment and found that the highest tensile
strength was achieved after 15 min of soaking time, indicating good SPF properties for use
as reinforcement in composites.

Several studies were conducted on the hybridization of natural–natural fibers, natural–
synthetic fibers and synthetic–synthetic fibers in a single matrix, showing that hybrid
composites have been promising to enhance mechanical properties [30–33]. However, in
hybrid composites, fiber loading is typically limited to a maximum of 50% [34]. Atiqah
et al. [35] studied the mechanical properties of kenaf-glass reinforced unsaturated polyester
hybrid composites. They found that combining these fibers improved the tensile, flexural,
and impact properties. Afzaluddin et al. [36] developed SPF/GF reinforced TPU hybrid
composites and studied their physical, tensile, flexural, and impact properties. They
reported that tensile and impact properties of the hybrid composites were increased with
the increase of the content of SPF (%) compared to GF reinforced composites. Still, the
flexural properties were improved when the content of GF was increased. Atiqah et al. [37]
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studied the effects of silane and alkaline treatment of fiber on the tensile, flexural, and
impact properties of SPF/GF/TPU hybrid composites and found that treated SPF can
increase the mechanical properties of hybrid composites. In another study, Atiqah et al. [38]
reported that physical properties could be improved by alkaline treatment of SPF in
fabricating the SPF/GF/TPU hybrid composites. Recently, Radzi et al. [20] determined the
physical and mechanical properties of roselle/SPF reinforced thermoplastic polyurethane
hybrid composites and revealed that the alkaline treatment on RF/SPF hybrid composite
has improved the mechanical properties of hybrid composite and proven the RF/SPF
composite suitability for making automotive parts.

To the best of our knowledge, no study on treated SPF/GF/PLA hybrid composites
has been reported in the literature. Novel combinations of treated SPF/GF are selected as
effective reinforcements PLA hybrid composite due to their positive effects on improving
physical, mechanical, and morphological properties. Due to the presence of SPF and PLA
bio-degradable plastic manufactured from plant-based resources such as corn starch or
sugarcane, this hybrid composite is environmentally friendly. The hybrid composites
had a constant SPF/GFs weight fraction of 30%. Sherwani et al. [39] demonstrated that
a 70:30 (PLA/SPF) ratio exhibits excellent mechanical properties, especially tensile and
flexural properties. Hence, a 70% PLA to 30% fiber ratio is considered in this research. The
effect of alkaline and benzoyl chloride treatment of SPFs on PLA were also determined by
Sherwani et al. [40] and reported that the optimum percentage is 6% alkaline and the best
soak duration is 15 min for enhancing the mechanical properties of SPF/PLA composites.
As a result, a 6% alkaline and 15-min benzoyl chloride treatment is considered here.
The aim of this paper is to evaluate the physical, tensile, flexural, and impact properties
as well as the post-tensile and flexural morphological tests, aiming to propose the best
natural/green hybrid composite formulation for engineering material which can be used
for the applications of automotive (especially motorcycle) components manufacturing.
With the help of this research, an environmentally friendly biodegradable material may be
developed for possible application in the manufacture of motorcycle components.

2. Materials and Methods
2.1. Materials

Sugar palm fiber (length of fiber up to 1.19 m, average diameter 0.5 mm, the density
of raw SPF 1.2–1.3 gm/cm3, and tensile strength 15.5 MPa [41]) were purchased from
Kampung Kuala Jempol, Negeri Sembilan, Malaysia. The poly(lactic acid) (NatureWork
2003D) (density 1.25 gm/cm3 at 21.5 ◦C, yield tensile strength of 52 MPa, and melting point
of 170 ◦C), BC with reagent plus 99%, ethanol, and E-glass fiber (properties of E-glass is
shown in Table 1) were delivered by Mecha Solve Engineering, Petaling Jaya, Selangor,
Malaysia. Sodium hydroxide (NaOH) pellet was delivered by Evergreen Engineering and
Services, Taman Semenyih Sentral, Selangor, Malaysia.

Table 1. Some typical properties of E-glass fiber [42].

Liquidus Temp. (◦C) 1140
Fiberising temp. (◦C) 1200

Tensile strength at 25 ◦C (GPa) 3.7
Tensile modulus (GPa) 76

Density (g/cm3) 2.53
Refractive index 1.550

Volume resistivity (Ωcm) 1015

Dielectric constant at 25 ◦C and 106 Hz 6.6
Loss tangent at 25 ◦C and 1010 Hz (10−3) 3.9

The electrical resistivity of E-glasses at room temperature is exceptionally high. E-glass
compositions by weight percentage are SiO2-60; Al2O3-9; MgO-4; CaO-27.
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2.2. Preparation of Sugar Palm Fiber

A crusher machine was used for crushing a bundle of SPF. The dry SPF was graded
to a length of 10 mm to 15 mm using a crusher. The fiber was then cleaned several times
with water to remove impurities. The SPF was left outdoor for 24 h before being dried in
an air-circulating oven at 60 ◦C.

2.3. Chemical Treatments
2.3.1. Alkaline Treatment

Alkaline treatment of natural fibers was used to eliminate surface impurities as well
as hemicelluloses within the fibers [20]. In our study, 50 g of SPFs was soaked in a 6% w/v
alkaline solution of 1000 mL for 1 h at 25 ◦C. After that, they were immersed with an acetic
acid solution till a neutral pH value was obtained prior to washing with distilled water
and oven-drying for 24 h at 60 ◦C. The dried SPF was placed into zipper plastic storage
bags. Table 2 shows the chemical composition of SPF and alkaline treated SPF.

Table 2. Composition of alkaline treated SPF.

Cellulose
(%)

Hemi-Cellulose
(%)

Holo-Cellulose
(%) Lignin (%) Extractive (%) Ash (%) References

SPF 43.88 7.24 51.12 33.24 2.73 1.01 [9]
Alkaline treated SPF

(5% w/v NaOH
solution)

82.33 3.97 86.3 0.06 - 0.72 [43]

2.3.2. Benzoyl Chloride Treatment

50 g SPF was immersed in 18% NaOH solution for 30 min, then washed SPF twice
with tap water. The SPF was suspended in a 10% NaOH solution and vigorously agitated
for 15 min in 50 mL BC. Once again, SPF was washed in water, filtered, and dried at 25 ◦C.
SPFs is normally immersed in ethanol for an hour before being washed, filtered, and dried
in a 60 ◦C oven for 24 h [28,29]. The reaction between the cellulosic —OH groups of fiber
and BC is given in Scheme 1.
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Scheme 1. The reaction between the cellulosic —OH groups of fiber and BC. Alkaline pretreated fibers, when further treated
with BC, the OH groups of the cellulose fibers are replaced by benzoyl groups which reduced the hydrophilic character
of fiber.

2.4. Fabrication of SPF/GF Reinforced PLA Hybrid Composites

The melting compounding and hot press moulding methods were used to prepare
the SPF/GF reinforced PLA hybrid composites. The 10–15 mm sugar palm fiber, 12.5 mm
chopped E glass fiber, and PLA pellets were dried at a temperature of 60 ◦C in electric
ovens for 48 h. Nine sets of SPF/GF composites (30/0, 20/10, 15/15, 10/20, and 0/30)
wt % reinforced PLA were developed as seen in Table 3. Based on past research [34,36,44],
such a ratio was considered. In a Brabender Plastograph (co-rotating twin-screw extruder),
untreated/treated SPF and chopped E-glass fibers reinforced PLA were mixed for 10 min
at 160 ◦C with a rate of 50 rpm to ensure consistent mixing. These samples were then
crushed using a crushing unit. After Brabender mixing, to reduce voids or gaps, the
composite samples must be placed in an electric oven for 24 h at 60 ◦C before the hot press.
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A compression moulding Techno Vation machine model 40 tons was used for hot-press
moulding. These samples were pre-heated for 7 min at 170 ◦C before being completely
pressed for 6 min. There were three vent cycles to remove voids in the composites. During
the final cycle, the cold-pressed time was 6 min at 25 ◦C. Figure 1 describes the detailed
methodology of this research.

Table 3. Formulation of non-hybrid and hybrid composites.

No. of Samples
Matrix Reinforcement

PLA (wt %)
SPF

GF (wt %)
Treatment (wt %)

S1 70 - 30 0
S2 70 - 0 30
S3 70 - 15 15
S4 70 6% NaOH 10 20
S5 70 6% NaOH 15 15
S6 70 6% NaOH 20 10
S7 70 15 min BC 10 20
S8 70 15 min BC 15 15
S9 70 15 min BC 20 10

BC—Benzoyl Chloride.
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3. Characteristics of SPF/PLA/GF Hybrid Composites
3.1. Density

Non-hybrid and hybrid composites’ experimental densities were measured using
the Mettler Toledo XS205 electronic densitometer as per the ASTM D792 standard [45].
Equation (1) was used to evaluate the theoretical density of the composite,

Theoretical density ρct=
1(ws f

ρs f

)
+
(wg f

ρg f

)
+
(

wm
ρm

) (1)
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where ws f , wg f , and wm represent the weight fraction of the SPFs, glass fibers, and matrix,
respectively, while ρs f , ρg f , and ρm denote the density of the SPF, glass fibers, and matrix,
respectively. Subsequently, the volume fraction of voids in the percentage of the composites
is calculated by using Equation (2) [18].

Volume fraction of void Vvoid =
ρct − ρcomp. exp.

ρct
× 100 (2)

ρcomp. exp.—Composite experimental density.

3.2. Moisture Content

All of the non-hybrid and hybrid composites were tested for moisture content analysis.
In an oven, the composites were heated to 100 ◦C for 24 h. To calculate the moisture content,
the weights of the composites were determined before (Mbh, gram) and after (Mah, gram)
being placed into the oven. The following Equation (3) was used:

Moisture content (%) =
Mbh − Mah

Mbh
× 100 (3)

3.3. Water Absorption Test

Non-hybrid and hybrid composites were tested for water absorption (WA) using the
ASTM D570 standard [46]. From the composite plate, a rectangular geometry sample
measuring 10 mm × 10 mm × 3 mm was removed. The weight of the composite was
calculated as an initial mean before it was immersed in water, Wiw, and Wfw as a final stage
mean after a day of immersion in water at about 25 ◦C. The test was conducted for eight
days. The following Equation (4) was used for calculating water absorption:

Water Absorption (%) =

(
W f w − Wiw

)

Wiw
× 100 (4)

3.4. Thickness Swelling

The thickness swelling (TS) of all non-hybrid and hybrid composites with measure-
ments of 10 mm × 10 mm × 3 mm was evaluated. Using a digital vernier caliper, the
thickness was calculated as T1b (before) and T2a (after) they were immersed in water [20].
The TS reading was taken for eight days and was determined using Equation (5).

Thickness Swelling (%) =
T2a − T1b

T1b
× 100 (5)

3.5. Tensile Test

An Instron3366 universal testing machine (UTM, University Ave Norwood, Norwood,
MA, USA) was used to conduct a tensile test in accordance with ASTM Standard D638-
10 [47]. The gauge length of the non-hybrid and hybrid composites was 80 mm, and
the crosshead velocity was 2 mm/min, using a 5 KN load cell. Five samples measuring
150 mm × 25 mm × 3 mm were tested. The average of the five samples provided the
final result.

3.6. Flexural Test

Using an Instron 3365 dual column tabletop UTM with a span length of 50 mm
and a crosshead speed of 12 mm/min, the flexural properties of non-hybrid and hybrid
composites were tested according to the ASTM D790 standard [48]. Five composite samples
measuring 127 mm × 12.7 mm × 3 mm were obtained from the composite plate. The
average of the five samples provided the final result.
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3.7. Impact Test

ASTM D256 (2010) [49] Standard Izod impact test samples measuring
65 mm × 15 mm × 3 mm were taken out of the non-hybrid and hybrid composite plates.
Rayran RR/IMT/178 Izod impact testers were used for the impact study. For each sample,
the average of the three readings was calculated for the final result of the impact test. Five
identical samples were rigidly placed in a vertical position with each type of composite and
struck in the center of the instruments with a pendulum with a force of 10 J. The impact
had 2.75 J energy and a velocity of 3.46 m/s.

3.8. Morphological Investigations

SEM (Coxem-EM-30AX+) was used to examine broken surfaces of tensile and flexural
samples for morphological analysis. Scanning electron microscopy (SEM) with a working
distance of 14.7 mm, a 58 A emission current, and a 20.0 kV acceleration voltage was used.
The samples were coated with a fine gold film for electrical conductivity, improving the
image resolution appreciably.

3.9. Fourier Transform Infrared (FTIR)

The FTIR spectra were used to examine the presence of functional groups existing in
non-hybrid and hybrid composites. The samples were segregated into
10 mm × 10 mm × 3 mm squares and then analyzed with a power FTIR spectrometer with
attenuated total reflectance (ATR) (Nexus Analytics-Isio 713601, Petaling Jaya, Selangor
Darul Ehsan, Malaysia). The wavenumber spectrum for the spectra was 4000 cm−1 to
500 cm−1, and the measurements were taken with a resolution of 4.0 cm−1 and 16 scans
per sample.

3.10. Statistical Analysis

SPSS software was used to perform an analysis of variance (ANOVA) on the obtained
experimental results. ‘Duncan’s test was employed to conduct a mean comparison at a
0.05 level of significance (p ≤ 0.05).

4. Results and Discussion
4.1. Density

Figure 2 illustrates the density (ρcomp. exp.) value measurement for non-hybrid and
hybrid SPF/GF/PLA composites. The density result showed that the density was improved
by adding GF to the SP/PLA composites from 1.21 to 1.32 gm/cm3. Comparing S1, –S3
composites, the density of S3 exhibited the highest value of 1.32 gm/cm3, concluding that
the hybridization of SPF/PLA composite increases the density of the composite. A similar
finding was also revealed from a previous work done by Afzaluddin et al. [36] that density
increment resulted from the addition of glass fiber into SPF/GF/TPU hybrid composites.
This was due to the fact that GF has a higher density than SPF. The densities of untreated
S3 and treated S5, S8 SP/GF hybrid composites were 1.32, 1.31, and 1.19 gm/cm3. The
density slightly decreased after treatment of SPF. In previous studies by Atiqah et al. [38]
and Merlini et al. [50], density reductions of treated fibers were also recorded. Comparing
alkaline treated S4–S6, and BC treated S7–S9 hybrid composites, density results showed
that the density decreased slightly as the SPF content was increased, irrespective of whether
the SPF has been alkaline or BC treated. As SPF wt % increased, the hydrophilic nature of
the SPF made it more difficult to develop the composite properly. This led to voids in the
hybrid composites, decreasing the composite density. A similar finding was supported by
Safri et al. [51], where the density was measured for SPF/GF/epoxy hybrid composites.
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Figure 2. Composite experimental density ρcomp. exp. vs. samples for non-hybrid and hybrid
SPF/GF/PLA composites. * Values with different letters in the figures are significantly different
(p < 0.05).

4.2. Moisture and Void Contents

Table 4 shows moisture contents, theoretical/experimental composites density, and
void contents of non-hybrid and hybrid SPF/GF/PLA composites. In general, the experi-
mental and theoretical densities differed from each other due to a significant influence of
voids and pores in the composite towards the behavior of the composite [40]. It is clear
from Table 4 that, with the help of glass hybridization, the percentage of voids decreased,
as confirmed by SEM images in the morphological investigation. The finding was also
supported by the results from work by Radzi et al. [20]. The S4–S6 (alkaline treated) hybrid
composites exhibited lower %voids than S7–S9 (benzoyl treated) hybrid composites. This
was due to the good compatibility of SPF and GF with the PLA matrix. According to Jawaid
et al. [36], voids formation is due to the incompatibility of natural fiber with matrix to
displace all the trapped air which is entrained during fabrication of hybrid composite and
incomplete wetting out of the fibers by the matrix. This research also reported that after
Brabender mixing, the composite samples need to be placed in an electric oven for 24 h at
60 ◦C before the hot press. Otherwise, more voids are visible due to their moist content.

Table 4. Moisture contents, densities, and void contents of non-hybrid and hybrid SPF/GF/PLA
composites.

Composite
Specimens

Moisture
Contents

ρct
(gr/cm3) ρcomp. exp. (gr/cm3)

Void Contents
Vvoid

S1 1.79% 1.23 1.21 ± 0.039 a,b 1.94%
S2 0.75% 1.40 1.29 ± 0.066 b,c 7.9%
S3 0% 1.34 1.32 ± 0.029 c 1.63%
S4 1.24% 1.38 1.32 ± 0.045 c 3.93%
S5 2.09% 1.34 1.31 ± 0.011 b,c 2.45%
S6 1.07% 1.30 1.16 ± 0.062 a 1.5%
S7 1.29% 1.38 1.30 ± 0.072 b,c 7.5%
S8 0% 1.34 1.19 ± 0.062 a 9.7%
S9 0% 1.30 1.22 ± 0.044 a,b 6.5%

* Values with different letters in the same column are significantly different (p < 0.05).
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4.3. Water Absorption Analysis

Figure 3 shows the effect of treatments on the values of water absorption (WA) of
non-hybrid and hybrid SP/GF/PLA composites. The higher SPF content (S1 composite)
resulted in a higher WA value. The S2 (GF/PLA) composite was the lowest WA compared
to other non-hybrid or hybrid composites. Among the SPF/GF/PLA hybrid composites,
S5 and S8 composites had the lowest WA values as both composites exhibited the same
15 wt % SPF. S5 composite was alkaline treated, indicating that alkali hydroxyl (—OH)
groups inside the molecules were broken down and when reacted with H2O molecules and
left the fiber structure. The other reactive molecules produce fiber-cell-O-Na groups in the
molecular cellulose chains. This reduced hydrophilic hydroxyl groups and increased the
water absorption resistance of the fiber. A considerable number of hemicelluloses, lignin,
pectin, wax, and oil were also extracted after alkaline treatment [25], while BC treated S8
composite indicated that the fibers were treated with BC after pre-alkaline treatment. The
—OH fiber groups were substituted by the benzoyl group and bonded to the backbone of the
cellulose. This resulted in the increased hydrophobicity of the fiber and enhanced matrix
adhesion. The following is the order of the decreasing value of hybrid and non-hybrid
SPF/GF/PLA composites’ water absorption S2< S8< S5< S7< S9< S6< S4< S3< S1. After
the 6th day, no change was observed in WA. For hybrid composite, the higher loading of
natural fibers was considered to have more WA, whereas the higher GF loading was related
to lower WA. This was also consistent with the past work of Afzaluddin et al. [36], who
found that water resistance increased with the addition of GF in the SPF/TPU composites.

Figure 3. % Water absorption (WA) versus samples for non-hybrid and hybrid SPF/GF/PLA composites.

4.4. Thickness Swelling

Figure 4 presents the effect of treatments on the values of thickness swelling (TS) of
non-hybrid and hybrid SP/GF/PLA composites. With the increase in WA, the thickness
swellings of all the composites were increased. The higher the percentage of GF, the lower
the TS value, while the higher the SPF content, the higher the TS value. This was due to
the fact that GF possessed water resistance ability while SPF has hydrophilic nature [52].
The highest TS value was shown by untreated S1 (SPF/PLA) composite, having maximum
content of SPF. In the S2 composite, no TS value was observed since it contained only
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GF and PLA. Among the hybrid composite, the maximum TS value was observed in
the S3 (untreated SPF/GF/PLA) hybrid composite. The thickness swelling was due to
the prolonged immersion duration, where more water molecules were bonded to the
hydrogen bonds of fiber. This TS value was randomly decreased after alkaline treatment
due to the reduction in the micropores and collapsing capillaries, as well as the removal
of wax and impurities at the fiber surface after the treatment. This predicted reduced
water retention, as indicated by lessening the amount of water absorbed by the fiber. This
reduced the TS value of the hybrid composite. Due to this cause, as the alkaline treated SPF
content was increased, the TS value decreased. A similar finding was reported by N.B.M.
Hafidz et al. [53] after alkaline treatment of palm oil fiber composites as well as kenaf fiber
composites.

Figure 4. % Thickness swelling (TS) versus samples for non-hybrid and hybrid SPF/GF/PLA composites.

The reduction of TS was also observed after BC treatment of SPF for hybrid composite.
S8 composite showed the lowest TS value among all hybrid composite. For the S9 compos-
ite, as the benzoyl treated SPF content was increased to 20 wt %, the TS value increased due
to the disruption of lignin and polysaccharides during treatment that enhanced cellulose
concentration. The cellulose chemical structure is composed of hydroxyl that is accessible
to water. This directly stimulated the WA, thus increased the TS [51].

4.5. Tensile Testing

Figure 5a,b shows the effect of treatment on tensile strength and modulus of non-
hybrid and hybrid SPF/GF/PLA composites. Hybrid composites were used for various
weight percentages of SPFs and GFs. Hybrid composites had a combined weight percent-
age concentration of fibers (SPF/GF) fixed at 30%, whereas PLA was at 70%. Figure 5a
confirmed that by incorporating the GFs, the tensile strength of the PLA composite was
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increased significantly. From Table 1, the tensile strength of GF was more than SPF, while
the tensile strengths of S1 (SPF only) and S2 (GF only) reinforced PLA composite were
16.0 MPa and 23.7 MPa, which indicated that the tensile strength on the addition of GFs
was better than untreated SPF. It was observed that the addition of alkali-treated SPF in-
creased the tensile strength of the hybrid SPF/GF reinforced PLA composites. The highest
tensile strength of 26.3 MPa was shown by the S6 composite among all hybrid composites.
According to Afzaluddin et al. [36], the tensile strength of SPF/GF reinforced TPU hybrid
composites could be increased by adding SPF. Among S4–S6 (alkaline treated) hybrid
composites, S6 exhibited a maximum tensile strength of 26.3 MPa, while S5 and S4 demon-
strated only 14 MPa and 18.7 MPa, respectively. This proves that the interfacial bonding
between SPF and PLA matrix had improved after alkaline treatment. S6 hybrid composite
exhibited maximum tensile strength that might be due to GF (10% loaded); therefore, SPF
can effectively transfer the load from the GF on this particular composition [30]. When
alkaline treated SPF/GF/PLA hybrid composites were compared with benzoyl treated
SPF/GF/PLA hybrid composites, it is clearly shown in Figure 5a that the alkaline treat-
ment was the best treatment approach used for the improvement of tensile strength. This
was due to the improvement in the interface bonding by giving rise to additional sites of
mechanical interlocking, facilitating the interpretation of fiber-matrix at the interface. The
alkaline treatment of fiber increased the binding properties of the surface by eliminating
natural and artificial impurities, which created rough surface topography [30]. This finding
was also supported by the morphological investigation of this research.

S3, S5, and S8 had the same composition of 15/15/70 wt % SPF/GF/PLA. The only
difference they possessed was the untreated or treated SPF. The analysis showed that the
tensile strength of S5 was improved by 27% compared to the S3 hybrid composite. The
tensile strength of the alkaline treated SPF/GF/PLA was higher than untreated hybrid
composites due to the strong interfacial bonding between treated fiber with PLA matrix.
A similar study was carried out by Atiqah et al. [3], that the surface treatment of fiber
improved the tensile properties of SP/GF reinforced TPU hybrid composites. The minimum
value of tensile strength was 9.3 MPa, which was recorded for S8. The inclusion of BC
treated SPF in SPF/GF/PLA hybrid composites caused a remarkable decrease in tensile
strength. One of the investigations by Swain et al. [54] demonstrated that the tensile
strength only decreased when there was weak bonding between fiber and the matrix.

In general, the stiffness property of the SPF/GF reinforced PLA hybrid composites
was also determined. Material stiffness property is mainly indicated by tensile modulus.
In general, the value of tensile modulus was increased with an increase in wt % of GFs.
This statement was valid for both untreated as well as treated SPF/GF reinforced PLA
hybrid composite. The tensile moduli for BC treated SPF/GF/PLA hybrid composites were
increased by the GF percentage, i.e., for 10, 15, and 20 wt % GF in S9, S8, and S7 composites,
the value of tensile moduli were 500, 505, and 607 MPa.

Comparing untreated SPF of S1–S3 composites indicated increasing percentage of
GFs improved the tensile modulus of composites. The highest tensile modulus was shown
by S2, having 30 wt % of GFs as depicts in Figure 5b. This is since the tensile modulus
and strength of GF was higher than SPF. The increment of tensile modulus denoted the
improvement of load-bearing capacity.
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Figure 5. (a) Tensile strength versus samples of non-hybrid and hybrid SPF/GF/PLA composite. (b) Tensile modulus versus
samples of non-hybrid and hybrid SPF/GF/PLA composite. * Values with different letters in the figures are significantly
different (p < 0.05).
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On comparing the alkaline treated SPF/GF/PLA composites, the analysis showed
that the S6 hybrid composite exhibited the maximum tensile modulus of 561 MPa. The
S6 hybrid composite had a maximum of 20 wt % of SPF, indicating improvement in the
interfacial bonding between SPF and PLA matrix after the alkaline treatment of SPF that
consequently resulted in the improved tensile modulus [20]. In addition, after alkaline treat-
ment, rougher topography might cause the qualitative interface between fiber and matrix
due to the removal of waxy and impurity substances. A similar increment of tensile modu-
lus after alkaline was revealed by Mukhtar et al. [18] for SPF/GF-reinforced polypropylene
composites. Comparing the alkaline, BC treated, and untreated SPF/GF/PLA hybrid
composites, it might be noted that BC treatment increased the tensile modulus of the same
wt % composite, i.e., S3, S5, and S8. Among these three composites having 15/15/70 wt %
(SPF/GF/PLA), the highest value of tensile modulus 505 MPa was shown by S8, followed
by 435 MPa and 423 MPa, for S5 and S3 composites, respectively. Previous studies [29,51,55]
indicated that the treatment of fibers with BC enhanced the mechanical contact surface
with the matrix, which enhanced the interfacial bonding between fiber and matrix and
increased stress transfer and tensile modulus of the entire composite. The maximum tensile
modulus was shown by the S7 (BC treated) hybrid composite. The tensile properties in
terms of the tensile stress–strain curve of various composites is shown in Figure 6.

Figure 6. Tensile stress (MPa) versus % tensile strain for various composites.

4.6. Flexural Testing

Figure 7a,b shows the effect of treatment on flexural strength and modulus of non-
hybrid and hybrid SPF/GF/PLA composites. The bending results analysis confirmed the
flexural strength of the composite. In the S5 hybrid composite, the alkaline treatment of
SPF enhanced the flexural strength. Comparing S3, S5, and S8 hybrid composite having the
same wt % (SPF/GF/PLA-15/15/70), the S5 (alkaline treated) hybrid composite showed
maximum flexural strength of 27.3 MPa among all the non-hybrid or hybrid composites.
The incorporation of alkaline treated 15 wt % of SPF led to improved flexural strength
of the S5 hybrid composite. After the alkaline treatment, about 17% of flexural strength
was increased compared with the S3 (untreated) hybrid composite. The increasing of
flexural strength after the alkaline treatment was due to partial elimination of hemicellulose,

263



Polymers 2021, 13, 3620

wax, as well as disruption —OH bonding on the fiber, which ensured a better adhesion
bonding between the PLA matrix and SPF, whereas the S3 hybrid composite showed low
flexural strength caused by poor interfacial bonding between the PLA matrix and SP fiber.
This finding was comparable with the SPF/GF-reinforced polypropylene investigated
by Mukhtar et al. [18]. Another research highlighted that the fiber treatment plays an
important role for flexural strength value. The alkaline treatment of fiber can reduce the
cell wall thickening, leading to improved adhesion between fiber and matrix [3]. Similar
research reported the effect of alkaline treatment on mechanical properties for roselle/SPF
reinforced TPU hybrid composites [20]. Atiqah et al. [3] reported that the flexural strength
of SPF hybrid composites also depends on types of surface treatment. The contrast results
of alkaline treatment with BC treatment for SPF/GF/PLA hybrid composites are shown.
The value of flexural strengths for all three hybrid composites treated with BC were less
than the untreated ones.

For non-hybrid S1 composite (only 30 wt % untreated SPF and 70 wt % PLA), the
flexural strength was 26.3 MPa, which was supported by the study of Sherwani et al. [40]
for flexural analysis of different ratio SPF/PLA composite. The analysis showed that the
hybridization of GF did not significantly affect the flexural strength of composites. In
the case of S2, it decreased by means of bending ability decrease on the addition of GF.
Comparing with untreated SPF/GF, it was clear that the hybridization of the composite
resulted in a good flexural modulus of 1811 MPa (S3 hybrid composite), while the flexural
moduli for non-hybrid S1 and S2 composite were very low of 1317 MPa and 1564 MPa,
respectively. From the comparison of the flexural modulus after alkaline and BC treatment
for same wt % hybrid composites (i.e., S5 with S8), it was observed that after BC treatment,
the flexural modulus was increased from 1336 MPa to 1536 MPa. BC treatment reduces the
diameter of SPF as well as eliminate the lignin and wax layer on fiber. The compatibility
between fiber and matrix increased due to the benzene rings’ availability in the benzoyl
group attached to the fibers.

Safri et al. [28] also reported the same reason for an increment of flexural modulus
after BC treatment of SPF/GF/epoxy hybrid composites. On comparing S6 and S9 having
the same wt % ratios (20/10/70) SPF/GF/PLA hybrid composites, almost the same flexural
modulus about 1450 MPa was observed in all composites. This value is maximum among
alkaline treated SPF, which was proved by Radzi et al. [20] that the alkaline treatment of
SPF would improve flexural modulus due to better wetting and good interfacial bonding
between matrix and the treated fiber. S7 exhibited 1847 MPa, the highest value of flexural
modulus. This was due to various changes at the surface of SPF after BC treated that
increased the adhesion between treated fiber and matrix and mechanical interlocking by
distributing several small voids on the fiber surface and creating extra fiber interpenetration
to the interface. A similar reason was reported for studying the effect of 6% alkaline
treatment of SPF for roselle/SPF reinforced TPU hybrid composites [20].

Safri et al. [28] also reported the same reason for an increment of flexural modulus
after BC treatment of SPF/GF/epoxy hybrid composites. On comparing S6 and S9 having
the same wt.% ratios (20/10/70) SPF/GF/PLA hybrid composites, almost the same flexural
modulus about 1450MPa was observed in all composites. This value is maximum among
alkaline treated SPF, which was proved by Radzi et al. [20] that the alkaline treatment
of SPF would improve flexural modulus because of better wetting and good interfacial
bonding between matrix and the treated fibre. S7 exhibited 1847MPa, the highest value
of flexural modulus. This was due to various changes at the surface of SPF after BC
treated that increased the adhesion between treated fibre and matrix and mechanical
interlocking by distributing several small voids on the fibre surface and creating extra fibre
interpenetration to the interface. A similar reason was reported for studying the effect of
6% alkaline treatment of SPF for roselle/SPF reinforced TPU hybrid composites [20].
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Figure 7. (a) Flexural strength versus samples of non-hybrid and hybrid SPF/GF/PLA composite. (b) Flexural modulus
versus samples of non-hybrid and hybrid SPF/GF/PLA composite. * Values with different letters in the figures are
significantly different (p < 0.05).
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4.7. Morphological Investigations

The morphological analysis was conducted from two different perspectives: tensile
and flexural testings of the fractured cross-sectional area, as shown in Figure 8. The analyses
were carried out from 100× magnification to 300× magnification for both non-hybrid and
hybrid SPF/GF/PLA composites from S1 to S9. In SEM morphology, S1 (untreated/non-
hybrid) composites showed that the SPF demonstrated pull-outs, voids, were also visible
that indicated poor compatibility with the PLA matrix. Due to the untreated SPF, some
wax and lignin contents were visible, and these SEM images were identical to date palm
leaf (DPL) images studied by Swain et al. [54], showing the untreated DPL’s lignin and wax
contents. Non-hybrid S2 composite revealed that GF was stretched when the tensile load
was applied and fewer voids were observed, proving good tensile strength and modulus
compared with S1 and S3 composites. Atiqah et al. [36] also mentioned that when the
tensile load is applied to SPF/GF/TPU composites, GF stretching occurred. SEM images
of the S3 hybrid composite revealed that SPF breakage began when analysing the flexural
fracture surface, whereas the other two flexural fracture surfaces of S1 and S2 did not reveal
any broken fibres. As a result, the flexural modulus of S3 hybrid composite was the highest
among S1, S2, and S3 hybrid composites. SEM figures generally showed a good bonding
between alkaline and BC treated fibres and PLA matrix compared with untreated SPF.
S4, S5, and S6 (alkaline treated) hybrid composites possessed a rough surface than other
hybrid composites that contributed to the enhancement of interfacial bonding between
SPF and PLA matrix. The rough surface after alkaline treatment of SPF was because of
the removal of hemicellulose, lignin, and waxy layer, where this part was visible on SEM
images. Because of this reason, S4, S5, and S6 tensile and flexural fracture surfaces showed
broken SPF, which indicated the increments in the tensile and flexural strengths after
alkaline treatment. This phenomenon might be due to the rougher surface of SPF, the
increased bonding strength between SPF and PLA matrix, and few visible voids on the
surface. Breakage of the SPF indicated more energy dissipation when tensile or flexural
loads were applied. SPF did not pull out, as proven by the breakage images of SPF in all
three alkalines treated S4, S5, and S6 hybrid composites. Similar results were reported
by Radzi et al. [20] for alkaline surface-treated roselle fibre/SPF hybrid composite that
demonstrated better adhesion between treated fibre and matrix. The tensile and flexural
properties of the hybrid composites were also enhanced. S7, S8, and S9 hybrid composites
showed the big gaps/voids and low bonding strength between SPF and PLA matrix after
BC treatment. SEM images also presented visible fibres break and dislocation, as well as
voids/gaps, as aforementioned above. The weak interfacial adhesion caused the pull-outs
in SPF. The fractured surface observed for S7, S8, and S9 (BC treated) hybrid composites
showed broken/breakage SPF attributed to the increase of both flexural and tensile moduli
of the hybrid composites. In previous studies, morphological analysis of BC treated fibre
also reported that the wettability of treated fibre with matrix was increased [26,56].

Figure 8. Cont.
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Figure 8. Morphological investigations for fractured surface analysis of (a) tensile and (b) flexural test. The SEM images
clearly defined the presence of voids, breakage of SPF, GF, and PLA matrix.

SEM images revealed that composites of untreated SPF or BC treated had poor interfa-
cial adhesion, as reported by fiber pull-outs and the presence of holes/voids/gaps. On the
other side, alkaline treated S4, S5, and S6 hybrid composites were distinguished by fibers
breakage that showed strong adhesion between SPF and PLA matrix. This morphological
analysis showed that alkaline and BC treatment was able to modify the SPF surface for
good adhesion, as reported in other studies [20,51]

4.8. Impact Testing

Table 5 shows tensile strength, tensile modulus, flexural strength, flexural modulus,
and impact strength values of non-hybrid and hybrid SPF/GF/PLA composites. Im-
pact strength is used to calculate the dissipation of total energy before ultimate fracture.
Figure 9 shows the effect of treatment on the impact strength of non-hybrid and hybrid
SPF/GF/PLA composites. Therefore, on hybridization, as wt % of GFs content was in-
creased, the failure mechanism was GF fracture, not GF pull-out, due to the brittle nature
of GF. Due to this reason, the composite can withstand a high-speed impact load at higher
wt % GFs content. In general, the energy absorption mechanism was not in role, only the
energy dissipated in frictional sliding of one fiber with the other due to the interaction of
fibers. Moreover, impact strength was increased after hybridization, which increased the
stress capabilities. The impact strength of S1 (untreated) composite was 2.09 kJ/m2 that
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increased to 2.70 kJ/m2 after the hybridization of GF for S3 hybrid composite. Non-hybrid
S2 composite showed good impact strength of 3.07 kJ/m2. S4 (alkaline treated SPF) hybrid
composite exhibited the maximum impact strength value of 3.22 kJ/m2 due to the removals
of hemicellulose, lignin, and pectin, wax generation of moisture resistance, and the creation
of rough fiber surface after alkaline treatment, which improved the adhesion between
treated fiber and matrix. Comparing S4–S6 hybrid composites showed a decrease in impact
strength as the wt % of glass content decreased. The impact strength directly depended
upon the toughness of the entire composite. Fibers play a crucial role in impact resis-
tance, where the combined effect of both fibers improved their impact strength. Uma Devi
et al. [57] reported that as the percentage of GF increased, the impact strength increased for
short pineapple fiber/GF/polyester hybrid composites.

Table 5. Tensile, flexural, and impact properties of non-hybrid and hybrid SPF/GF/PLA composites.

Composite
Specimens

Tensile
Strength

(MPa)

Tensile
Modulus

(MPa)

Flexural
Strength

(MPa)

Flexural
Modulus

(MPa)

Impact
Strength
(kJ/m2)

References

SP30 13.70 - 26.65 - 1.99 [40]
SA 17.83 ± 2.43 431 ± 43 32.34 ± 2.92 1209 ± 258 4.39 [41]
SB 7.01 ± 0.8 602 ± 7 6.07 ± 0.83 863 ± 106 2.39 [41]
S1 16.0 ± 2.64 b,c 433 ± 30 a 26.3 ± 3.85 d 1316 ± 175 b 2.09 ± 0.15 a Current study
S2 23.7 ± 3.21 d,e 539 ± 14 b,c 24.7 ± 2.08 d 1564 ± 60 c 3.07 ± 0.2 b Current study
S3 11.7 ± 3.51 a,b 423 ± 16 a 23.3 ± 3.51 c 1811 ± 80 d 2.70 ± 0.10 b Current study
S4 18.7 ± 4.93 c,d 517 ± 7 b,c 18.7 ± 3.05 b,c 805 ± 100 a 3.22 ± 0.10 b Current study
S5 14.0 ± 4.00 a,b,c 435 ± 15 a 27.3 ± 3.52 d 1336 ± 64 b 3.10 ± 0.14 b Current study
S6 26.3 ± 2.51 e 561 ± 16 c,d 25.7 ± 3.05 d 1491 ± 45 c 2.79 ± 0.39 b Current study
S7 11.0 ± 3.00 a,b 607 ± 60 d 16.7 ± 1.15 b 1842 ± 50 d 2.80 ± 0.25 b Current study
S8 9.3 ± 1.52 a 505 ± 25 b 10.3 ± 2.51 a 1538 ± 35 c 2.78 ± 0.27 b Current study
S9 10.3 ± 3.05 b 500 ± 20 b 8.7 ± 3.05 a 1434 ± 29 b,c 1.97 ± 0.22 a Current study

* Values with different letters in the same column are significantly different (p < 0.05). SP30 defined for Untreated SPF (30%)/PLA (70%).
SA defined for 6% conc. of NaOH treated SPF (30%)/PLA (70%). SB defined for 15 min soaking BC treated SPF (30%)/PLA (70%).

Figure 9. Impact strength versus samples of non-hybrid and hybrid SPF/GF/PLA composite. * Values with different letters
in the figures are significantly different (p < 0.05).
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Comparing the same wt % hybrid composites, i.e., S3, S5, and S8, S5 (alkaline treated)
hybrid composite showed the highest impact value of 3.10 kJ/m2 followed by 2.78 kJ/m2

for S8 (BC treated) whereas S3 (untreated) exhibited the lowest impact strength value of
2.7 kJ/m2. A similar improved impact strength value was reported by Atiqah et al. [3] after
alkaline treatment of SPF for SPF/GF/TPU hybrid composites. After S4, the value of impact
strength decreased as the SPF content was increased. With an increase in SPF content, the
interspaces and stress concentration shoot up, which acted as crack propagation. The same
trend of decreasing impact strength value with increasing fiber content was reported by
Swain et al. [53] for date palm leaf/GF reinforced hybrid composite.

BC treated SPF also improved the impact strength from 2.70 kJ/m2 for S3 (untreated)
hybrid composite to 2.80 kJ/m2 for S7 (BC treated) hybrid composite. This might be due
to good interlocking between treated fiber and matrix, which allowed maximum energy
absorption and stopped the crack propagation, enhancing the impact properties [58,59].
Thiruchitrambalam et al. [27] reported a 12% impact strength increment after BC treatment
for palmyra palm leaf stalk fiber-polyester composites. Swain et al. [60] also revealed that
after BC treatment of jute fiber, the impact strength increased for developing jute/epoxy
composites. The lowest value of impact strength of 1.97 kJ/m2 was shown by the S9 hybrid
composite that might be due to the insufficient resistance to pull out fiber during impact
fracture. Fracture of a matrix, fiber/matrix debonding, and fiber pull-out are three main
causes for impact failure [60].

4.9. Fourier Transform Infrared (FTIR)

Fourier transform infrared (FTIR) spectroscopy is often used to verify the correct mix-
ture of matrix-fiber ratio due to the interplay between components in polymer composites
is complex [61–68]. Figure 10 shows the FTIR analysis for untreated, alkaline, BC treated
of non-hybrid, and hybrid SPF/GF/PLA composites. From the figure, it is clear that all
hybrid composite showed almost similar patterns. This analysis was used to determine the
effect of alkaline and BC treatment on SPF and the chemical bonding nature between SPF,
GF, and PLA. FTIR of untreated and treated SPF/GF/PLA composites revealed changes in
the associated functional groups. Spectrum helps us to determine the presence of lignin,
cellulose, and hemicellulose in (C-H rocking vibrations), 1180 cm−1 cellulose (C-O-C asym-
metric valence vibration, 1316 cm−1 cellulose (C-H2 rocking vibration), 1370 cm−1 cellulose
(C-H2 deformation vibration), 1424 cm−1 cellulose, 1227 cm−1 lignin (C-C plus C-O plus
C=O stretch) [69,70].

In the range, 1300 cm−1 to 1160 cm−1 belonged to the C-C group (lignin in-ring stretch
mode). The difference in peak heights of the untreated (S1, S3) and alkaline treated (S4–S6)
hybrid composites was observed that resulted from the reduced amount of lignin and
hemicelluloses in SPF after alkaline treatment. Significant changes at peaks 1180 cm−1 were
observed, showing C-O in alkaline treated fiber concerning primary alcohol stretching,
peak reduction compared to untreated fiber. Other studies have also confirmed this
related disappearance of lignin and hemicelluloses after alkaline treatment that improved
the adhesion between the fiber and the matrix [3,19,71]. The sharp peak at 1745 cm−1

for S1 composite was observed that was associated with the presence of hemicellulose
C=O stretching vibration [71]. The intensity changes at the 1756 cm−1 peak showed the
esterification among the —OH groups of SP fiber and -COOH terminal groups of PLA.
A small peak in all nine samples at 2995 cm−1 was ascribed with the frequency of the
O-H group [72,73]. This intensity was also decreased after treatment of SPF. After 6 wt %
alkaline treatment of SPF, the —OH groups were substituted with –ONa groups. According
to Bachtiar [71], at 4% alkaline treatment, the nature of SPF changes to hydrophilic since
the cellulose I changed to Cellulose II.

The peak at 1450 cm−1 revealed C-C stretching in the aromatic ring, and the peak at
1719 cm−1 indicated the C=O stretching of the benzoyl carbonyl group in the benzoylated
fiber. As the benzoyl group reacted with the —OH group of SPF, the hydrophilic char-
acter decreased by reducing the hydroxyl group, which was indicated at 2995 cm−1. A
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similar FTIR result was also reported by Salisu et al. [58] after benzoylation of sisal fiber
unsaturated polyester-reinforced composites.

Figure 10. FTIR spectrum detailed data analysis of non-hybrid and hybrid SPF/GF/PLA composites.

5. Conclusions

The physical, mechanical, and morphological properties of treated SPF/GF reinforced
PLA hybrid composites were investigated. This novel SPF/GF reinforced PLA hybrid
composites exhibited lower densities after alkaline treatment of SPF, improved water
absorption, and thickness swelling after both SPF treatments. It was observed that the
incorporation of alkaline treated SPF/GF reinforced PLA matrix increased the tensile and
flexural strengths. Both alkaline treated S6 and S5 hybrid composites exhibited the highest
tensile strength of 26.3 MPa and flexural strength of 27.3 MPa. It was also found that
BC treated SPF/GF reinforced PLA hybrid composites exhibited the highest tensile and
flexural moduli. S7 hybrid composite recorded the highest tensile and flexural moduli of
607 MPa and 1847 MPa, respectively. Nevertheless, the incorporation of alkaline treated S4
hybrid composite showed the highest value of impact strength of 3.22 kJ/m2. This value
was reduced as the SPF content was increased. The morphological investigation revealed
that alkaline treatment of SPF possessed better interfacial adhesion between SPF and PLA
matrix. FTIR results also showed that after alkaline treatment, the adhesion between fiber
and matrix was improved. This combination of alkaline and BC treated SPF/GF reinforced
PLA hybrid composite resulted in good physical and mechanical properties. Therefore, this
composite can be proposed for the fabrication of automotive components. Future research
will primarily focus on replacing Acrylonitrile butadiene styrene (ABS) plastic motorcycle
battery housing parts with these hybrid composites.
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Abstract: Birch (Betula pendula Roth.) and beech (Fagus sylvatica L.) solid wood and plywood were
overmolded with polyamide 6 (PA 6) and polypropylene (PP) to investigate their mechanical proper-
ties and interfacial adhesion. In the case of PA 6, maximum tensile shear strengths values of more
than 8 to 9 MPa were obtained for birch and beech, respectively. The values are comparable to bond
strengths of commercial joints bonded with formaldehyde-containing amino-plastics. Perpendicular
to the wood elements, bond strength values of 3 MPa was achieved for PA 6. The penetration
of the polymers into the wood structure results in a non-densified interphase and subsequent plas-
tic deformation of the wood structure beyond the interphase. These compressed areas influenced
the interfacial adhesion and mechanical interlocking. SEM and XPS analysis revealed different inter-
penetration behavior of the polymers into the wood structure, with chemical interaction confirmed
only for wood and PA 6 but not PP.

Keywords: interfacial bond strength; wood-polymer composites; wood-polymer interface; XPS

1. Introduction

The mobility sector of the European Union is responsible for 26% of its total CO2
emissions. Around one fourth of these emissions are driven by the weight of the vehicle [1],
increasing the importance of lightweight materials for automotive parts like wood [2].
Manufacturing technologies such as milling, cutting, gluing, molding, etc. for the pro-
duction of wood-based products are well studied and established in the wood industry.
In order to introduce wood and wood-based materials in these new areas of application
such as the automotive industry, it is necessary to consider new production technolo-
gies during the design of wood-based hybrid components. Mair-Bauernfeind et al. [3]
investigated the sustainability of wood and wood-based materials compared to other mate-
rials such as steel, where wood showed environmental, economic and social advantages.
In addition, wood has also been increasingly used in multi-story buildings in the form
of wood-concrete hybrid construction for several years. As claimed by Franzini et al. [4],
the bio-based material wood also offers better indoor air quality, lower carbon dioxide
emissions and competitive costs compared to concrete. Due to its sustainable nature and
comparably low density, in recent years there has been an increasing demand for the uti-
lization of wood and renewable materials in the mobility sector [5–9]. Besides utilizing
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sustainable and renewable products, formaldehyde-free bonding and joining of wood
get more and more importance. The total amount of adhesive in plywood production
can reach levels up to 20% for continuous bond lines that require high loading [10,11].
Kohl et al. [7] presented the environmental impact of urea-formaldehyde bonded beech
plywood. Commonly, manufactured structural components in this field are made from
steel, aluminum, magnesium, polymers or polymer composites by means of pressing, deep
drawing, casting and molding [12]. Due to their low resistance against various media—e.g.,
salts—metals are usually coated using synthetic coating systems [13]. In contrast to metals,
components made of polymers that are stabilized with suitable additives exhibit better
durability and weathering behavior [14]. However, low mechanical properties and poor
creep behavior of polymer-based components without fiber reinforcement (e.g., dashboards,
claddings or wheel cases) negatively affect the applicability for load-bearing components
in automotive parts. In addition to the properties of wood in terms of load-bearing capac-
ity and lower density compared to most polymers, wood also provides good resistance
to accelerated weathering in salty environment [15]. Therefore, back-injection molding
or overmolding is a suitable technique for combining the good properties of wood with
the durability, weather resistance and elasticity of polymers [16] to create wood-polymer
hybrid composites. In addition, functional parts, such as brackets or mounting aids, can be
easily fabricated by injection molding.

Wood as a bio-based reinforcement in polymers, i.e., in wood-polymer composites
(WPCs), is well studied and widely used in applications such as furniture, decking, auto-
motive and building components [17,18]. The mechanical interlocking and the mechanical
adhesion as well as the effect of different wood species on the wood-polymer interaction
of WPCs have already been investigated [19,20]. Gacitua et al. [19] observed that molten
polymer (high density polyethylene, HD-PE) penetrates into the wood micro-structure
resulting in a mechanical interaction between polymer and wood. Furthermore, the vis-
cosity of the polymer melt also influences the penetration behavior [20]. Further research
was carried out by Sretenovic et al. [21] to better understand the micro-mechanical behav-
ior of wood plastic composites (WPC), demonstrating stress transfer from the wood to
an LDPE plastic matrix caused by mechanical interlocking.

The modification of wood fibers for WPC production with various coupling agents
aiming to improve interfacial adhesion, thus increasing strength and impact properties to
a large extent, is well studied. Keener et al. [22] investigated the interaction of different
coupling agents, i.e., maleic anhydride, polyolefins and peroxides in agrofiber polypropy-
lene (PP) and polyethylene (PE) composites. In PE composites those coupling agents triple
the impact bending strength and double the tensile strength, whereas the strength of PP
composites increased by more than 60%. Correa et al. [23] aimed to improve the adhesion
of wood-flour PP composites using maleated coupling agents and observed an increased
interfacial adhesion between the matrix and fibers, which led to an improved load transfer
and thus increased mechanical properties.

Polymers, used as adhesive in plywood fabrication have been investigated by
Fang et al. [24] and Chang et al. [25] using HD-PE to bond poplar veneers by hot-pressing.
The influence of the moisture content (MC) of the veneers, pressing temperature and
pressure as well the quantity of the HDPE films on the mechanical and physical prop-
erties was investigated and compared with conventional urea-formaldehyde adhesive
bonded plywood. They found that the MC of the veneers affected HDPE penetration.
With increasing MC, the penetration depth of the polymer melt into the vessels (pores)
of the wood structure decreased, which resulted in lower mechanical properties. Increased
pressing temperature and pressure increased the bond strength as more polymer melt did
penetrate into the vessels, thereby improving the mechanical properties. Furthermore,
the dimensional stability could be improved when using HDPE of a higher quality. Surface
modification using silane agents to improve the performance of wood-polymer plywood
was also investigated by Fang et al. [26], Liu et al. [27] and Bekhta et al. [28], which results
in a significant increasing tensile shear strength and a reduction of water uptake and lead

278



Polymers 2021, 13, 2849

to an improved dimension stability. Regarding particleboard production, there are several
formaldehyde-free synthetic and renewable adhesive systems available, with the main
drawback being availability and higher costs [29]. Overall, the mechanical performance
of pure wood adhesives was also well discussed by Stoeckl et al. [30], where a wide range
in stiffness was found. Briefly, the commonly used adhesives in engineered wood products
and wood composites [29–32], as well as so called wood-plastic composites (i.e., extrusion
and injection molding of wood fibers and particles with different kinds of plastics) [33],
and improvements with various coupling agents is well investigated so far. However,
almost no research was found on wood-polymer hybrid composites produced by means
of injection molding. However, the realization of directly overmolded wood will help to
reduce production time and costs, number of production steps, formaldehyde emission
and carbon footprint.

The present study aims to investigate mechanical properties and in particular the in-
terfacial adhesion of wood-polymer hybrid composites prepared by injection molding.
A frequently used wood-based material for non-structural automotive is plywood. There-
fore, birch (Betula pendula Roth.) and beech (Fagus sylvatica L.) plywood boards were
overmolded with PP at varying injection temperatures to investigate the effect of the in-
jection temperature on the mechanical properties. A novel test setup was established
to evaluate the tensile shear strength, the tensile strength perpendicular to the plane
of the board and the tensile strength perpendicular to the edge. In addition to overmolded
plywood, the tensile shear strength of birch and beech solid wood specimens overmolded
with PP and polyamide 6 (PA 6) was investigated. To investigate the penetration depth
of the polymer-melt into the wood micro-structure and the polymer wood adhesion, X-ray
photoelectron spectroscopy (XPS) was performed. Furthermore, the interphase between
the wood and the polymer was investigated by means of scanning electron microscopy
(SEM). The main research questions of this study were as follows:

Q1. Does the polymer melt penetrate into the wood structure and what determines the ad-
hesion between the polymer and wood, including chemical bonds?

Q2. Is the interfacial adhesion of an overmolded wood-polymer hybrid composites as
strong as bonded wood products with commercial adhesives?

2. Materials and Methods
2.1. Materials

Industrially manufactured birch and beech plywood, with a thickness of 10 mm,
and solid wood were sourced from Frischeis GmbH (Stockerau, Austria). Polypropylene
(Daplen KSR 4525) and polyamide 6 (Grilon BZ 3) were provided by Borealis (Vienna,
Austria) and EMS-Chemie AG (Domat, Switzerland), respectively.

2.2. Plywood Composites

Sixteen boards of each species, birch and beech, respectively, with a dimension
of 297 × 146 mm were prepared using a circular saw and overmolded with PP as shown
in Figure 1a. Injection molding was performed with an injection molding machine
(Engel ES 1350/200 HL-V, Schwertberg, Austria) with a screw diameter of 70 mm. Each
species was overmolded at three different injection temperatures to investigate the effect
of the injection temperature on the interfacial adhesion and the mechanical properties
of the wood-polymer composites. For this, cylinder temperatures were set to an average
value of 220 ◦C, 240 ◦C and 260 ◦C, respectively. The volumetric flow rate was 15 cm3/s
at an injection pressure of 170 bar, injection time of 2 s and the cycle time was 80 s. The way
point of the feed screw was set to 35 mm, which corresponds to a changeover point at
95 cm3 after an injection time of 10 s and a holding pressure of 40 bar.

In order to investigate mechanical properties under three different load conditions,
specimens were cut using a circular saw (Figure 1a–d). For tensile tests perpendicular to
the plane of the board (σP), specimens with a dimension of 50 × 20 mm (Figure 1b), and for
tensile tests perpendicular to the edge (σE) specimens with a dimension of 120 × 20 × 10 mm
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were produced (Figure 1c), with one specimen consisting of 2 individual parts. These
two parts were welded together with a welding mirror. For this purpose the temperature
of the welding mirror was set to 200 ◦C and the welding time was 2 s. Specimens for tensile
shear (σS) tests, performed according to DIN EN 302-1, had a dimension of 120 × 20 × 4 mm,
with the overlap length of the overmolded areas being 10 mm [34] (Figure 1d). In total
121 birch and 118 beech samples were prepared for this study.
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2.3. Solid Wood Composites

Forty board specimens were cut with a dimension of 140 × 140 mm from each solid
wood species, planed to a thickness of 4 mm and overmolded with PP or PA 6, respectively,
to a final thickness of 8 mm (Figure 2a). Injection molding was performed with an injec-
tion molding machine (Wittmann Battendfeld Smart Power 120/750 B 8) having a screw
diameter of 70 mm.
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For PA 6, the cylinder temperature was set to an average value of 260 ◦C. The volu-
metric flow rate was 40 cm3/s at an injection pressure of 360 bar, the injection time was
2 s and the cycle time was 64 s. The changeover point was set to 12 cm3, with a holding
pressure and time of 100 bar and 2 s, respectively.

For PP, the cylinder temperature was set to an average value of 260 ◦C, the volumetric
flow rate to 15 cm3/s, the injection pressure was 170 bar, the cycle time 66 s and injection
time 5 s. The changeover point was set at 12 cm3, with a holding pressure and time
of 100 bar and 1 s, respectively. In total 108 specimens with a dimension of 110 × 20 × 8 mm
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were produced using a circular saw (Figure 2b). In total 50 birch and 58 beech samples
were prepared.

2.4. Mechanical Properties of Wood-Polymer Composites

Mechanical tests were performed using a universal testing machine (Zwick/Roell
Z20, Ulm, Germany). Prior to mechanical tests, all samples were stored under standard
climate conditions (20 ◦C ± 2 ◦C, 65% ± 5% relative humidity) according to standard ISO
554 [35] until constant mass was reached. All tests were stopped after a 30% load reduction
of the maximum force (Fmax) was reached or failure occurred within 90 ± 30 s.

For plywood composites tensile tests perpendicular to the plane of the board (σP) were
performed with clamps originally designed for testing internal bond strength of particle
and fiber boards, [36] which were used to attach the wooden part to the testing machine as
shown in Figure 3a. A pre-force of 10 N was applied before testing at a constant crosshead
speed of 1 mm/min. σP was calculated according to DIN 52 188 [37], by dividing Fmax
through the calculated interface area. σE was determined following DIN 52 188 [37],
depicted in Figure 3b. After a pre-force of 10 N was applied, the specimens were loaded
at a constant speed of 0.3 mm/min. σS was determined following DIN EN 302-1 [34]
(Figure 3c) with an applied pre-force of 20 N at a constant speed of 0.4 mm/min.
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For solid wood composites, the tensile shear strength (σS) of birch and beech wood
composites was assessed according to DIN EN 302-2 [34]. The samples were loaded with
a pre-force of 10 N and tested at a constant crosshead speed of 0.6 mm/min.

2.5. Scanning Electron Microscopy (SEM) and X-ray Photoelectron Spectroscopy (XPS)

To investigate the penetration of the polymer into the wood structure on a microscopic
level, two samples per combination were analyzed by means of SEM (Hitachi TM3030,
Tokyo, Japan). To analyze the interphase of a cross-section of the overmolded samples,
specimens with a dimension of about 3 × 8 mm were cut using a double-bladed circular
saw. To obtain a smooth surface without any disturbing artefacts, the area of interest was
cut with a razor blade.

XPS spectra were recorded to determine the penetration depth of the polymer into
the microstructure of wood as well as chemical interactions between polymer and wood
and to gain a deeper understanding into interfacial adhesion. Six solid wood specimens
of each combination having a cross section of 8 × 4 mm were cut. The analysis was
performed using an XPS system (Nexsa, Thermo-Scientific, Waltham, MA, USA) using
an Al Kα radiation source operating at 72 W and an integrated flood gun. A pass energy
of 200 eV, “Standard Lens Mode”, CAE Analyzer Mode and an energy step size of 1 eV
for the survey spectrum were used. The diameter of the X-ray beam was 100 µm. A line scan
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was performed where four analysis points were placed in the wood-polymer interphase
(Figure 4, −2 to +1). Starting from the first analysis point (Figure 4, 0), two spots were placed
in the wood direction (Figure 4, −1 to −2) and one measuring spot in the polymer direction
(Figure 4, +1) at a distance of 200 µm, respectively. As a reference, additional analysis
points were placed in the wood substrate and in the polymer bulk, respectively. Prior
to analysis the surface was cleaned by sputtering with Ar-clusters (1000 atoms, 6000 eV,
1 mm raster size) for 60 s. High-resolution spectra of C1s, N1s and O1s of 6 specimens
were examined, acquired with 50 passes at a pass energy of 50 eV and an energy step size
of 0.1 eV. These were analyzed using software package Thermo Avantage (v5.9914, Build
06617) with Smart background and Simplex Fitting algorithm by using Gauss-Lorentz
Product. Peak profiles of C1s and O1s were deconvoluted.
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2.6. Statistics

In this study a one-way analysis of variance with an error level of 0.05 was calcu-
lated using Excel 2016 (Microsoft, Redmond, WA, USA) to statistically evaluate the effect
of the injection temperature and the wood species on the mechanical properties.

3. Results and Discussion
3.1. Mechanical Properties of Wood-Polymer Composites
3.1.1. Plywood-Polymer Composites

Figure 5 displays the results of all test configurations at the different injection tempera-
tures for birch and beech plywood, respectively, overmolded with PP. Regarding the influence
of the injection temperature on the mechanical properties of these wood-polymer composites
no statistically significant effect was present, with the exception of σE for the overmolded
birch plywood specimens, for which higher injection temperatures resulted in higher σE.
Chang et al. [25] reported that the hot-pressing temperature and pressure exhibit an inflexion
point, i.e., a certain pressure and temperature, at which penetration of the polymer into
the wood structure with partly damaged cells and cracks and into the vessels is highest, thus
resulting in the highest strength. Furthermore, no significant difference between birch and
beech plywood for all test configurations was observed.

σP was on average (over all three injection temperatures) 3.16 ± 0.91 MPa and
2.89 ± 0.68 MPa for birch and for beech plywood, respectively. The highest σP for
birch and beech plywood specimens was observed at an injection temperature of 240 ◦C
(3.31 ± 1.15 MPa and 3.02 ± 0.49 MPa), similar to results reported by Chang et al. [25].
The tensile strength perpendicular to the edge was on average 5.08 ± 1.44 MPa and
4.78 ± 1.01 MPa for birch and beech plywood, respectively, with the highest values
achieved at 260 ◦C for birch and 240 ◦C for beech plywood specimens (6.04 ± 1.04 MPa
and 5.14 ± 1.24 MPa). Liu et al. [38] investigated the surface bond strength of engineered
plywood in a similar fashion. Poplar veneers (Populus tomentosa Carriére) were bonded
with chlorinated PP films on a wood fiber PP composite core layer (80% wood fiber and
20% PP) using a hot-pressing procedure. They observed surface bonding strength val-
ues of the veneers on the composite core layer, which is comparable with σP, of approx.
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1.75 MPa, which was significantly lower compared to our study. The higher values were
attributed to two reasons. On the one hand, the poplar veneers used have a significantly
lower tensile strength perpendicular to the grain of about 1.7–2.8 MPa compared to birch
(~7.0 MPa) and beech (~7.0–10.7 MPa) wood [39]. On the other hand, they prepared the PP-
bonded plywood using a hot-pressing process, in which the pressure applied was about
5 MPa at a temperature of 110 ◦C, which is much lower compared to those used in our
study. Improved penetration of PP into the wood at 170 bar (17 MPa) and 360 bar (36 MPa)
for PA 6, respectively, the pressures used in this study, could eradicate the damage caused
in the wood structure due to compressive failure of the top layers.
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σS of birch and beech plywood samples were on average 3.81 ± 0.76 MPa and
3.83 ± 0.69 MPa, respectively, with highest values observed at an injection temperature
of 260 ◦C for birch and 220 ◦C for beech of 3.87 ± 0.68 MPa and 3.92 ± 0.94 MPa, re-
spectively. Bekhta et al. [28] reported shear strength values for birch and beech plywood
bonded with PA 6 and polyethylene (PE) higher than 3 MPa and 1.7 MPa, respectively.
However, PP overmolded birch and beech plywood showed higher σS, which is thought to
be mainly influenced by the different process parameters used in this study.
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3.1.2. Solid Wood-Polymer Composites

Figure 6 summarizes the mean values, standard deviation and sample number for
birch and beech solid wood, overmolded with PA 6 and PP, respectively. There was no
statistically significant difference between the birch and beech solid wood composites.
σS for birch-PA 6 were on average 5.71 ± 1.13 MPa, while σS for beech-PA 6 was slightly
higher (6.36 ± 1.47 MPa). For PP-composites a slightly lower tensile shear strength was
observed for birch solid wood compared to beech (2.33 ± 0.44 MPa and 2.54 ± 0.83 MPa,
respectively). The observed maximum values for σS for the PA 6-composites were 8.65 MPa
and 9.74 MPa and for PP-composites 2.98 MPa and 4.19 MPa for birch and beech, respec-
tively. Compared to literature, the measured maximum values were similar, with tensile
shear strengths of 9 MPa and 3.5 MPa reported for beech wood rods overmolded with
PA 6 and PP, respectively [16]. However, a perfectly aligned longitudinal fiber orientation
of the specimens results in fewer cut vessels and fibers and thus fewer open lumens into
which polymer could penetrate, which in turn results in less mechanical interlocking and
thus in a lower average tensile shear strength. For comparison, typical values for bonded
birch and beech wood specimens (melamine-urea-formaldehyde (MUF), polyurethane
(PU) and phenol-resorcinol-formaldehyde (PRF)) with commercially adhesives do exceed
10 to 11 MPa [31,32].
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Figure 6. Average tensile shear strength σS of birch solid wood specimens and beech solid wood
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The differences between PA 6 and PP composites can be explained by the different
polarity of both polymers. It is supposed that the polar PA 6 [40] exhibits a good adhesion
and/or sound bonding with the wood surface, which promotes higher strength values.
In addition, the high temperature during the molding process (260 ◦C) degrades free
hydrophilic groups of wood polymers, mainly the hemicelluloses [41,42]. The effects
of thermally modified wood fibers on the adhesion to thermoplastics were also reported by
Follrich et al. [43]. It can be assumed, that exposure to elevated temperatures leads to a
more hydrophobic character of the wood surface enhancing the interfacial compatibility to
hydrophobic polymers, which results in improved interfacial interactions. Furthermore,
the higher strength for PA 6-composites in contrast to PP-composites can also be explained
by the higher cohesive strength of PA 6.

3.2. Wood-Polymer Interfaces
3.2.1. Morphology of Wood Polymer Composites by SEM

Figure 7 shows cross sections of representative birch and beech solid wood composites.
During the overmolding process, the melted polymers penetrated into the wood structure
through the sliced vessels and fibers. For the specimens overmolded with PA 6, in com-
parison to PP-composites only minor penetration of the melt into the wood substrate was
observed. Due to the high pressure used (360 bar) during the injection process, the melt
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flow was mainly directed in radial direction (Figure 7(1a–2b)). PP composites were fab-
ricated at much lower injection pressure (170 bar), hence, the melt penetrated the wood
cells in both directions, for birch and beech, respectively (Figure 7(3a–4b)). Furthermore,
it was observed that the outer cellular structure (approximately 100 µm up to 200 µm) is
stabilized by the polymer that penetrated the wood by filling the lumens of vessels and
tracheids. Additionally, only a few micro gaps along the interface between the wood and
the polymer were observed, which is interpreted as an indicator of good adhesion between
the materials. In addition, wood rays and also the transition zone from early to late wood
have a structurally reinforcing effect. As Mattheck and Kubler [44] presented, the many
rays oriented perpendicular to the grain behave like beams, that lead to an increasing
compressive strength of the wood structure. These compressed areas generate an increased
interface and thus improved mechanical interlocking between the polymer and the wood
surface. According to Sretenovic et al. [21] the mechanical interlocking influences the stress
transfer from the polymer to the wood structure in wood fiber composites. In addition,
Smith et al. [45] reported that both the porosity of the wood structure and the processing
parameters are influencing mechanical interlocking. Furthermore, Gupta et al. [46] showed
that there are strong correlations between surface roughness and interfacial adhesion.
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Beyond the stabilized interface the wood structure exhibits a zone of compressive
failure, caused by plastic deformation of the wood structure during injection molding
(Figure 7(1a–4a)). These compressed zones range approximately 0.4 to 1.1 mm into the wood
structure depending on the species. Müller et al. [47] reported that a pressure of about
12 MPa is required to densify a diffuse-porous wood structure (e.g., birch and beech) perpen-
dicular to the grain. Corresponding to the thickness of the compressed zone, the overmold-
ing procedure causes almost homogeneous densification across the overmolded surface
for both birch and beech. However, the compression zone of birch wood is much larger
than the compression zone of beech wood, which is caused by its lower compression
strength perpendicular to the grain [39,48,49]. A lower ratio of strength perpendicular
to the grain to the injection pressure, leads to higher densification of the wood substrate,
causing the formation of a so-called weak boundary layer, which influences the strength
of wood polymer composites. In birch wood samples, failure occurs mainly in the weak
boundary layer, which corresponds to the results of the mechanical tests, both for solid
wood and plywood overmolded with PA 6 and PP as well as findings, as reported by
Chang et al. [25]. Furthermore, it is clearly shown, that mainly vessels are compressed in
this range. In contrast, tracheids and wood fibers are compressed mainly in the peripheral
areas up to a depth of 200 to 600 µm.
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3.2.2. Elemental Composition and Chemistry of the Interface in Wood-Polymer
Composites

From XP spectra information regarding the penetration of polymer into the wood
structure and their interaction can be derived. The elemental composition (C, N and O)
at various positions within the wood polymer interphase extracted from scans is shown
in Table 1. Additionally, as an initial indicator of the presence of polymer in the wood
structure and vice versa, the atomic ratio O/C and N/C for PA 6 composites and the O/C
ratio for PP composites were calculated. For all composites, the O/C ratio significantly
decreased from the wood substrate through the interphase towards the bulk polymer.
Specifically, the birch-PA 6composites exhibited a constant decrease of the O/C ratio from
the wood towards the polymer, whereas for beech wood samples this ratio significantly
decreases in the interphase (Table 1, −1 to +1), after that the O/C ratio remained constant.
Correspondingly, the N/C ratio significantly increased in the interphase to polymer di-
rection (Table 1, −1 to +1). PP composites exhibited a similar trend regarding the O/C
ratio; it significantly decreased from the wood substrate towards the interphase, both for
birch and beech composites (Table 1, −1 to +1). These results confirm that penetration
of the polymer melt into the wood cell wall structure takes place and not only through
the cut vessels and fibers as determined in the SEM analyses.

Table 1. Elemental composition of C, N and O over the sample cross-section for birch and beech solid
wood overmolded with PA 6 and PP from XPS analysis. The position of the measuring spots placed
on the samples are shown in Figure 4. In addition, the atomic O/C and N/C ratios determined
by XPS analysis are presented.

Composite Elemental Wood
Substrate −2 −1 0 1 Polymer

Birch-PA 6

C at [%] 81.85 86.37 87.65 87.74 91.11 90.00
N at [%] 0.19 0.14 0.15 2.05 4.28 5.02
O at [%] 17.95 13.50 12.21 10.22 4.61 4.98

O/C 0.219 0.156 0.139 0.116 0.051 0.055
N/C 0.002 0.002 0.002 0.023 0.047 0.056

Beech-PA 6

C at [%] 67.77 67.76 67.37 73.07 89.24 87.74
N at [%] 0.38 0.34 0.29 1.52 5.82 5.56
O at [%] 31.85 31.90 32.34 25.41 4.95 6.71

O/C 0.470 0.471 0.480 0.348 0.055 0.076
N/C 0.006 0.005 0.004 0.021 0.065 0.063

Birch-PP

C at [%] 72.61 71.46 70.40 85.30 98.68 98.32
N at [%] 0.45 0.27 0.33 0.35 0.41 0.40
O at [%] 26.95 28.27 29.27 14.35 0.92 1.29

O/C 0.371 0.396 0.416 0.168 0.009 0.013

Beech-PP

C at [%] 66.66 65.70 65.96 83.45 99.29 99.11
N at [%] 0.32 0.28 0.24 0.38 0.30 0.31
O at [%] 33.02 34.03 33.81 16.17 0.42 0.59

O/C 0.495 0.518 0.513 0.194 0.004 0.006

Carbon is the dominant element in both wood and polymer. For this reason, the car-
bon peak from high resolution spectra was deconvoluted into four components. With
regard to wood, the C 1 peak (C-C or C-H) at approx. 284 eV corresponds to carbon-carbon
or carbon-hydrogen bonds and is predominant in lignin or polymers such as PP. The C 2
peak at approx. 286 eV corresponds to carbon-non-carbonyl oxygen bonds (C-O), a major
moiety in cellulose. The C 3 peak at approx. 287 eV is assigned to carbon atoms bound
to two non-carbonyl oxygens (O-C-O) or to one carbonyl oxygen (C=O), while the C 4
peak at approx. 289 eV represents carboxylic groups (O-C=O) [50,51]. For PA 6 the C
peak was deconvoluted into three components according to the literature [52], with the C 1
peak at approx. 284 eV corresponding to the aliphatic carbon atoms CH2 (C-C (C=O)-N-C),
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the C 2 at approx. 286 eV representing the carbon atoms linked to the amide nitrogen
(C-C (C=O)-N-C) and the C 3 at approx. 287 eV representing the amide carbonyl group
(C-C (C=O)-N-C). For aliphatic PP the C peaks were deconvoluted into two main com-
ponents: C 1 peak (C-H or C-C) at approximately 284.5 eV and the C 2 peak (C-O) at
approx. 286 eV [53]. To obtain information about the penetration as well the distribution
of the chemical components, C 1 and C 3 peaks for specimens overmolded PA 6 and C 1 and
C 2 peaks for specimens overmolded with PP were selected (Figure 8a–d and Figure A1).
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In general, an increase of the measured atomic percentage of the C 1 components
from the interface in polymer direction and at the same time a decrease in wood direction
for all samples was found. For birch-PA 6 composites (Figure 8a), the amount of the C 1
component decreased significantly from the polymer bulk towards the interphase from 61.0
at.% to 51.0 at.% (Figure 8a, PA to 0), while the amount of C 1 remained almost constant
through the interphase but decreased towards the wood substrate. For the C 3 component,
the highest value of 27.5 at.% was observed at the interphase (Figure 8a, 0), significantly
decreasing in both directions. For beech-PA 6 (Figure 8b) almost similar results were
observed. The amount of the C 1 component decreased from the PA 6 bulk to the wood
substrate from 51.0 at.% to 24.4 at.%, with the interphase area having a constant value.
The highest amount of C 3 was again observed in the interphase of 33.9 at.% (Figure 8b, 0),
decreasing toward the wood and polymer direction. The results of C 1 and C 3 indicate
that the polymer melt penetrated the wood structure during injection molding up to about
~400 µm (Figure 8a,b, −2). Additionally, a nonlinear trend of ratios between C 1 and C 3
was observed indicating that chemical reactions, e.g., transamidation occurs influencing
the ratio beyond the trend expected from pure mixing of polymer and wood [54].

Figure 8c,d shows the elemental distribution across the cross section of PP composites.
Similar results were observed for birch and beech wood. Highest values of C 1 were
determined in the polymer bulk, as expected (71.1 at.% and 68.4 at.% for birch and beech
specimens, respectively). These amounts then constantly decreased towards to point
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0 within the interphase of 44.9 at.% and 48.2 at.% (Figure 8c,d, 0) for birch and beech,
respectively. Beyond point 0 a significant decrease of the C 1 component was observed
towards wood (Figure 8c,d, −1). Between point −1 and the wood substrate no significant
difference between C 1 for birch-PP and beech-PP can be observed. For C 2, the elemental
composition also does not differ significantly from each other. PP does not interact with
the wood structure beyond van der Waals interactions as PA 6 does, based on polar groups
present in PA 6 and being absent in PP. Furthermore, PP only penetrated the wood structure
up until 200 µm (Figure 8c,d, −1).

Results of the XPS analyses assist in explaining the results of the mechanical tests. Higher
strength and stiffness of wood-PA 6 composites can be explained by PA 6 penetrating the wood
structure on a macro- but also microscopic level, which corresponds to previous findings [16]
where beech wood rods were overmolded with different polymer materials. In addition,
chemical interaction of PA 6 with wood takes place due to the polar nature of the material,
resulting in better interfacial adhesion as compared to PP and thus improved mechanical
properties of wood-PA 6 composites produced by injection molding. However, sound bonding
to the wood occurs, both for PA 6 as well as for the more hydrophobic material PP due to
formation of an interphase by polymer penetration into the wood.

Based on the presented results, the initially proposed research questions can be an-
swered as follows: The used polymers penetrate into the peripheral porous structure
through the sliced vessels and fibers thus forming an interphase which contributes to
adhesion by mechanical interlocking. In case of PA 6 wood composites, additional chemical
interactions do seem to contribute to improved adhesion. Additionally, the mechanical
properties of the produced (unmodified) wood-polymer composites can compete with
commercially bonded wood-wood composites and, therefore, this technology is suitable
to manufacture wood polymer hybrid composites for structural applications for instance
for the automotive sector.

4. Conclusions

Solid wood and plywood were overmolded with PP and PA 6 in order to investigate
the influence of process parameters on interfacial adhesion between wood and polymer
and the mechanical properties of wood-polymer composites. The mechanical properties
of these composites are influenced only to a small extent by the processing temperature
used. Temperature effects on the wood substrate are of minor importance. However,
SEM and XPS analysis showed that substantial amounts of molten polymer penetrated
into the wood substrate. A weak boundary layer of compacted cells formed in the wood
substrate, extending from the wood-polymer interphase to a depth of 1 mm. Due to the high-
pressure during injection molding, a weak boundary layer consisting of heavy densified
cells formed in the wood substrate, extending from the wood-polymer interphase to a
depth of 1 mm. The weak boundary layer, which varied between birch and beech wood,
lowered the mechanical properties of the wood-polymer composites. However, polymer
interpenetrated the wood substrate through vessels, which led to the formation of a stabilized
interphase and improved mechanical properties. Due to its polar character, PA 6 interacts
chemically with the wood substrate, resulting in the highest tensile shear strength observed,
ranging from 8 MPa to 9 MPa for birch and beech, respectively. Nevertheless, sufficient
bonding and mechanical interlocking of PP was also observed for both wood species.
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Abstract: There is a general concern about the rationalization of resources and the management
of waste. Plant residues can contribute to the development of new non-polluting construction
materials. The objective of this study was to valorize a plant residue such as the giant reed and
obtain a particleboard with cement using potato starch as a plasticizer in a manufacturing process
involving compression and heat. The influence of cement and starch in different proportions and its
stability over time were analyzed. Finally, their physical and mechanical properties were evaluated
and compared to European Standards. High-quality sustainable particleboards (boards with high
structural performance) were obtained and can be classified as P6 according to European Standards.
Mechanical properties were improved by increasing the starch content and pressing time, whereas
greater resistance to water was obtained by increasing the cement content. Giant reed particles seem
to tolerate the alkalinity of the cement since there was no sign of degradation of its fibers. The use
of these residues in the manufacture of construction materials offers a very attractive alternative in
terms of price, technology and sustainability.

Keywords: composite; MOR; MOE; IB; panel

1. Introduction

Environmental awareness is increasing in society and with it, public concern about
the rationalization of resources and the management of waste. One way to collaborate
in solving both problems is by increasing the use of construction materials composed of
plant fibers, given these products are easily recyclable and are not aggressive with the
environment. The recovery of this waste is also in agreement with European policies
related to the environment [1–3]. The manufacturing of products from plant residues
avoids their elimination through incineration, reducing greenhouse gas emissions by fixing
carbon during their life cycle. This could help EU member states fulfill their agreements
ensuring that accounted greenhouse gas emissions from land use, land use change or
forestry (LULUCF) are balanced by at least an equivalent accounted removal of CO2 from
the atmosphere in the period 2021 to 2030 [4].

Cement-bonded wood composite panels are not a novel concept, having been on the
market during the past century [5]. Cement traditionally has been used to strengthen wood
composites improving their mechanical performance [6,7], fire retardance, water resistance
and insulation [8]. These products are currently used by the construction industry in
applications such as walls, roof sheathing and tiles, floor, fences and sound barriers [9–11].
However, due to a decreasing availability of wood, there has been a deterioration in the
mechanical properties of these commercial composites.

Studies are currently oriented towards the production of new generation compos-
ite boards with lignocellulosic residues of agricultural origin. The development of bio-
renewable materials mixed with cement provides added value for the agricultural waste
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market. The main advantages of using lignocellulosic materials as reinforcement in cement
are their low density, low cost, biodegradability, availability of large varieties of fibers
throughout the world and the promotion of a new agricultural economy [12,13].

A variety of investigations of plant fibers with cements have been studied: rattan [14],
bamboo [15], rice husk [16], sisal [17–19], coconut [20–26], sugar cane bagasse [27–29],
babaçu [30], banana [31,32], coconut and abaca [33], oil palm [34–36], canary palm [37],
arhar [38], agave lecheguilla [39], date palm [40], hemp [41–45], kenaf [46], giant reed [47],
hazelnut shell, wood and tea [48], cork [49], jute [50,51] and corn [52].

Composites made of natural fibers absorb a large amount of water causing cracking
due to the swelling of the fibers. The initial curing process of cement compounds with
plant biomass is problematic due to the loss of water absorbed by the fibers. However,
later internal curing is favored by the release of part of the water that the biomass had
captured. Natural fibers with cement composites are more susceptible to a lack, rather than
an excess, of water. High amounts of water in the cement–fiber mix cause the segregation
of the mixture, whereas small amounts of water make compaction of the mixture difficult
and favors the presence of heterogeneities.

Another issue is that plant fibers suffer degradation when in contact with cement.
Some investigations have focused on the modification of the surface of the fibers in order
to prevent degradation [40,46,53–56]. The properties of these composites are limited by a
combination of factors such as heterogeneity, wettability and chemical compatibility of the
natural fibers with cement. Composites reinforced with lignocellulosic material present a
great variability in their mechanical properties in cement boards due to the deterioration of
their properties because of alkaline degradation (hydrolysis) and fiber mineralization [57].
These mechanisms produce changes in the chemical composition of the fibers that cause
a reduction in strength and degradation of the polymeric matrix, of the fiber/polymer
matrix interfacial bond [57] and also of plant fibers resulting in a delay in the cement
hydration [31].

Various components of the biomass, such as soluble sugars or low molar mass hemicel-
luloses, have adverse effects on the preparation and performance of concrete [58]. Therefore,
selecting biomass sources with a low content of these compounds would minimize these
drawbacks. Research on starch-based lightweight concrete has investigated the effect of
its polysaccharides on cement [59,60], the retardant properties of the starch for cement
setting [61], the dispersion mechanism of sulfonated starch as a water-reducing agent for
cement [62], jute–cement panels with different proportions of starch [63] and particles of
palm tree with cement and starch [37].

Different manufacture parameters of panels made of cement with lignocellulosic mate-
rials have been analyzed, concluding that cemented panels are high-strength construction
materials. However, their industrial production requires a high investment and further
research is needed to reduce cost manufacturing [64] and to evaluate the effects of fiber
pretreatment methods and alternative curing methods for the long-term performance of
these composites [12,65].

Giant reed (Arundo donax L.) is one of the largest species of grass growing in Mediter-
ranean regions. It is a wild perennial plant to which no genetic improvement or genotype
selection has been made. It grows annually, with average heights of 4 m and a mean
thickness of 4 cm. Reed has traditionally been used in many Mediterranean countries. In
the southeast of Spain, it was used in construction as part of the roof and floor up to the
beginning of the 20th century. However, it is now in disuse and has become an environ-
mental problem since it forms dense reed beds along river banks. When the water level
rises, the reeds are uprooted and carried away on the current, forming large masses that
block watercourses, causing flooding and sweeping away any structure that gets in their
way. In the Segura River in Spain, the authorities are forced to make significant economic
investments in order to keep reeds controlled, hence they are cleaned and processed in
authorized landfills [66].
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Several authors used giant reed biomass to obtain particle-boards with different ad-
hesives. A study on multilayer panels of oriented particles [67] found that these boards
have good mechanical behavior and were therefore suitable for use in load-bearing struc-
tures according to European Standards [68]. With urea formaldehyde (UF), Garcia Ortuño
et al. [69] obtained panels with good properties of modulus of rupture (17.67 N/mm2),
modulus of elasticity (3025.90 N/mm2) and internal bounding strength (1.31 N/mm2) that
could be commercialized. Giant reed particleboards have also been manufactured with
unmodified starches [70] and presented good mechanical properties (modulus of rupture
of 16.20 N/mm2, modulus of elasticity of 2520.97 N/mm2 and internal bounding strength
of 0.39 N/mm2) through a cyclical process of humidification, heat and pressure. The best
properties were found when potato starch was used as an adhesive. In other tests of giant
reed with cement mortars, Shon [71] observed that the thermal conductivity and density of
the concrete decreased.

Plant residues can contribute to the developing of new non-polluting construction
materials. The objective of this research was to valorize a plant residue such as the giant
reed and obtain a particleboard, adding a very small amount of cement in comparison with
the wood–cement composites and using potato starch as a plasticizer in a manufacturing
process involving compression and heat. The influence of cement and starch in different
proportions and its stability over time were analyzed. Finally, the particleboard’s physical
and mechanical properties were evaluated and compared to European Standards [68] in
order to verify whether it could be used as a building material.

2. Materials and Methods
2.1. Materials

The materials used were residues of giant reed (Arundo donax L.) and different proportions
of CEM II/B-LL 32.5 N Portland cement, potato starch (Solanum tuberosum) and water.

The giant reed biomass (Figure 1) was obtained from clearing the banks of the Segura
River in southeast Spain. The reeds were laid out in a vertical position to dry outdoors for
12 months until their relative humidity was 8.2 ± 0.4%. They were then cut and shredded
in a blade mill. The particles were collected in a vibrating sieve and only those that passed
through the 0.25 mm sieve were selected.
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Potato starch from the food industry, with 90% purity, was used as a plasticizer.
Chemically, starch is a mixture of two similar polysaccharides: amylose and amylopectin.
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Potato starch typically contains large oval granules and gels at a temperature of 58–65 ◦C.
Water was taken directly from the mains water supply, with an average temperature of
20 ◦C.

2.2. Manufacturing Process

The manufacturing process consisted of combining dry reed particles with cement in
different proportions in weight (0, 10 and 20%) and starch (0, 5 and 10%). Then, 10% water
was sprayed onto the mixture before stirring it for 15 min in a blender (LGB100, Imal s.r.l.,
Modena, Italy) until homogenized.

The mat, formed in a mold of dimensions 600 mm × 400 mm, was then placed in a hot
press with a force of 2.6 MPa, a temperature of 100 ºC and four different times (1, 2, 3 and
4 h). Subsequently, the boards were cooled to room temperature. A total of 132 panels were
made, comprising seven types with four different classes (the 28 different configurations
are shown in Tables 1 and 2).

Table 1. Types of panels manufactured.

Type Number of Panels
Weight Dosage (%)

Starch Cement

A 20 10 20

B 20 5 20

C 20 10 10

D 20 - 10

E 20 - 20

F 16 5 -

G 16 10 -

Table 2. Division of panels in classes according to their pressing time.

Pressing Time (h) Class Number of Panels

1 1 4

2 2 8 1

3 3 4

4 4 4
1 Only for types A to E. For types F and G, the number of panels was four.

Twenty-eight days after manufacture, four specimens of each type (A to G) and class
(1 to 4) were cut to the appropriate dimensions as indicated in European Standards [72] in
order to carry out the tests needed to characterize the mechanical, physical and thermal
properties of each of the boards being studied (Figure 2). Three hundred and sixty-five
days after manufacture, four boards of class 2 from types A to E were cut and also tested.
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2.3. Methods

The method followed was experimental. The tests were conducted in the Materials
Strength Laboratory of the Higher Technical College of Orihuela at Universidad Miguel
Hernández, Elche. The values were determined according to European Standards estab-
lished for wood particleboards [73].

After they were manufactured and cut, density [74], thickness swelling (TS) and water
absorption (WA) after 2 and 24 h immersed in water [75], internal bonding strength (IB) [76],
modulus of elasticity (MOE) and modulus of rupture (MOR) [77] were measured (Table 3).
Later, the boards were evaluated according to European Standards [68]. In order to assess
the resistance of the reed particles to the alkalinity of the cement, MOR and MOE tests were
performed after 365 days on four class 2 panels of types A to E.

Table 3. Characteristics of the tests performed.

Test N of Replicates
(Per Panel)

N of Replicates
(Total)

Size of the
Specimens Equipment Used

Relative Humidity 3 396 20 g Model UM2000, Imal s.r.l.

Density 6 792 50 mm × 50 mm Model IB700, Imal s.r.l.

Thickness Swelling (TS) 3 396 50 mm × 50 mm
Model 76-B0066/B Water

Bath, Controls S.A.
Model UM2000, Imal s.r.l.

Water Absorption (WA) 3 396 50 mm × 50 mm
Model 76-B0066/B Water

Bath, Controls S.A.
Model UM2000, Imal s.r.l.

Modulus of Rupture (MOR) 6 792 150 mm × 50 mm Model UM2000, Imal s.r.l.

Modulus of Elasticity (MOE) 6 792 150 mm × 50 mm Model UM2000, Imal s.r.l.

Internal Bonding Strength (IB) 3 396 50 mm × 50 mm Model UM2000, Imal s.r.l.

The morphology of the inside of the experimental panels was examined using a
scanning electron microscope (SEM) (Hitachi model S3000N, Hitachi, Ltd., Tokyo, Japan)
equipped with an X-ray detector (Bruker XFlash 3001, Billerica, MA, USA). For the observa-
tions, images of fractured 5 mm × 5 mm cross-sections of the panels were taken.
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The moisture content of the material was measured with a laboratory moisture meter
(model UM2000, Imal s.r.l., Modena, Italy). The water immersion test for the panels was
carried out in a heated tank (Model 76-B0066/B Water Bath, Equipos de Ensayo Controls
S.A., Toledo, Spain).

The mechanical tests and density were performed with the universal testing machine
(model IB700, Imal s.r.l., Modena, Italy), which complies with the velocity of 5 mm·min−1

for the bending test and 2 mm·min−1 for internal bonding strength.
For the statistical analysis, SPSS v. 26.0 software (IBM, Chicago, IL, USA) was used.

Analysis of variance (ANOVA) was performed for a significance level of α < 0.05. The
standard deviation was obtained for the mean values of the tests.

3. Results
3.1. Physical Properties

Average density is showed in Figure 3, with all boards considered to have medium-
high density. Boards made with starch alone (F, G) had a density range from 866 to
988 kg/m3, those with cement alone (D, E) were from 942 to 1026 kg/m3 and those with
starch and cement (A, B, C) were from 990 to 1116 kg/m3. Boards manufactured with a
mix of cement and starch have higher density than using these two components separately.
The boards with the highest density were B4 class, with a composition of 5% potato starch
and 20% cement. They were in the hot plate press for 4 h, reaching an average density of
1116 kg/m3.
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Figure 3. Mean density of type A–G particleboards.

Figure 4 shows the mean values of the thickness swelling tests (TS) and water absorp-
tion (WA) after 24 h of immersion in water. The boards with starch alone (F, G) had a TS
from 37.2 to 56.3%, with cement (D, E) ranging from 26.7 to 58.5% and starch and cement
(A, B, C) from 11.5 to 23.8%. WA follows the same tendency of TS. Type B, made with 5%
starch and 20% cement, had the lowest WA value between 37.27 and 43.85%. Panels made
of cement and starch achieved a great result and could be classified as structural boards.
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3.2. Mechanical Properties

Modulus of rupture (MOR) and modulus of elasticity (MOE) results follow a similar
pattern, as shown in Figure 5. MOR performance of the boards made with starch (F, G)
ranged from 7.89 to 18.53 N/mm2, with cement (D, E) ranging from 6.21 to 18.04 N/mm2

and starch and cement (A, B, C) from 12.59 to 27.26 N/mm2. MOE values with starch (F, G)
ranged between 1663.3 and 2763.7 N/mm2, with cement (D, E) ranging from 1234.8 to
3080.1 N/mm2 and starch and cement (A, B, C) from 1846.1 to 4287.4 N/mm2.
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Type A and C boards, using starch and cement and a press time of 1 h, can be classified
as P2. After being in the press for 4 h, these panels achieved the P7 requirements. The
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mechanical results obtained were very high, showing the good mechanical properties that
can be achieved with boards made of giant reed–cement–starch.

The average values obtained for internal bonding strength (IB) (Figure 6) varied
between 0.20 and 0.28 N/mm2

, with starch (F, G) with cement (D, E) ranging between 0.15
and 0.36 N/mm2 and starch and cement (A, B, C) between 0.36 and 0.89 N/mm2.
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The results of the test indicate that the contribution of starch improved the properties
of the boards, as was observed in the palm–cement boards [37]. Board types A, B and C
could be classified as P7, whereas if only cement or starch was used, the boards only met
the P1 requirements.

3.3. Assessment of the Durability of the Fibers

To verify that fibers were not degraded in contact with cement, four extra boards of
classes A2, B2, C2, D2 and E2 (the types containing cement) were made. These extra speci-
mens were cut for the mechanical tests that were carried out 365 days after manufacture
and compared to the others specimens from the same class. The results obtained from MOR
and MOE are shown in Figure 7. It can be concluded that boards made with starch and
cement (classes A2, B2 and C2) had a significant increase in the MOR and MOE values at
365 days of setting. The boards that only contained cement (classes D2 and E2) presented
similar values.
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This demonstrates that giant reed particles are not degraded by the alkalinity of the
cement, as no deterioration was observed in their mechanical properties. Boards made of
reed with cement and starch showed a notable improvement over time that may be justified
by the beneficial effect that starch could exert on the setting of the cement. It is possible
that the water absorbed by the starch at the beginning of the manufacturing process was
gradually transferred to the cement, favoring its subsequent hydration.

3.4. Statistical Analysis

The ANOVA shown in Table 4 indicated that density depends on the type of board,
whereas the time in the press has no influence. Density also depends on the amount of
starch used but not the cement. TS and WA are dependent on the type of board and the
amount of cement and starch in the mix. Pressing time is not influential in the physical
properties. MOR, MOE and IB are influenced by all factors: type of board, pressing time
and amount of cement and starch added to the mix.

Table 4. ANOVA of the test results.

Factor Properties Sum of
Squares d.f. Half Quadratic F Sig

Type of panel

Density
(kg/m3) 246,938.733 6 41,156.455 8.851 0.000

TS 24 h (%) 24,117.087 6 4019.514 79.859 0.000
WA 24 h (%) 30,972.016 6 5162.003 24.673 0.000

MOR (N/mm2) 2203.595 6 367.266 22.757 0.000
MOE (N/mm2) 2.572 × 107 6 4.286 × 106 8290 0.000

IB (N/mm2) 3.947 6 0.658 10.880 0.000

Pressing time

Density
(kg/m3) 44,648.253 3 14,882.751 2.285 0.083

TS 24 h (%) 421.488 3 140.496 0.496 0.686
WA 24 h (%) 1060.883 3 353.628 0.708 0.549

MOR (N/mm2) 1081.134 3 360.378 13.461 0.000
MOE (N/mm2) 2.348 × 107 3 7.827 × 106 14.943 0.000

IB (N/mm2) 0.995 3 0.332 3.771 0.013
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Table 4. Cont.

Factor Properties Sum of
Squares d.f. Half Quadratic F Sig

Starch (%)

Density
(kg/m3) 225,752.148 2 112,876.074 24.920 0.000

TS 24 h (%) 22,366.496 2 11,183.248 170.680 0.000
WA 24 h (%) 28,956.715 2 14,478.357 71.060 0.000

MOR (N/mm2) 1686.149 2 843.074 40.973 0.000
MOE (N/mm2) 14,861,771.141 2 7,430,885.571 12.256 0.000

IB (N/mm2) 3.682 2 1.841 50.932 0.000

Cement (%)

Density
(kg/m3) 7589.261 1 7589.261 1.391 0.243

TS 24 h (%) 80.590 1 80.590 7.165 0.010
WA 24 h (%) 1418.878 1 1418.878 5.653 0.021

MOR (N/mm2) 307.374 1 307.374 15.118 0.000
MOE (N/mm2) 8,513,888.803 1 8,513,888.803 12.613 0.001

IB (N/mm2) 0.773 1 0.773 16.647 0.000

d.f.: degrees of freedom. F: Fisher–Snedecor distribution. Sig: significance.

3.5. SEM Observations

Scanning electron microscope (SEM) observations were made to investigate the in-
teraction between the three components of the experimental boards. Using a standard
method [78], the mineralogical evolution of cement during hydration of the boards was
analyzed. Micrographs were obtained at 8 and 28 days after the manufacture of the boards
of class 2, which contained 20% cement and 10% starch and had been pressed for 2 h.
Samples for SEM were polished and plated with gold.

Figure 8a shows that starch has gelled and enveloped the cement grains that were
being hydrated. Figure 8b shows how cement grains were hydrating eight days after panels
were made. It can be differentiated that alite (calcium silicate) and belite (dicalcium silicate)
were hydrating, forming tobermorite grains. Hydration cracks were also found.
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Figure 8. (a) Starch gel enveloping cement grains 3 days after hydration and (b) cement grains 8 
days after hydration. 

Figure 9a shows a cube of gypsum (calcium sulfate) that was added to the clinker to 
decrease the solubility of the aluminate. This cube is surrounded by crystals of tricalcium 
silicate (C3S) transformed into tobermorite gel (hydrated calcium silicates), whose grains 
began to coalesce. In Figure 9b, tobermorite is seen over an organic gel, indicating that the 
starch has gelled. 

Figure 8. (a) Starch gel enveloping cement grains 3 days after hydration and (b) cement grains 8 days
after hydration.

Figure 9a shows a cube of gypsum (calcium sulfate) that was added to the clinker to
decrease the solubility of the aluminate. This cube is surrounded by crystals of tricalcium
silicate (C3S) transformed into tobermorite gel (hydrated calcium silicates), whose grains
began to coalesce. In Figure 9b, tobermorite is seen over an organic gel, indicating that the
starch has gelled.
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Figure 10a shows that tobermorite gel has bonded, forming a continuous matrix, 
while in Figure 10b some tobermorite grains have coalesced forming a continuous layered 
matrix. Some thin hexagonal plates can be seen, indicating the presence of portlandite 
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Figure 10. (a) Tobermorite gel 8 days after hydration and (b) tobermorite and crystalized portland-
ite 8 days after hydration. 

Figure 11a shows the halo reaction of belite (dicalcium silicate). In Figure 11b, alite 
crystals (calcium silicate) in the hydration process are seen, forming tobermorite grains 
which were forming a gel. 

Figure 9. (a) Gypsum cube surrounded by tobermorite gel 3 days after hydration and (b) tobermorite
over an organic gel 8 days after hydration.

Figure 10a shows that tobermorite gel has bonded, forming a continuous matrix, while
in Figure 10b some tobermorite grains have coalesced forming a continuous layered matrix.
Some thin hexagonal plates can be seen, indicating the presence of portlandite [Ca(OH)2].
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Figure 10. (a) Tobermorite gel 8 days after hydration and (b) tobermorite and crystalized portlandite
8 days after hydration.

Figure 11a shows the halo reaction of belite (dicalcium silicate). In Figure 11b, alite
crystals (calcium silicate) in the hydration process are seen, forming tobermorite grains
which were forming a gel.
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Figure 11. (a) Belite 8 days after hydration and (b) tobermorite, alite and portlandite 8 days after 
hydration. 

Portlandite (calcium hydroxide) over tobermorite (hydrated calcium silicates) is ob-
served in Figure 12a, with no ettringite found. Figure 12b shows giant reed fibers glued 
together, with no degradation due to the alkalinity of the cement observed. 

  
(a) (b) 

Figure 12. (a) Portlandite over tobermorite 8 days after hydration and (b) giant reed fibers 8 days 
after hydration. 

There is no visible sign of microcracks on the surface of the boards 8 or 28 days after 
setting in Figure 13. Even though other authors observed degradation of plant fibers in 
contact with cement by alkaline hydrolysis, the hydration process of the experimental 
boards of this study was optimal. 

Figure 11. (a) Belite 8 days after hydration and (b) tobermorite, alite and portlandite 8 days after
hydration.

Portlandite (calcium hydroxide) over tobermorite (hydrated calcium silicates) is ob-
served in Figure 12a, with no ettringite found. Figure 12b shows giant reed fibers glued
together, with no degradation due to the alkalinity of the cement observed.
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Figure 12. (a) Portlandite over tobermorite 8 days after hydration and (b) giant reed fibers 8 days
after hydration.

There is no visible sign of microcracks on the surface of the boards 8 or 28 days after
setting in Figure 13. Even though other authors observed degradation of plant fibers in
contact with cement by alkaline hydrolysis, the hydration process of the experimental
boards of this study was optimal.
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Figure 13. Surface of the board (a) 8 days after hydration and (b) 28 days after hydration. 

To elucidate the mechanism involved in why boards with starch (types A, B and C) 
have better properties than boards without starch (D and E), a micrograph of board type 
E2 (no starch, 20% cement and 2 h in the press) after 28 days of setting is shown in Figure 
14. 

 
Figure 14. Cross-sectional micrograph of a board type E2 28 days after hydration. 

It shows cement components without hydration. This indicates that there was a water 
shortage that prevented a correct absorption of water by the cement. It is possible that 
water contained in the mixture before hot pressing was attracted by the reed particles and 
then evaporated when pressed. Boards made with starch could have retained this water 
and later released it to the cement to hydrate it properly, thereby improving the mechan-
ical performance of the board. 

4. Discussion 
Particleboards are classified based on their mechanical properties and dimensional 

stability by European Standards [68], which establishes minimum requirements of their 
properties. Their grades range from P1 to P7 (Table 5). 

Figure 13. Surface of the board (a) 8 days after hydration and (b) 28 days after hydration.

To elucidate the mechanism involved in why boards with starch (types A, B and C)
have better properties than boards without starch (D and E), a micrograph of board type E2
(no starch, 20% cement and 2 h in the press) after 28 days of setting is shown in Figure 14.
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Figure 14. Cross-sectional micrograph of a board type E2 28 days after hydration.

It shows cement components without hydration. This indicates that there was a water
shortage that prevented a correct absorption of water by the cement. It is possible that
water contained in the mixture before hot pressing was attracted by the reed particles and
then evaporated when pressed. Boards made with starch could have retained this water
and later released it to the cement to hydrate it properly, thereby improving the mechanical
performance of the board.

4. Discussion

Particleboards are classified based on their mechanical properties and dimensional
stability by European Standards [68], which establishes minimum requirements of their
properties. Their grades range from P1 to P7 (Table 5).
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Table 5. Classification of experimental panels based on European Standards [68].

Grade Definition

P1 Boards for general use in dry conditions

P2 Boards for indoor application (including furniture) in dry
conditions

P3 Non-structural boards for use in humid conditions

P4 Structural boards for use in dry conditions

P5 Structural boards for use in humid conditions

P6 High performance structural boards for use in dry conditions

P7 High performance structural boards for use in humid conditions

According to Table 6, boards whose only binder was 20% cement (type E) had lower
mechanical properties, which indicates that hydration of the cement was not adequate and
the water initially contained in the mixture was absorbed by the giant reed particles. When
pressure and heat were applied to these boards, water evaporated, preventing the correct
setting of the cement.

Table 6. Physical and mechanical properties of the experimental panels.

Type of Panel Classification EN
312 [68] MOR (N/mm2) MOE (N/mm2) IB (N/mm2) TS 24 h (%)

A1 P2 12.89 (1.44) 1846.04 (368.20) 0.41 (0.13) 15.54 (3.37)
A2 P3 15.98 (1.19) 2083.50 (335.15) 0.53 (0.22) 11.12 (2.85)
A3 P4 19.79 (3.06) 2636.88 (521.43) 0.66 (0.27) 13.33 (3.08)
A4 P6 26.11 (2.28) 3759.76 (377.99) 0.76 (0.21) 12.38 (1.35)

B1 P1 13.33 (1.13) 2130.78 (304.21) 0.34 (0.15) 13.96 (5.22)
B2 P2 14.19 (1.63) 2610.01 (520.34) 0.42 (0.23) 13.48 (3.28)
B3 P4 16.94 (1.49) 2392.63 (488.00) 0.79 (0.21) 15.25 (5.77)
B4 P4 19.88 (0.91) 3076.93 (431.62) 0.74 (0.14) 13.49 (1.59)

C1 P2 12.56 (6.07) 2021.89 (461.01) 0.54 (0.19) 24.22 (8.13)
C2 P3 20.76 (2.51) 3058.56 (389.95) 0.71 (0.09) 16.83 (3.09)
C3 P3 21.60 (1.60) 3104.68 (541.19) 0.84 (0.24) 16.95 (2.75)
C4 P6 27.26 (3.29) 4287.44 (554.31) 0.95 (0.33) 14.04 (1.03)

D1 P1 11.41 (0.81) 2325.87 (211.76) 0.31 (0.01) 58.50 (14.50)
D2 P1 12.72 (0.46) 2426.60 (356.39) 0.31 (0.04) 49.42 (0.17)
D3 P1 13.82 (1.44) 2519.48 (198.45) 0.34 (0.03) 44.83 (16.6)
D4 P1 18.04 (0.35) 3080.12 (126.14) 0.36 (0.10) 50.41 (11.20)

E1 - 6.22 (0.22) 1234.77 (131.71) 0.16 (0.11) 42.24 (1.56)
E2 - 6.40 (0.24) 1426.89 (167.47) 0.16 (0.06) 36.79 (3.71)
E3 - 8.71 (0.34) 1713.74 (11.04) 0.33 (0.10) 37.79 (7.15)
E4 - 9.45 (1.02) 1865.42 (64.53) 0.21 (0.09) 26.73 (6.59)

F1 - 9.90 (0.30) 1958.16 (71.76) 0.27 (0.01) 37.28 (1.85)
F2 - 7.90 (0.47) 1663.29 (1.38) 0.28 (0.02) 39.89 (0.67)
F3 - 9.46 (0.43) 1784.03 (37.78) 0.21 (0.01) 49.11 (0.71)
F4 - 12.06 (0.29) 2443.87 (51.51) 0.27 (0.01) 56.34 (0.71)

G1 P1 13.00 (0.07) 2148.25 (70.71) 0.30 (0.01) 41.41 (1.41)
G2 P1 14.04 (0.27) 2192.85 (95.95) 0.28 (0.01) 43.44 (1.59)
G3 P1 15.63 (0.48) 2211.76 (119.50) 0.28 (0.01) 48.49 (1.52)
G4 P1 18.53 (0.69) 2763.68 (72.18) 0.29 (0.01) 46.18 (2.28)
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Table 6. Cont.

Type of Panel Classification EN
312 [68] MOR (N/mm2) MOE (N/mm2) IB (N/mm2) TS 24 h (%)

Thickness
6–13 mm [68]

P1 10.50 - 0.28 -
P2 11.00 1800.00 0.40 -
P3 15.00 2050.00 0.45 17.00

Thickness
6–10 mm [68]

P4 16.00 2300.00 0.40 16.00
P5 18.00 2550.00 0.45 13.00
P6 20.00 3150.00 0.60 16.00
P7 22.00 3350.00 0.75 10.00

() standard deviation.

The boards with the best performance were types A4 and C4, which met European
Standards [68] and could be classified as P6 (high performance structural load-bearing
particleboard to use in dry conditions). In general, boards with the best properties are those
in which a mixture of cement and starch has been used as a binder.

Higher proportions of cement produced lower TH, whereas higher proportions of
starch resulted in better mechanical performances. Starch could have retained part of the
water previously added onto the mixture to later transfer it to the cement, favoring its
correct hydration. This confirmed a study that suggested that in order to improve the
properties of cementitious compounds, an additive of cellulose and starch was added
because it behaves as a good water-retention agent [62].

The two manufacturing variables considered in this study were the type of binder and
the time in the hot plate press. The type of binder is the most influential parameter since all
physical and mechanical properties varied according to it (density, TS, WA MOR, MOE and
IB). The pressing time affected half of the properties tested (MOR, MOE and IB).

Several authors noticed that during the setting time of cement composites with plant
fibers, there was a delay in the formation of hydration products [15,28,79]. They attributed
it to different fiber components, especially sugars. A different study indicated that pectins
contained in the jute fibers combined with the cement functioned as a growth inhibitor of
calcium silicate hydrate (CSH) [41].

SEM micrographs showed calcium compounds at eight days of setting and therefore
the hydration process had not been delayed. In addition, micrographs showed how the
gelled starch enveloped the cement grains, which would make difficult its dilution and the
interaction of the reed components with the cement.

The hydration of the cement in the experimental boards is in accordance with the
study carried out with cement without plant fibers at seven days [78]. Some research [57]
affirms that plant fibers degrade in contact with cement by alkaline hydrolysis. However,
in this work, no signs of degradation of giant reed fibers were observed at 28 days. Another
investigation [31] indicated that composites made of cement and plant fibers decrease
performance in MOR and MOE after one year of setting due to carbonation of the matrix
followed by lixiviation and progressive microcracking. In this paper, results appear to
differ, with the MOR and MOE behavior of the panels even increasing, indicating that there
was no incompatibility between the three components (giant reed, cement and starch).

Other researchers obtained composites made of cement and wood or plant fibers.
Their results are shown in Table 7. Pine wood–cement composites have lower performance
than the boards of this study. It is possible that this type of wood requires large amounts
of cement to comply with European Standards [68]. With eucalypt and rubberwood or
with pretreated coconut coir, the results of TS are better than in this study. Nonetheless,
one of the uses of these composites is in humid conditions such as terraces or façades. It is
possible that the pretreatment of the coconut or the amount of cement could improve the
TS of the panels of this study. The behavior of canary palm composites with amounts of
cement similar to this investigation is sufficient to be commercialized as P2 [68]. However,
their properties are behind the giant reed–cement composites of this study.
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Table 7. Properties obtained with cement composites.

Source Material Ratio Ce-
ment/Material

MOR
(N/mm2)

MOE
(N/mm2)

IB
(N/mm2)

TS 24 h
(%)

[5] Pine 3/1 15.8 5495 - 18.5

[9]
50% Eucalypt

and 50%
rubberwood

8/1 6.40 4090 0.34 1.80

[21] Coconut coir 2/1 19.94 5315 0.73 3.64
[37] Canary palm 1/5 15.76 1872 0.68 26.70

This work
(C4) Giant reed 1/10 27.26 4287.44 0.95 14.04

Industrial boards are normally manufactured with a wood/cement ratio of 1/5.5. The
boards in this work have been made with a small amount of cement, with the ratio in
weight of giant reed/cement being 1/0.2 maximum. Pressing time was a maximum of
4 h at 100 ◦C, while industrial boards need 8 h at 75 ◦C and drying times of 8 h at 90 ◦C.
The experimental boards described in this study have been made with less time and with
a much lower proportion of cement than in the production of industrial wood–cement
boards. This represents significant energy savings in their manufacture and makes them
potentially a more ecological product.

5. Conclusions

The effects of the binder (starch–cement) on the physical and mechanical properties of
boards made of giant reed (Arundo donax L.) particles were investigated.

High-quality sustainable particleboards (boards with high structural performance)
were obtained using giant reed and can be classified as P6 according to European Standards.
Mechanical properties were improved by increasing the starch content, whereas greater
resistance to water was obtained by increasing the cement content.

The pressing time of the boards in the hot plate press at 100 ◦C had a great influence
in MOR, MOE and IB, which increased performance. Further tests are needed to determine
the optimum pressing temperature and time for the manufacturing process.

Cement is mineralized in the giant reed–cement–starch particleboards following the
same hydration process that occurred without fibers or additives. Giant reed particles seem
to tolerate the alkalinity of the cement since there was no sign of degradation of its fibers,
with MOR and MOE even increasing at 365 days of setting.

Using giant reed particles, cementitious composites can be made which could be used
in the manufacture of various construction components. Therefore, the use of these residues
in the manufacture of construction materials offers a very attractive alternative in terms of
price, technology and sustainability.
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Abstract: Rhizophora spp. particleboard with the incorporation of lignin and soy flour as binders
were fabricated and the influence of different percentages of lignin and soy flour (0%, 6% and
12%) on the physico-mechanical properties of the particleboard were studied. The samples were
characterised by Fourier transform infrared spectroscopy (FTIR), X-ray diffraction (XRD), scanning
electron microscopy (SEM), energy dispersive X-ray (EDX), X-ray fluorescence (XRF) and internal
bonding. The results stipulated that the addition of binders in the fabrication of the particleboard
did not change the functional groups according to the FTIR spectrum. For XRD, addition of binders
did not reveal any major transformation within the composites. SEM and EDX analyses for all
percentages of binders added showed no apparent disparity; however, it is important to note that
the incorporation of binders allows better bonding between the molecules. In XRF analysis, lower
percentage of chlorine in the adhesive-bonded samples may be advantageous in maintaining the
natural properties of the particleboard. In internal bonding, increased internal bond strength in
samples with binders may indicate better structural integrity and physico-mechanical strength. In
conclusion, the incorporation of lignin and soy flour as binders may potentially strengthen and fortify
the particleboard, thus, can be a reliable phantom in radiation dosimetry applications.

Keywords: characterisation; particleboard; natural fiber composites; Rhizophora spp.

1. Introduction

In medical physics, phantoms are used as a substitute for humans for various experi-
ments and treatment verification purposes. Since ionising radiation is usually involved,
irradiation of human subjects is not allowed, as radiation poses health risks for develop-
ing cancers in the future. Phantoms are materials comprising of elemental composition
and density close to human tissue, and possess equivalent radiation properties (i.e., they
generate similar interactions when irradiated). Acrylic (poly(methyl methacrylate)), a type
of thermoplastic, is the most common, commercially available and widely used tissue-
equivalent phantom material. Although it is biocompatible and is recyclable, it is not
biodegradable and recycling this material usually leads to environmentally harmful by-
products. Recent statistic shows that more than 380 million tonnes of plastic are produced
every year, and due to their non-biodegradable properties, these plastic wastes may end
up as pollutants and affect the natural environment and oceans [1].

Wood is an example of naturally occurring, bio-degradable composite materials that
can be considered to replace acrylic as a phantom material. Wood is made up of fibrous
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chains of cellulose molecules in a matrix of organic polymer lignin. Cellulose fibres
from wood are part of natural fibres, and these fibres are among the most abundant
and renewable resources, eco-friendly and low cost. Composite materials are often used
in constructions, especially in building reinforced structures, bridges and composites
products such as particleboard, fibre-reinforced polymer or fiberglass [2,3]. Natural fiber
composites are also readily used for interior finishes such as, interior door panels and
floor mats [4]. Composite materials are advantageous in terms of their flexibility in design,
light weight, physical strength, durability and good resistance toward corrosion [5,6].
Particleboard is a wood-based composite panel product consisting of cellulosic particles
of various sizes that may be bonded together with any binders, under the influence of
heat and pressure. Rhizophora spp. was investigated and show potential as durable
particleboard in the construction of furniture, interior applications and as tools in medical
applications [7–10]. In radiation dosimetry applications, Rhizophora spp. has been studied
for their potential as a phantom material and several studies have proved their properties
as a tissue-equivalent material [10–12]. The composition and electrical properties of the
tissue-mimicking phantom material are also important for better modelling of the phantom,
adhering to the body structure represented by the phantom [13]. In order to develop
composite phantom materials with tailored properties, one should be able to predict a
property of a composite based on the properties of its constituents [14].

Adhesives, also known as binders, may be found naturally or produced syntheti-
cally [15]. Wood binder is used in most wood products including particleboards, boards,
plywood and many other applications. Over the years, the development of binders in the
wood industry shows significant changes, with higher production numbers, and with the
emergence of synthetic binders, the range of binder formulations exploded. Commercial
synthetic binders are commonly used in the wood industry, which include urea formalde-
hyde (UF), phenol formaldehyde (PF) and phenol resorcinol formaldehyde (PRF) [16,17].
This is due to their properties, which include excellent water resistance, and they provide
better performance than a natural binder [18].

Despite popular use of synthetic resins in the wood industry, several harmful envi-
ronmental effects were discovered [19,20]. In 2008, the Environmental Protection Agency
(EPA) declared formaldehyde a carcinogenic material which brings about environmental
and health concerns [20–23]. Among the side effects of formaldehyde towards humans are
inflammation of the eyes, nose, throat, asthma-like respiratory allergy, asthma attack with
shortness of breath, wheezing and coughing. In the environmental aspect, formaldehyde
decomposes in air and forms formic acid and carbon monoxide. Animals that are affected
by formaldehyde may experience chronic effects which include, shortened lifespan, re-
productive problems and lower fertility. As a result, several attempts have been made
to improve environmentally friendly binders in an effort to substitute formaldehyde as a
binder in the wood industry.

Soy protein is one of the natural resources to produce natural wood adhesive [19]. Soy
products are preferred as binders due to several factors which include, availability, being
economical and that presence of carbohydrate in soy products serve as an inert dilute,
which is an excellent addition in adhesive materials. They are also safe and perform well
as a dominant bonding portion [24]. Other than that, soy protein can withstand hot or cold
conditions during the fabrication process, and more efforts have been done to study soy
protein as a binder in order to improve the wood bond strength [24–29]. Soy protein is also
acknowledged for its good adhesive properties, due to its structures and several modifica-
tions. The structure of soy protein can be modified to adhere to the requirement, which may
improve its properties. Hydrogen bond presented in the soy protein structure prevents it
from interacting with the cellulosic structure of the wood; however, this disadvantage can
be overcome by several modifications. The molecular structures of the soy protein can be
modified by using physical, chemical or enzymatic means. The modifications result in the
breaking down of hydrogen bond, allowing the soy protein structure to be able to react
with the wood material with increased adhesion properties.
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Lignin is part of the components that hold the plant fibers together and this property
roused interests for it to be utilized as a suitable wood binder, which is low-cost, non-toxic,
easily available, renewable and environmental-friendly. Lignin consists of approximately
40% of wood’s mass and is among the most abundant natural polymers on earth, accounting
for 12% to 33% of lignocellulosic biomass [30,31]. Lignin is often studied for the production
of carbon fibers, thermoplastics and binders [32–35]. It has been studied as a binder for
hundreds of years but the development of a binding system, mainly from lignin, has yet
to be carried out [36]. Kraft lignin and lignosulfonates from hardwoods and agricultural
residues are among the lignin products that show promising potentials as good wood
binders, and more efforts have been done to make binder blends based on these two
products [37–40].

There are many studies devoted to the characterisation of natural based composites
and polymer as a phantom in radiation dosimetry applications; however, the study of
the effect of different percentages of binders towards the characterisation outcomes and
physico-mechanical properties are yet to be discussed. In this study, different percentages
of lignin and soy flour were formulated as binders in the fabrication of Rhizophora spp.
particleboard, to study their effects towards different analyses: i.e. Fourier transform
infrared (FTIR), X-ray diffraction (XRD), scanning electron microscopy (SEM), energy
dispersive X-ray (EDX) and X-ray fluorescence (XRF). Internal bonding analysis was
also performed.

2. Materials and Methods
2.1. Sample Preparation of Rhizophora spp. Particleboard Bonded with Lignin and Soy Flour

Rhizophora spp. raw wood trunks were obtained from a coal factory in Perak and un-
derwent several steps, which include drying, debarking, grinding and sieving, to prepare
wood particles at approximately 0 µm to 103 µm particle sizes. Lignin (Sigma Aldrich,
Merck, QRec, Petaling Jaya, Malaysia) and soy flour (Sigma Aldrich, Merck, QRec, Petaling
Jaya, Malaysia) were utilised as binders for the fabrication of the particleboard. Different
percentages of binders, i.e. 0%, 6% (3:1 soy flour to lignin) and 12% (3:1 soy flour to lignin)
binders, were pre-determined to analyse their effects towards the characterisation and
physico-mechanical properties. Bonded particleboards were fabricated at a target density
of 1.0 g.cm−3, while maintaining the Rhizophora spp. moisture content at approximately
1.39% L to 6.47% L. Moisture content of the sample is best being below 10% L to maintain
its relative humidity, and may also be affected by type, size and geometry of the sam-
ple [15]. The fabrication process involved hot pressing by using a hot press machine at
approximately 200 ◦C, with a pressure of 20 MPa for approximately 17 min to 20 min.

2.2. Fourier Transform Infrared (FTIR) Analysis

Analysis of the structure of the molecules and functional groups present in the samples
were determined using an FTIR spectroscopy, to investigate the chemical bonding with the
addition of soy flour and lignin as binders. The samples were ground into approximately
1.0 mg of powder, mixed with approximately <100 mg of potassium bromide (KBr), and
was then compressed to form 1.0 mm thickness of pellet. In this analysis, FTIR spectropho-
tometer (IRPrestige21, Shimadzu, Japan) at the School of Industrial Technology, Universiti
Sains Malaysia was utilized.

2.3. X-ray Diffraction (XRD) Analysis

XRD analysis was carried out using Bruker’s D8 Advance X-Ray Diffractometer at
the Center of Global Archeological Research, Universiti Sains Malaysia, to estimate the
degree of crystallinity of the fabricated samples. On the sample holder, the powdered
samples were hydraulically pressed into 25 mm diameter circular discs. The samples were
radiated at energy of 40 kVp. The source used was Cu-Kα1, with wavelength λ of 1.54060 Å,
scanning range of approximately 5◦ 2θ to 70◦ 2θ and scanning speed of 0.02◦ 2θ/s.
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2.4. Analysis of Scanning Electron Microscopy (SEM) and Energy Dispersive X-ray (EDX)

The microstructures and elemental compositions of the bonded Rhizophora spp. sam-
ples were obtained and studied using a SEM (FEI Quanta FEG-650, Eindhoven, The
Netherlands) and EDX at the Centre for Global Archeological Research, Earth Material
Characterisation Laboratory, Universiti Sains Malaysia. The samples with the measurement
of (5.0 × 5.0 × 0.5) cm3 were taped to a specimen holder with two-sided adhesive tape,
and coated with gold by a sputter coater (Quorum Q150T S, Quantum Design GmbH,
Darmstadt, Germany). The images were taken at a magnification of 4000×. For EDX
analysis, the elements were preset to focus only on carbon, nitrogen and oxygen.

2.5. X-ray Fluorescence (XRF) Analysis Using Omnian Analysis Software

The samples were analysed using a 4 kW wavelength dispersive XRF machine (Axios
Max, Panalytical, Almelo, Holland, The Netherlands). This machine has a maximum
voltage of up to 60 kV and 160 microamps (µA), and is equipped with several crystals
such as, PE002, LiF200, PX1 and Ge 111. A representative portion of each sample was
ground into 50 µm grain size using a motorised grinding machine, and was further ground
manually to a finer grain size of 20 µm, suitable for XRF analysis. The specimen for the
XRF analysis was made by igniting approximately 0.5 g of sample and 5.0 g of spectroflux,
at approximately 1100 ◦C (for a duration of 20 min), before it was casted into a glass disc
with 32 mm in diameter. The specimen was analysed for 10 major elements using a fully
automated XRF spectrometer (Axios Max, Panalytical, Almelo, Holland, The Netherlands),
with a standard elemental setup. The calibration technique was employed. The 10 element
curves were constructed using 30 high quality international standard reference materials,
comparable in composition to the unknown samples. For minor and trace elements, each
sample was formed into pressed-powder pellet, using approximately 1 g of sample baked
with approximately 6.0 g of Boric acid (in a 32 mm diameter round shaped disc, with
the sample placed at the center, and Boric acid as a binder around it). The samples were
pressed with a hydraulic press machine at 15 tonnes for 2 min. The XRF analysis was done
by scanning for the presence of elemental peaks using the Omnian software. The weight
percentages of the compound presented in the samples were recorded in the results upon
the completion of the analysis.

2.6. Internal Bonding Analysis

Internal bond analysis was performed for the fabricated Rhizophora spp. bonded with
different percentages of binders [8]. Metal blocks with the dimension of approximately
(5.0 × 5.0) cm2 were utilised in this analysis, and a hot melt glue was used to bind the
samples to the metal blocks. Internal bond strength was determined by using a mechanical
testing machine (Model UTM-5582; Instron, Norwood, MA, USA) with a load capacity of
approximately 1000 kg, adapted from a previous study by Zuber et al. [8].

3. Results and Discussion
3.1. Evaluation of Functional Group using FTIR Analysis

The analyses for the Rhizophora spp. particleboard bonded with different percentages
of binders were recorded between wavenumbers of 4000 cm−1 and 400 cm−1, with a
resolution of 4 cm−1. Different relative transmittance values were determined by FTIR
spectral analysis, as shown in Figures 1–3. Based on the overview of the FTIR values
for cellulose, hemicellulose, saccharides and lignin, the broad peak at 3385.07 cm−1 in
Figure 1 may represent cellulose and hemicellulose related to O-H stretching, in relation
to hydrogen bond of hydroxyl groups [41,42]. The peak at 2904.80 cm−1 may indicate
cellulose in relation to C-H stretching, whereas the peak at 1735.93 cm−1 may represent
the softwood or hardwood with C=O stretching [41]. All the samples displayed almost the
same spectra, as indicated by all the peaks presented in the Figures 1–3. Compared to the
spectrum of binderless Rhizophora spp. sample, the spectra of samples incorporated with
lignin and soy flour as binders showed a small increase in the peak intensity, as shown in
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peak 3402.43 cm−1 and 2809.80 cm−1. However, no new peak appeared in the spectrum of
Rhizophora spp. samples bonded with the binders, indicating that the introduction of lignin
and soy flour did not change the functional groups according to the FTIR spectrum.
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3.2. Evaluation of XRD Spectrum

XRD spectrums of the Rhizophora spp. bonded with different percentages of binders are
depicted in Figures 4–6. A peak intensity at around 2θ = 22◦ was observed in the diffractogram
of the sample bonded with 0% binders, whereas for samples with 6% and 12% binders, the
peak intensity can be seen at 2θ = 22.20◦, which corresponds to the crystalline properties
of the composites [43]. The addition of lignin and soy flour led to a small increment of
peak intensity at approximately 2θ = 22.20◦, suggesting that the introduction of binders may
indicate the changes in the structural order of the molecules, which may also influence the
crystalline structure of the composites [44]. This may be due to the forces from molecular chain
entanglements between the Rhizophora spp. wood particles and the binders, as they diffuse
across the joint interface. Cross-linking may occur during the hot pressing, while interfacial
diffusion during bonding is enhanced by chain scission [45]. However, no apparent disparity
can be observed in all the spectrums, indicating that no major structural transformation
can be clearly stipulated in this analysis. To conclude, incorporation of lignin and soy flour
in the fabrication of Rhizophora spp. particleboard did not reveal apparent crystalline and
amorphous transformations within the composites.

3.3. Evaluation of SEM Analysis

The micrographs of the particleboards with different percentages of binders are de-
picted in Figures 7–9. For the sample with 6% binders, the void spaces between the
molecules were reduced when compared to the binderless sample, demonstrating a
much smoother appearance which can be attributed to the hot pressing that allows the
auto-condensation process between the wood particles and the binders, binding them
together [7]. For the Rhizophora spp. sample with 12% binders as shown in Figure 9, the
appearance of the molecules revealed a less smooth appearance, which may be due to
insufficient bonding between the wood particles and the binders, causing an increase
in lumen and gaps. Increased lignin content can affect the composites’ compactness as
cross-linking of lignin with the cell wall components may occur, which in return, reduce
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cellulose and hemicellulose accessibility to microbial enzymes, resulting in lower biomass
digestibility [46]. Specks of bright appearance in all the figures may be due to the charging
effect of electron or ion irradiations, which usually happens for a non-conductive specimen
being examined [47]. The interactions between Rhizophora spp. and the binders were also
influenced by the intermolecular forces that mediate the interaction, and the forces of
attraction and repulsion between the molecules [25,48–50]. These attractive forces may
allow better adhesion between the binders in their molecular forms, together with the raw
wood particles. The natural properties of the raw wood itself are an advantage due to its
cell cavities, which may allow the binders to infiltrates and provide better bonding with the
help of thermal pressing. Data adapted from Zuber et al. revealed the thermogravimetric
analysis (TGA) results of Rhizophora spp., soy flour and lignin. The mass degradation
of Rhizophora spp., soy flour and lignin occurred at 303.35 ◦C, 236.11 ◦C and 279.64 ◦C,
respectively, where the particles started to decompose at these temperatures. The mass
degradation temperature should not be exceeded in the compression process of the par-
ticleboard, in order to improve the efficiency between the fibre chain of the particles and
the binders [7]. The process of auto-condensation during the hot pressing had bound the
molecules of the binders together with the Rhizophora spp. fibre; however, depending
on the formulation of the composites, the microscopic appearances of the samples may
slightly differ. In this study, the distribution of the Rhizophora spp. particles and binders
was influenced by shrinking and compounding of the composites to a specified thickness
by hot pressing at approximately 200 ◦C, leading to good interfacial bonding. Although
there is no apparent disparity between the micrographs shown, it is important to note that
incorporation of lignin and soy flour in the fabrication of the particleboard allows better
bonding between the molecules, which will further improve the physical and mechanical
strength of the particleboard [8].
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3.4. Evaluation of EDX Analysis

Figures 10–12 show EDX spectrums of the Rhizophora spp. particleboard at 0%, 6% and
12% binders. All the EDX spectrums of Rhizophora spp. particleboard bonded with different
percentages of binders demonstrated visible carbon and oxygen signals, which confirmed
the discernible presence of the carbon and oxygen in the composites [51,52]. Another
peak in the spectrums may represent other elements such as gold, as the samples were
coated with gold for better conductivity. Based on the figures, all spectrums display no
discernible disparity; thus, the incorporation of binders in the fabrication of Rhizophora spp.
particleboard did not greatly affect the percentages of elements presented in the composites.
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Figure 12. Energy dispersive X-ray spectrum for Rhizophora spp. particleboard bonded with 12% binders.

3.5. Evaluation of the XRF Analysis

The XRF method is the best way to identify major and trace elements within the
natural composition of the particleboard. The XRF analysis of major elements is recorded in
Table 1. Calcium oxide showed the highest weight percentage in all samples in the range of
40.319% to 52.744%. For Rhizophora spp. samples with the addition of lignin and soy flour,
the dry weight of potassium oxide recorded the second highest concentration in the range of
14.883% to 18.399%, while chlorine percentage is between 11.623% to 12.947%. However, for
the binderless particleboard (0% soy flour and lignin), chlorine recorded the second highest
percentage after calcium oxide at 17.705%, followed by sodium oxide at 6.355%. The high
percentage of chlorine in the wood-based sample may be due to combustion performed
in a laboratory scale spectrometer. Nevertheless, the lower percentage of chlorine in the
bonded samples may be advantageous to the overall particleboard outcomes, especially in
maintaining the natural properties of the particleboard.
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Table 1. X-ray fluorescence analysis of major and trace element in weight percentages using Omnian method with pressed
powder pellet.

Samples Calcium Oxide (CaO) Potassium Oxide (K2O) Chlorine (Cl) Sodium Oxide (Na2O) Others

0% binder 52.744 5.241 17.705 6.355 17.955
6% binders 42.740 14.883 12.947 5.036 24.394

12% binders 40.319 18.399 11.623 4.708 24.951

3.6. Internal Bond Analysis

The analysis of internal bonding was performed and the result is shown in Figure 13 [8].
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The minimum requirement according to JIS A-5908 includes classification of Type 8
(0.15 N.mm−2), Type 13 (0.2 N.mm−2) and Type 18 (0.3 N.mm−2) [53]. The Rhizophora
spp. sample with binders satisfy all three classifications by JIS, whereas the sample with
0% binder did not satisfy any of the requirements. Increased internal bonding strength
displayed by samples with binders indicates improved structural stability and durability
of the composites [44]. Hot pressing allows the high temperature to be imparted on the for-
mulation of Rhizophora spp. with binders, which may create strong bonding with reduced
lumen voids between the particles in the composites. The strength of the particleboard may
be achieved due to the vessel element and parenchymatous cell of the Rhizophora spp. that
are closely attached under high pressure condition. In this study, internal bond represents
the mechanical properties of the composites, and based on the result, the addition of lignin
and soy flour increased the internal bond strength, which may improve its mechanical
strength and structural integrity.

4. Conclusions

Evidence from the FTIR, XRD, SEM, EDX, XRF and internal bonding revealed the
potential use of lignin and soy flour as binders in the fabrication of Rhizophora spp. particle-
board, as a phantom material in radiation dosimetry applications. Different percentages
of binders used in the fabrication of the particleboard did not greatly affect the properties
of the particleboard as a phantom material; however, lower percentages of chlorine and
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increased internal bonding strength in the sample with binders may be advantageous
in maintaining the natural properties of the particleboard, and improve the mechanical
strength of the samples, respectively.
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Abstract: This work evaluates the feasibility to manufacture polylactic acid (PLA) composites using
jute fiber fabrics. For characterization, PLA-fused filament was successfully deposed onto jute fabrics
to print dog-bone tensile specimens (Type I specimen from ASTM D638). The jute fabrics were
chemically modified, treated with flame retardant additives, and sprayed with aerosol adhesive to
improve the mechanical properties of PLA/Jute fabric composites. The elastic modulus and the
strength of PLA were higher than PLA composites, and the plastic deformation of the PLA composites
was slightly lower than PLA. Tomography scans revealed the fabrics were well oriented and some
adherence between jute fabrics and PLA. Viscoelastic properties of PLA composites resulted in the
reduction in storage modulus and the reduction in intensity in the damping factor attributed to
segmental motions with no variations in the glass transition temperature. Flame retardant and
spray adhesive on jute fabrics promoted better response to time of burning than PLA and PLA with
modified fibers. The results presented in this work lead to the need for a more detailed investigation
of the effect of plant fiber fabrics as reinforcement of 3D printed objects for industrial applications.

Keywords: jute fabrics; 3D printing; mechanical properties; eco-friendly composites

1. Introduction

Additive manufacturing (AM) of polymers is an automated process for producing
three-dimensional objects from computer-aided design (CAD) data, and it is mostly used
for prototyping that cannot manufacture one-piece products. The relevance of this technol-
ogy has been constantly evolving over the years, and it is standardized by the common
standards ISO/ASTM 52900:2015.

FFF, also known as fused deposition modeling (FDM), is the 3D printing of polymers
based on the extrusion process. The object is built by depositing melted thermoplastic
layer-by-layer through a heated nozzle onto the platform or over previously printed
layers until the designed element is completed. Conventional-fused filaments, such as
polyamide, acrylonitrile–butadiene–styrene (ABS), polyether ether ketone (PEEK), and
PLA, are commercially available for domestic users. PLA is an aliphatic polyester corn
starch-based thermoplastic and has been extensively examined in the literature as the most
popular biodegradable material used for AM [1–10].

It is possible to find extensive literature, including several reviews, related to develop-
ing new experimental thermoplastic filaments prepared by the extrusion process to enhance
the mechanical properties of 3D printed objects [1–3,11–14]. Part of this extensive research
is aimed to find alternatives to recycled and biodegradable filaments for the sustainability
of 3D printing [3,14,15].

Santana et al. [16] developed an exciting work of unifying the technology of textile
concrete and additive manufacturing to develop composites of geopolymer matrix rein-
forced with printed polyethylene terephthalate glycol, commonly known as PETG, mesh.
The composites were subjected to the notched prism bending test. The homogeneous rein-
forcement (volumetric polymer content of 4.75%) and the graduated (volumetric polymer
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content of 3.34%) produced an increase in toughness of 47 and 52 times, respectively, in
addition to conserving the maximum load supported and reducing the volumetric con-
tent of the reinforcing material without compromising the mechanical performance of
the composites.

Other works are focused on polymer modification and blends [4,5,17]. However, the
most attractive seems to be the reinforced fused filaments with metal particles [18–20], clay
minerals [6,21–23], graphene [8,24–26], glass [27], or carbon chopped fibers [28,29], and,
more recently, continuous fibers [9,30,31].

A particular interest for several industrial applications is the use of continuous natural
fibers as a substitute for glass fibers because of their mechanical and acoustic properties
in combination with their end-of-life management and positive alternative to reduce
carbon footprint. Ecological 3D printed objects are currently produced by combining
long natural fibers and melted plastic, which are embedded in the hot block and deposed
in a simultaneous manner [12,13,32–34]. Cellulosic fibers are widely available in most
countries and are cost-effective with low density. They are biodegradable, renewable,
non-hazardous, and non-abrasive. Furthermore, its specific mechanical properties are
comparable to glass fibers. The purpose of adding these monofilament cellulosic fibers is
to improve the mechanical properties of composite materials, including the construction
industry, to improve the ductility and post-crack toughness of the composites [35]. Besides
many advantageous properties of the natural fiber reinforced ecological composites, there
are also some drawbacks, such as incompatibility with hydrophobic matrices, high water
absorption, lower processing window, and bad surface appearance.

Numerous researchers have investigated PLA/natural fiber composites. Recently, Wis
et al. developed over-molded jute / PLA fabric composites (OMC) on a laboratory scale. In
that work, the authors developed hybrid organic composites prepared with thermoplastic
composite technology and obtained lightweight composite components for structural
parts. In this process, a reinforcing sheet composed of continuous glass or thermoplastic
carbon fiber, called an organo-sheet, is over-molded using a thermoplastic polymer in an
injection molding process. The composite sheets obtained are rigid, high-strength, and, at
the same time, still have a detailed shape. The results obtained showed that the flexural
modulus and the strength of OMC improved compared to pure PLA. Dynamic mechanical
analysis showed that the thermomechanical resistance of PLA was improved for OMC [36].
Jerpdal et al. investigated the influence of overmolded temperature on tensile modulus,
shrinkage, and strain for an insert made of self-reinforced polyethylene terephthalate (PET).
The authors observed that a temperature above the glass transition temperature leads to
relaxation of residual stresses and reduction in tensile modulus up to 18%. The study
shows fascinating results, which may lead to new areas of application for self-reinforced
PET [37].

Despite the extensive research and development effort of plant fiber-embedded poly-
mers for 3D printing applications, there are no publications that deal with the use of fused
filament deposition onto plant fiber fabrics; this is the research gap this work pretends
to fill.

Among all-natural fibers, jute fiber seems to be a promising fiber with relevant research
fields due to its good mechanical properties compared to other natural fibers, such as kenaf,
sisal, and hemp [38,39]. The bag industry is the largest consumer of jute fibers because
they represent an ecological option. However, many jute bags at the end of their lives are
wasted and gone to the landfill every year.

This work aims to prepare new green composites through 3D printing PLA onto
jute fabrics to evaluate the mechanical performance that allows discovering multiple
industrial applications.
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2. Experimental Section
2.1. Materials

The commercial PLA-based filament with a diameter of 1.75 mm and a nominal density
of 1.27 g/cm3 from 3D MARKET® (Querétaro, Mexico) was used in this work. According
to the supplier, this PLA filament has a tensile strength break between 55–65 MPa and a
modulus of elasticity of 0.42 GPa. Natural jute fabrics with plain weave configuration and
thickness of 0.91 mm (Figure 1) were obtained from bolsas publicitarias® (Yucatán, Mexico)
The fiber contains approximately 70 threads count, elastic modulus of 11 GPa, and tensile
strength of 44 MPa. The mechanical properties were previously calculated following the
methodology of the ASTM C1557.
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Figure 1. Photographs and schematic representations of: (a) jute fabrics, (b) 3D printing on jute
fabrics, (c) tensile specimens’ solid-like configuration, and (d) specimens with gaps to place the jute
fabrics. The solid-like picture also presents the viewing directions for tomography scans.

2.2. 3D Printing Fabrication

A Zortrax M200 desktop 3D printer(Zortrax, Olsztyn, Poland) was used to print
ASTM D638 Type I tensile specimens, previously modeled using SolidWorks software
and exported to the 3D printing software as an STL file. Two different tensile specimen
configurations were modeled. The first one was a solid-like specimen printed just with
PLA. The second specimen included two longitudinal gaps of 0.91 mm, corresponding to
the space to place the jute fabric, as schematized in Figure 1.

PLA was fused through a 0.4-mm-diameter nozzle at 200 ◦C and a printing speed of
50 mm/s over a bed platform heated at 50 ◦C. The specimens were built with 0.14-mm-layer
thickness in a flat orientation with rectilinear pattern and an infill density of 90%. Jute
fabrics dog bone geometry was cut using regular scissors and placed in the 0/90 direc-
tion (parallel to the uniaxial tension). The solid-like specimen was continuously printed,
whereas the composite specimens required interrupting the 3D printing process to place
the jute fiber fabric, as presented in Figure 1b. All composite specimens contained two jute
fabric layers.

In this work, various strategies were used to evaluate the feasibility of increasing the
mechanical properties of 3D printed composites. In this way, the characterization of these
materials was carried out using the materials listed in Table 1.
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Table 1. Materials description and their reference used in this work.

Reference Description

PLA PLA
PLA/J-M PLA/jute fiber modified
PLA/J-R PLA/jute fiber with flame retardant

PLA/J-MR PLA/jute fiber modified and flame retardant
PLA/J-A PLA/jute fiber with adhesive

PLA/J-RA PLA/jute fiber with flame retardant and adhesive

Firstly, jute fabrics (J-M) were washed in an ionized water bath at 75 ◦C for 2 h, and
dried at 85 ◦C for 2 h in an air convection oven. Afterward, jute fabrics were chemically
treated with 5% NaOH and diazonium salt at alkali, acidic, and neutral media to increase
compatibility with PLA.

Jute fabrics (J-R) were treated using a commercial flame retardant Flamebar S3 from
Bollom fire protection. According to the supplier, the jute fibers were immersed for 12 h in
a stainless steel container, having at least 70% of the solution, calculated on the submerged
jute fabrics’ weight. Afterward, the jute fabrics were dried at 85 ◦C for 24 h in an air
convection oven.

Jute fabrics (J-A) were sprayed with Hi-Tack 71 from 3M™, which is a mist aerosol
adhesive recommended by 3M for its use for the manufacturing composites, including
infusion and dry lamination. Spraying was carried out at a 45◦ angle before fiber placement
during 3D printing.

The jute fabrics (J-MR) were firstly modified and subsequently treated with flame
retardant. For the case of the J-MA, the J-M fabrics were treated and stored; then, the
adhesive was applied to the fabric just a few minutes before to place it on the PLA during
the 3D printing process.

2.3. Methods

Uniaxial tensile tests were performed according to ASTM D638-14 using a universal
testing machine Instron® 647(Instron®, Norwood, MA, USA) with a load cell of 10 kN.
Ten specimens of each material were tested at room temperature (23 ◦C ± 2 ◦C) and
at a 5-mm/min crosshead speed, and the curves showed in the results and discussion
section are the representative curves based on the average behaviour revelaed during
the tensile tests. Young’s modulus (E) and yield strength (σy) were obtained from the
engineering stress versus strain curves, and the elastic deformation was measured using
a video extensometer MTS Advantage video extensometer (AVX) with 25 mm lens. The
video-extensometer recognizes patterns on surfaces to acquire measurement data for strain
calculations processed by MTS TestSuite™. Photographs of the failure zone after tensile
tests were taken using a Zeiss stereomicroscope Discovery V8.

Three-dimensional computed tomography (CT) scans were performed in a GE phoenix
v|tome|x instrument to visualize the inner of the 3D printed tensile specimens and detect
adherence between PLA and jute fabrics. The analysis was conducted using X-Ray at
160 kV and 240 µA.

The viscoelastic behavior was evaluated in a Dynamical Mechanical Analysis DMA
Discovery 850 from TA Instruments (Waters Corporation, Cary, NC, USA). The tests were
performed in a single cantilever configuration at a frequency of 1 Hz and an amplitude
of 30 µm. The specimens with 50 × 12 × 4 mm nominal dimensions were tested from
20 ◦C to 145 ◦C using a heating ramp of 5 ◦C/min. The curves of storage modulus (E’) and
damping factor (tan δ) were obtained following the ASTM-D7028.

Flammability is highly interesting to analyze in ecological composite systems since
it has become a crucial parameter in several industrial applications such as aeronautics,
automotive, construction, or textile clothing. The flame retardant behavior of PLA and
PLA composites was evaluated according to the methodology of chapter 3 of the Aircraft
Materials Fire Test Handbook based on the FAR 25 Appendix F part III. The methodology
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proposed in this regulation can be used to predict the behavior of plastic or textile materials
for diverse industrial sectors and aerospace applications. The test allows determining the
burning speed of the specimens supported horizontally in a stainless steel cabin with air
inlets on the top. Then, the flame (using methane gas) burns the specimen for 15 s. Subse-
quently, the ignition source is removed, and the test specimen is observed for time and ex-
tent of burning. An average burning rate is reported. Flammability tests were conducted in
a multipurpose flammability chamber Deatak model MP-1 using high-purity methane gas
(99%). Distance and time measurements were made with calibrated equipment, including
Mitutoyo rulers with a resolution of 0.5 mm and a chronometer Control Company model
1025MX with a resolution of 0.1 s. The specimens with 50 mm × 13 mm × 4 mm nominal
dimensions were conditioned at 21 ◦C and 55% humidity for at least 24 h before testing.

3. Results and Discussion

The representative tensile engineering stress versus strain curves for PLA and PLA
composites are shown in Figure 2.
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Figure 2. Stress vs strain curves corresponding to PLA and PLA composites.

It is possible to appreciate similar behavior for all materials evaluated in this work.
The curves show a linear elastic region followed by diffusive necking and relatively low
deformation until failure. It is worth noticing the presence of a shoulder in the plastic
region developed for the composites. The adherence between jute fibers and PLA matrix
requires a higher level of stress before failure, and it is the cause of the shoulder presence.
The shoulder was evident in the PLA/J-A and PLA/J-RA composites.

The tensile parameters like E, σy, and deformation at break (εb) are summarized in
Table 2.

Table 2. Mechanical parameters of PLA and PLA composites.

Material E (GPa) σy (MPa) σb (MPa) εb (%)

PLA 1.98 ± 0.02 27.93 ± 1.25 25.13 ± 1.16 14.76 ± 0.98
PLA/J-M 1.22 ± 0.23 18.81 ± 3.76 18.24 ± 1.98 11.48 ± 1.25
PLA/J-R 1.41 ± 0.13 19.84 ± 1.86 19.72 ± 1.98 7.51 ± 2.68

PLA/J-MR 1.26 ± 0.46 21.11 ± 2.33 19.41 ± 1.98 13.68 ± 1.26
PLA/J-A 1.83 ± 0.19 22.97 ± 2.16 21.88 ± 1.98 11.76 ± 1.89

PLA/J-RA 1.62 ± 0.16 21.78 ± 1.89 19.76 ± 1.98 13.36 ± 1.36
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The elastic modulus and strength of PLA are notably higher than PLA composites.
The PLA/J-A and PLA/J-RA composites presented intermediate stiffness and strength
values, and the rest had low mechanical properties.

On the other hand, PLA and PLA composites showed similar deformation values,
except for the PLA/J-R, which showed low ductility and sudden failure. In general, the
PLA specimens did not develop necking nor whitening. On the contrary, the specimens
presented a homogeneous deformation with a brittle-like break during the tensile test.

It results show that the jute fiber is not compatible with PLA, which is confirmed by
the low mechanical performance observed by the composite containing jute fiber with
flame retardant (PLA/J-R). On the other hand, the modified treatment applied to the jute
fabrics does not seem to influence the fiber-matrix interaction. Nonetheless, the combi-
nation of modified fibers followed by the flame retardant application seems to influence
the molecular compatibility, which favors the mechanical properties of the PLA/J-MR
composite. According to the mechanical results obtained, spray adhesive could prove to be
the best strategy to achieve a better interaction between jute fabrics and PLA.

Ductility decreases because the fabrics restrict plastic deformation, although an in-
crease in stiffness and strength is usually expected because the fibers promote the reinforc-
ing effect of the polymeric matrix. Lack of compatibility, lack of adhesion, and distortion of
fabrics also affect the mechanical performance of fiber-reinforced polymer systems.

CT scan tomography is a powerful non-destructive testing tool for observing the
disposition of the natural fiber fabrics into the 3D printing PLA specimens (Figure 3). We
used CT scans to detect fabrics’ inner disruptions and reveal possible adhesion between
fibers and PLA in this work.
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Because of densities, PLA looks white, jute fiber appears grey, and the air is black.
The inspection was performed in the gage zone of the tensile specimens before the test
(Figure 1c).

The front view of PLA (Figure 3a) shows the rectilinear pattern with an infill density
of 90%. This pattern develops the configuration of a stacking sequence similar to bridge
pillars-like, as appreciated in the top and lateral views of the PLA specimens (Figure 3b,c,
respectively). On the other hand, tomography of the PLA composite reveals that the
jute fabrics are well-aligned, without distortions or fiber displacements, and are easily

334



Polymers 2021, 13, 3202

identifiable, as observed in the front view of Figure 3d. Furthermore, some interaction
between fibers and PLA seems to occur, as observed in the top and lateral views (Figure 3e,f,
respectively), although it is necessary to underline that the rectilinear pattern is altered or
distorted when the fused filament is printed onto the fabrics. The previous promotes the
shell-like appearance, compared to the top and lateral views of PLA and PLA composites
in Figure 3. Considering that the jute fabric configuration is a conventional woven (not
spread-tow), the fused filament is placed over the weft and warp surface with a different
texture than PLA filament, which could be altering the 3D printing pattern and favoring
some adherence between fibers and PLA that restrict the ductility during the tensile tests.

After the tensile test, the specimens broke suddenly due to the failure of the PLA
matrix, keeping part of the jute fiber fabric together until its complete breakage, as can be
seen in Figure 4.

Polymers 2021, 13, x FOR PEER REVIEW 7 of 11 
 

 

Because of densities, PLA looks white, jute fiber appears grey, and the air is black. 
The inspection was performed in the gage zone of the tensile specimens before the test 
(Figure 1c). 

The front view of PLA (Figure 3a) shows the rectilinear pattern with an infill density 
of 90 %. This pattern develops the configuration of a stacking sequence similar to bridge 
pillars-like, as appreciated in the top and lateral views of the PLA specimens (Figure 3b 
and Figure 3c, respectively). On the other hand, tomography of the PLA composite reveals 
that the jute fabrics are well-aligned, without distortions or fiber displacements, and are 
easily identifiable, as observed in the front view of Figure 3d. Furthermore, some interac-
tion between fibers and PLA seems to occur, as observed in the top and lateral views (Fig-
ure 3e,f, respectively), although it is necessary to underline that the rectilinear pattern is 
altered or distorted when the fused filament is printed onto the fabrics. The previous pro-
motes the shell-like appearance, compared to the top and lateral views of PLA and PLA 
composites in Figure 3. Considering that the jute fabric configuration is a conventional 
woven (not spread-tow), the fused filament is placed over the weft and warp surface with 
a different texture than PLA filament, which could be altering the 3D printing pattern and 
favoring some adherence between fibers and PLA that restrict the ductility during the 
tensile tests.  

After the tensile test, the specimens broke suddenly due to the failure of the PLA 
matrix, keeping part of the jute fiber fabric together until its complete breakage, as can be 
seen in Figure 4. 

 
Figure 4. Photographs of the failure surface corresponding to: (a) PLA/J-M, (b) PLA/J-RA. All specimens failed similarly. 

DMA provides relevant information on the viscoelastic behavior of polymers and 
composites. Storage modulus measures stress stored in the specimens as mechanical en-
ergy, while the damping factor is a typical measure of energy dissipation. DMA curves 
corresponding to storage modulus and damping factor are presented in Figure 5. 

 

(a)                                      (b) 

Figure 4. Photographs of the failure surface corresponding to: (a) PLA/J-M, (b) PLA/J-RA. All specimens failed similarly.

DMA provides relevant information on the viscoelastic behavior of polymers and
composites. Storage modulus measures stress stored in the specimens as mechanical
energy, while the damping factor is a typical measure of energy dissipation. DMA curves
corresponding to storage modulus and damping factor are presented in Figure 5.
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The storage modulus curve contains the glassy region, the leathery zone, and the rub-
bery plateau. In this work, the shape of the DMA curves was similar between PLA and PLA
composites (Figure 5a). All materials show that the storage modulus remains practically
constant until the onset temperature (Tonset) indicates the leathery region’s starting point,
where the modulus drops abruptly, followed by the rubbery plateau. Then, the storage
modulus increases above 115 ◦C, which is associated with the cold crystallization of the
amorphous part of PLA. The Tonset of PLA and some PLA composites is similar (between
60 ◦C and 62 ◦C). The PLA/J-M shows the higher Tonset (64 ◦C).

From 20 ◦C to 60 ◦C, the PLA presents a storage modulus of 1358 MPa, which is
notoriously higher than the value obtained for the PLA composites (~757 MPa) at the
same temperature range. The previous should imply that the jute fabrics do not act as
reinforcement in the glassy region.

The damping factor or Tan δ curves of PLA and PLA composite are similar (72.8 to
73.2 ◦C). The height of the tan δ peak is associated with the chain mobility of the amorphous
region in the polymer composites. In this study, the peak position at approximately 73 ◦C
indicates that the glass transition temperature of PLA is not altered by the addition of jute
fabrics but affected the chain mobility in the amorphous region due to the confinement
effect resulting in the reduction in tan δ peak height.

According to the methodology of chapter 3 of the Aircraft Materials Fire Test Hand-
book, the material meets the approval criteria if three specimens of the same material show
a burning rate of less than 63.5 mm/min, considering that the thickness of specimens must
be less than or equal to 13.0 mm. In this work, the specimens were out of specifications.
Nonetheless, the burn rates were obtained using a calibrated distance of 38.1 mm. A
horizontal burning test was carried out for the burning time and burning rate of the PLA
and PLA composites for the flammability properties at room temperature. Table 3 presents
the results obtained.

Table 3. Flammability test data report for PLA and PLA composites.

Material Length
(mm)

Width
(mm)

Thickness
(mm)

Burning
Distance

(mm)

Time of
Burning

(s)

Rate of
Burning

(mm/min)

PLA-1 51.3 13.23 4.77 38.1 49.55 46.14
PLA-2 50.49 13.27 4.75 38.1 41.65 54.89
PLA-3 50.66 13.24 4.74 38.1 40.33 56.68

PLA/J-M-1 50.36 13.69 4.94 38.1 35.08 65.17
PLA/J-M-2 51.16 13.76 5.07 38.1 48.88 46.77
PLA/J-M-3 51.59 14.03 5.13 38.1 50.83 44.97
PLA/J-R-1 51.75 13.67 4.84 38.1 64.57 35.40
PLA/J-R-2 50.72 13.53 4.81 38.1 63.62 35.93
PLA/J-R-3 49.95 13.54 5.16 38.1 70.03 32.64

PLA/J-MR-1 51.52 13.73 5.24 38.1 67.5 33.87
PLA/J-MR-2 51.7 13.41 5.11 38.1 63.29 36.12
PLA/J-MR-3 50.64 13.71 5.24 38.1 69.99 32.66
PLA/J-A-1 50.21 13.38 4.99 38.1 67.46 33.89
PLA/J-A-2 50.09 13.65 5.08 38.1 57.54 39.73
PLA/J-A-3 50.07 13.5 4.98 38.1 63.95 35.75

PLA/J-RA-1 50.38 13.45 5.01 38.1 62.5 36.58
PLA/J-RA-2 48.16 13.39 4.97 38.1 62.21 36.75
PLA/J-RA-3 50.16 13.4 5.28 38.1 60.11 38.03

It can be seen that the rate of burning of PLA and PLA composites meet the accep-
tance criteria of the reference standard, except for one value obtained for the PLA/J-M-1).
Considering that this value is out of specifications and atypical data, it could be discarded.
Figure 6 shows the time and rate of burning obtained for PLA and PLA composites.
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It is possible to appreciate that the PLA and PLA composites containing modified
jute fibers present low burning times (PLA/J-M). It means that the retardant treatment
employed in this work induces a practical function on the flammability of PLA because the
increase in burning time implies improvements in flame retardancy. Similarly, it appears
that the spray adhesive exhibits some flame retardant effect since the time of burning
exhibited for the PLA/J-A and PLA/J-RA displayed similar results to the PLA/J-R.

4. Conclusions

The results obtained in this work confirm the feasibility of producing 3D printing
objects using plant fiber fabrics as filler. PLA-fused filament was successfully deposed
onto natural fiber fabrics to print dog bone tensile specimens for characterization. In the
first instance, the mechanical properties obtained for the PLA composites are not superior
to PLA. However, viscoelastic properties allowed to identify the jute fabrics hinder the
molecular motions, and the glass transition temperature remains.

Flame retardant and spray adhesive on jute fabrics promoted better composites’
responses than PLA and PLA with modified fibers. One characteristic feature observed is
the flame retardancy which increases because of the combined effect between jute fabrics
and PLA, forming dense char which further resists the flame propagation.

The results obtained allow us to visualize the potential use of flame retardants for this
composite material and the vast flammability analysis that can be deepened through cone
calorimeter or limited oxygen index tests.

The use of plant fiber fabrics as reinforcement of 3D printed objects is a vast field
of research. This work confirms the feasibility that plant fiber fabrics can be used as
effective reinforcement. Other advantages of re-using this ecological waste material are
that natural fibers are much less dense than synthetic fibers and polymers, which leads
to developing lightweight composites and less raw material consumption for 3D printing
parts and components. The results presented in this work lead to the need for a more
detailed investigation of the effect of plant fiber fabrics as reinforcement of 3D printed
objects for industrial applications. There are many questions about these new ecological
materials, such has how the addition of distinct flame retardants, the fabric configuration,
or different treated fibers can affect their mechanical performance. Some of these questions
are being studied by our research group.
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Abstract: In this paper, we study the effect of the addition of wood flour as a filler in a recycled
polyethylene (r-PE) in view of its potential applications in 3D printing. The composites, prepared
by melt mixing, are characterized with torque measurements performed during the compounding,
dynamic rotational rheology, and infrared spectroscopy. Data show that the introduction of wood
results in increased viscosity and in sensible viscous heating during the compounding. The r-PE
appear to be stable at temperatures up to 180 ◦C while at higher temperatures the material shows a
rheological response characterized by time-increasing viscoelastic moduli that suggests a thermal
degradation governed by crosslinking reactions. The compounds (with wood loading up to 50% in
wt.) also shows thermal stability at temperatures up to 180 ◦C. The viscoelastic behavior and the
infrared spectra of the r-PE matrix suggests the presence of branches in the macromolecular structure
due to the process. Although the addition of wood particles determines increased viscoelastic
moduli, a solid-like viscoelastic response is not shown even for the highest wood concentrations.
This behavior, due to a poor compatibility and weak interfacial adhesion between the two phases, is
however promising in view of common processing technologies as extrusion or injection molding.

Keywords: wood-polymer composites (WPC); recycled thermoplastics; torque measurements; rheo-
logical properties; dynamic mechanical analyses

1. Introduction

Plastics are one of the main components of products of everyday life and industrial ac-
tivities, such as packaging, agriculture, automotive, and biomedical applications, becoming
an essential element for the way of life. As a consequence, an increase in plastic production
and plastic products has been verified in recent times. Conventional plastics are materials
with (relatively) high strength and durability and requiring hundreds of years to break
down under normal ambient conditions. This represents an important disadvantage from
the perspective of environmental impact and aspects of pollution [1].

As reported by Singh and Sharma [2], over 300 million metric tons of plastic are
produced each year and half of that amount is spent on disposal applications, i.e., activities
lasting less than one year: the product is used and thrown away one year after purchase.
The accumulation of solid plastic waste in the environment has become an increasingly
important worldwide problem to consider and deal with [3].

Over the past decades, environmentalists have devoted more and more effort to the
impact of chemical and industrial processes and, as a consequence, in a number of countries,
governments have promoted rules and laws to protect the quality of the environment for
the future [4]. In this context, chemical industries have been pushed to adopt non-polluting
chemical processes and materials, reduce the use of hazard chemicals, efficiently use raw
materials, and reduce emissions and wastes. This has translated into a growing interest in
biodegradable renewable systems, such as composites reinforced with plant fibers [5].
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Natural or lignocellulosic materials, such as jute, coir, rice husk, bagasse, or sisal
have been taken into account for the production of “green” composites, by replacing the
traditional synthetic (glass or carbon or aramid-based fibers), or common fillers (calcium
carbonate, silica, or talc), in widespread used thermoplastics (polyethylene, polypropylene,
and polystyrene) [6].

As cost-effective natural filler, wood has often adopted in the plastics industry to
improve the strength or stiffness of thermoplastics, to reduce the costs, to enhance recy-
clability and eco-compatibility, or diminish the wear on processing equipment. In this
perspective, wood-plastic composites were early used for exterior non-structural or semi-
structural building products in the civil engineering (such as decking, fencing, siding,
window frames, and roof tiles [7]) or also actualized for various industries, including
automotive, household items, packaging, and consumer goods or living supplies as yard
products [8].

A wood-plastic composite (WPC) refers consists of wood-based elements (such as
lumber, veneer, fibers, or particles) embedded in a polymer matrix. Typically, extru-
sion, thermoforming, compressive or injection molding have been adopted, as processing
techniques, in the compounds preparation. Unfortunately, wood start to degrade at approx-
imately 200 ◦C and this represents a limiting condition to the choice of the polymeric matrix
in WPCs. Typical polymers, such as polypropylene (PP), polyethylene (PE), polystyrene
(PS), and poly vinyl chloride (PVC), have been adopted in wood-polymer compounds [9].

For example, in work by Wang et al. [10], polypropylene (PP) composites reinforced
with 15, 30, and 45 wt.% wood powder (WP) were prepared by injection molding and
characterized in terms of thermal, mechanical, and dynamic mechanical properties. Ex-
perimental results show that the presence of wood in polypropylene determined on the
one hand an increment of strength and rigidity but, on the other hand, the toughness of
the compounds did not improve. However, the authors affirmed the potentiality of WP-
PP composites to replace fiberglass-reinforced composites in construction, sports facilities,
and the automotive industry.

The influence of five types of plastics, high density polyethylene (HDPE), low density
polyethylene (LDPE), polypropylene (PP), polyvinylchloride (PVC), and polystyrene (PS), on
the mechanical properties of wood-composites have been studied by Ratanawilai et al. [11].
According to their data, WPCs based on PS and PP achieved the highest performance in
terms of strength and weathering compared to the other matrices.

Additionally, recycled plastics were used for the preparation of wood-based com-
posites; for example the effects of recycling operations on the mechanical and rheological
properties of wood-flour in a blend of low and high density polyethylenes has been investi-
gated by Habibi et al. [12]. A pre-mixing of the two polymers was found to increase flexural
and tensile properties of the developed compounds. An increment in complex viscosity
and storage modulus was measured in prepared samples by melt-premixing compared to
those obtained by simultaneous compounding.

Despite the interesting features of WDCs systems, some difficulties came from the
shaping through the traditional methods of extrusion and injection molding. Rheological
characterization has been proven to be a very useful technique for the understanding of
the manufacturing processes and to optimize process conditions and formulations in order
to achieve good quality of the final products [13].

In recent years, the interest on the additive manufacturing (AM), also called 3D
printing or rapid prototyping, has markedly concerned several fields [14]. The most popu-
lar procedure among 3D printing techniques is the so-called fused deposition modeling
(FDM), during which extruded filaments are printed one on top the others following a
geometric pattern into a three-dimensional structure, according to layer-by-layer deposi-
tion. On the one hand, the versatility offered by 3D printers, linked to a great reduction
in equipment costs, have promoted a wide spread of this technology. On the other hand,
critical issues regarding the environmental impact, coming from energy and material
consumption, and wastes production, have arisen. Possible actions in order to improve

342



Polymers 2021, 13, 2226

the sustainability of additive manufacturing consist in the development of sustainable
(eventually from recycling operation of waste products) for 3D printing [15]. A wide
range of performance in 3D printed materials can be achieved with the right combination
of polymer, filler, and additives. The commonly used thermoplastics available for FDM
are acrylonitrile-butadiene-styrene (ABS), polylactic acid (PLA), and polyamide (PA), but
frequently also polyamide or nylon (PA), polycarbonate (PC), poly-methylmethylacrylate
(PMMA), polyethylene (PE), and polypropylene (PP). Nowadays, most researches are
focused on composites and biocomposites, i.e., at least one component derived from bio-
logical or natural sources. The use of natural materials such as wood helps to reduce the
use of petroleum-based plastics and, thus, the environmental impact. Different amounts
of wood flour (up to 50 wt.%) were used as reinforcing filler in polylactide acid (PLA) by
testing physical, mechanical, and rheological properties of the 3D printed composites [16].
The effect of extrusion temperature on the physical properties of the printed wood/PLA
samples such as moisture content, surface roughness, water absorption rate, and thickness
swelling rate, were studied in the work of Yang [17]. The 3D printable composite filaments
have been made from cardboard dust and high density polyethylene (HDPE) [18]. Waste
products have been proposed for 3D printing applications: post-consumer textile waste
and polyethylene terephthalate (PET) water bottles were melt compounded to form a
monofilament feedstock for extrusion-based 3D printing platforms [19].

In this framework, the purpose of this work is to explore the characteristics of a
polymer filament based on recycled polyethylene in view of its potential applications as
raw material in extrusion and 3D printed parts. The inclusion of wood flour in the chosen
matrix is proposed in order increase the eco-compatibility and the overall performance
of final products. At regard, rotational rheological tests were conducted on samples to
investigate aspects related to the thermal stability of obtained compounds, and effects of
powder content on polymer viscoelasticity. Torque and temperature measurements were
also reported to examine the processability of formulations. Finally, spectroscopic analysis
was used to confirm the thermal degradation of the tested materials.

2. Materials and Methods

A commercial low-density recycled polyethylene (r-PE), obtained by regenerating
films coming from the greenhouse cover, supplied in pellets by ILAP (Ragusa, Italy) was
used as matrix. A wood flour, micrometric in size, supplied from wood processing factory,
was used as filler.

Composites, containing recycled polyethylene (r-PE) and 25, 35, and 50 wt./wt.% of
wood (WD) flour as filler, were prepared by combining the two components in a batch
mixer (Brabender Plastograph EC-Brabender GmbH and Co. KG, Germany). The mixing
equipment was connected to a drive unit (torque rheometer) that allowed the collection of
torque data and the thermal control of the mixing chamber during the compound prepa-
ration. The temperature of the mixing chamber measured through four thermocouples
located in different points: in the center of the rotating screws (bulk temperature), near the
rear wall, front wall, and mixer bowl. The bulk temperature and torque as a function of
mixing time are provided by the software; when the set-point temperature is achieved by
all the thermocouples, a torque calibration is done, and the chamber is filled (to about the
80% of its volume) pouring polymer pellets and wood flour. The compounding phase was
conducted at a screw rotational speed of 30 RPM, a temperature of 180 ◦C, and a mixing
time of 15 min. Before the composite preparation, the wood flour was dried overnight
under vacuum in an oven at a temperature of 50 ◦C. The material that exited the mixer was
reduced to fragments and extruded at 180 ◦C in a twin screw extruder (mod. KETSE 20/40
D, Brabender) to form a filament.

Viscoelastic characterization of molten composites was conducted using a strain-
controlled rotational rheometer (mod. ARES-G2, by TA Instruments, New Castle, DE,
USA), equipped with parallel plates (25 mm in diameter) geometry and a forced-convection
oven for the temperature control. Preliminary strain sweep tests were performed in order
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to identify the linear viscoelastic region of the material. The materials were subjected
to small–amplitude oscillations at a frequency of 1 rad/s and a strain amplitude of 1%
for a duration of 1500 s (also called “Time sweep tests”) at four different temperatures,
ranging from 160 ◦C to 220 ◦C, in order to verify the thermal stability of matrix and of the
compounds. The linear viscoelastic characterization of the samples in the frequency range
from 0.1 to 100 rad/s (the test are also called “Frequency sweep tests”) was performed
at 160 ◦C, 170 ◦C, 180 ◦C. All the experiments were carried out on specimens under air
atmosphere in order to assess the material behavior under real working conditions.

An infrared spectrometer (mod. Spectrum 65 FT IR, produced by Perkin Elmer,
Waltham, MA, USA), was used in attenuated total reflection (ATR) modality to acquire the
spectra of r-PE and r-PE-WD compounds. The samples were analyzed before and after a
heat treatment conducted in an oven at 180 ◦C for 1 h. Afterward, the same samples were
subjected to further a heat treatment at 220 ◦C for 1 h and IR spectra were collected again.
During the examination, a range of wavenumber equal to 400–4000 cm−1, a resolution
of 4 cm−1, and 16 scans were adopted. For each sample, the base line correction and
advanced ATR correction related to the specific used crystal of diamond were carried out
by Omnic Software.

A schematic of the experimental procedures is presented in Figure 1.
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Figure 1. Schematic representation of compounding phase and characterization techniques.

3. Results and Discussion
3.1. Torque and Temperature Measurements during Compounding Phase

During the preparation of the compounds, the torque, and the temperature were mea-
sured as a function of mixing time and the corresponding data are reported, respectively,
in Figure 2a,b.
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The torque (see Figure 2a) shows a non-monotonous behavior with a local maximum,
due to the fact that the polymer (fed as a solid) takes a few minutes to melt, followed
by decline toward a steady-state value. For all the materials the torque stabilizes after
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about 7–10 min and subsequently does not show any sensible decrease until the end
of the compounding (i.e., 15 min), thus suggesting that mixing has taken place and no
degradation of the materials is occurring.

As visible from Figure 2b the temperature of the mixing chamber, which starts from
the set-point value of 180 ◦C, shows a sudden drop in correspondence of the loading of the
materials, which are poured at room temperature. When the material are fed to the mixing
chamber, they are heated and compacted, a void-free state is created, and the melting of
the polymer starts at the interface with the metallic parts, which are above the melting
temperature of polyethylene (140 ◦C–150 ◦C, [20]), [21,22]. The melting is an endothermic
phenomenon, consisting into the breakage of crystalline regions, requiring energy. For
this reason, after an initial decrease, the temperature rises to the nominal set-point value
(180 ◦C). It should be mentioned that, while for the r-PE the initial decline in temperature
is almost instantaneous, reaching approximately 130 ◦C, in the case of composites this
temperature drop takes longer and a higher minimum (around 140 ◦C) is attained. This
behavior is due to a lower quantity of polymer to be melted and to reduced thermal
diffusivity and specific heat of the r-PE/WOOD systems which leads to a slow-down the
heat transmission dynamics and to reduced energy request for the melting process [23].

All the systems containing the wood flour (WD) show similar behaviors of temperature
evolution. It should be mentioned that the composites at the end of mixing time of
15 min achieve temperatures that are slightly higher than the set-point of 180 ◦C (see
Table 1 for more details). This overshoot in the temperature is particularly evident for
the composite containing at 50 wt.% of WD, which reaches a temperature approximately
5 ◦C higher with respect to the set-point. This behavior, as the higher values of the
torque (also reported in Table 1), is consistent with increased viscosities of these systems
(as we will see in the next paragraph) due to the friction between the wood particles in
motion within the melted matrix. In other words, when the filler loading is increased, less
quantity of polymer is available for incorporating particles, the inter-particles distance is
reduced, and the frequency of particle-to-particle collisions increases. As the viscosity of
the system increases higher torques are required for the mixing, and an increased viscous
heating takes place [24]. This effect becomes more evident at high WD loadings, given an
increased shear stress during the kneading of materials in the chamber and the low thermal
conductivity of wood particles (0.09–0.19 W/mK) [25] compared to that of polyethylene
(0.30–0.44 W/mK) [26]. In this condition, the system are less able to dissipate the energy
causing mixture overheating.

Table 1. Processing parameters during the compounding phase: M is the average torque during the
last 10 min of mixing; T is the temperature reached at the end of mixing period, and TME is the total
mechanical energy (2πN

∫
Mdt; N = 30 rpm).

Material M [Nm] T [◦C] TME [kJ]

r-PE 23 179 70
25% WD 27 181 79
35% WD 28 183 81
50% WD 30 185 80

According to previous a work on the compounding [27], processing variables, such
as torque (M) and total mechanical energy (TME), shown in Table 1, provide useful infor-
mation about the dispersion of the filler within the matrix. A comparison of the values
corresponding to the matrix (r-PE alone) and to the composites show for the total mechani-
cal energy (TME) an increase of about 14% for the composites independently of the wood
content. Such a behavior suggests a poor dispersion of filler within the matrix.
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3.2. Dynamic Rotational Rheology
3.2.1. Time Sweep Tests

Thermal stability of the matrix (recycled polyethylene, r-PE) was studied through
time sweep test, performed at four different temperatures 160 ◦C, 180 ◦C, 200 ◦C, 220 ◦C.
Experimental results are shown in Figure 3 in terms of storage (G’) and loss (G”) moduli as
a function of time (1500 s).
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Figure 3. Storage (G’) and Loss (G”) modulus as function of time and temperature for recycled
polyethylene. (r-PE) Measurements were conducted at an oscillatory frequency of 1 rad/s and a
strain amplitude of 1%.

By heating from 160 ◦C to 220 ◦C, a strong change in rheological response of the
resin is observed. More in details, while at 160 ◦C and 180 ◦C both G’ and G” are almost
time-independent over the entire experiment; at the temperatures of 200 ◦C and 220 ◦C,
both G’ and G” show and increasing behavior with G’ having faster kinetics compared
to G”.

This behavior can be attributed to a thermal degradation of the polymer that seems to
be negligible at 160 ◦C and 180 ◦C and relevant at 200 ◦C and 220 ◦C. These temperatures
are consistent with data from literature for both low- and high-density polyethylene. In
particular Dordinejad et al. [28], who studied the degradation of low-density polyethylene
by time sweep rheometry, found that the growth rates of viscoelastic moduli increase
with temperature and attributed this behavior to crosslinking reactions dominating in
the thermal degradation mechanism. Mariani et al. [29], who studied the correlation
between processability and properties of a high density polyethylene with a rheological
approach, found increasing viscoelastic moduli with time and temperature; they attributed
this behavior to an increase in molecular weight of the polymer due to the creation of long-
chain branching originating from the reaction between the alkyl radical, formed during
polymer processing, and vinyl groups of unsaturated ends of HDPE.

As our matrix has proved to be stable at temperatures as high as 180 ◦C, the thermal
stability of the composites was studied at the temperature of 180 ◦C. The viscoelastic
properties, in terms of storage modulus (G’) and complex viscosity (η*), are reported as a
function of time in Figure 4.

346



Polymers 2021, 13, 2226

Polymers 2021, 13, x FOR PEER REVIEW 7 of 14 
 

 

was observed by Mazzanti et al. [30] in the case of wood-polypropylene composites, who 

related the stable moduli to absence of wood degradation at a concentration of 70 wt.%. It 

should be mentioned that the good stability of our composites is in line with observations 

of Sliwa et al. [31], who found a spectacular improvement of thermal stability of wood-

polymer composites due to the formation of a protective barrier of char which hinders 

thermo-oxidation process. Furthermore, this behavior is consistent with the formation of 

tortuous pathways of dispersed fillers in the polymer that slows the mass diffusion of 

degradation products from the polymer's bulk to the gas phase, reduces overall the ther-

mal conductivity, and acts as a protection against thermal decomposition observed for 

composites [32].  

 

Figure 4. Time sweep tests performed at 180 °C (at an oscillatory frequency ω = 1 rad/s and a strain 

amplitude γ = 1%) for the developed formulations: (a) G’ and (b) η*. 

3.2.2. Frequency Sweep Tests 

In Figure 5, the storage and the loss moduli at 180 °C are plotted, for the different 

wood contents, as a function of the oscillatory frequency (ω). All the materials show the 

typical viscoelastic behavior of entangled polymeric liquid, with the loss modulus (G’’) 

dominating at low frequencies, the storage modulus (G’) dominating at higher frequency, 

and a crossover (where G’ = G’) at intermediate frequencies.  

 

Figure 5. Storage (G’) and Loss (G’’) modulus vs oscillatory frequency at temperature of 180 °C for 

composites. 

From the observation of Figure 5, we note that as the amount of wood is increased 

the viscoelastic moduli move towards higher values and the crossover shifts towards 

Figure 4. Time sweep tests performed at 180 ◦C (at an oscillatory frequency ω = 1 rad/s and a strain amplitude γ = 1%) for
the developed formulations: (a) G’ and (b) η*.

All the materials, also at highest filler loading (50 wt.%), show rheological properties
almost time-independent for the entire duration of the experiments, thus confirming the
thermal stability of the materials at temperatures as high as 180 ◦C. A similar behavior
was observed by Mazzanti et al. [30] in the case of wood-polypropylene composites, who
related the stable moduli to absence of wood degradation at a concentration of 70 wt.%. It
should be mentioned that the good stability of our composites is in line with observations
of Sliwa et al. [31], who found a spectacular improvement of thermal stability of wood-
polymer composites due to the formation of a protective barrier of char which hinders
thermo-oxidation process. Furthermore, this behavior is consistent with the formation
of tortuous pathways of dispersed fillers in the polymer that slows the mass diffusion
of degradation products from the polymer’s bulk to the gas phase, reduces overall the
thermal conductivity, and acts as a protection against thermal decomposition observed for
composites [32].

3.2.2. Frequency Sweep Tests

In Figure 5, the storage and the loss moduli at 180 ◦C are plotted, for the different
wood contents, as a function of the oscillatory frequency (ω). All the materials show the
typical viscoelastic behavior of entangled polymeric liquid, with the loss modulus (G”)
dominating at low frequencies, the storage modulus (G’) dominating at higher frequency,
and a crossover (where G’ = G’) at intermediate frequencies.
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From the observation of Figure 5, we note that as the amount of wood is increased the
viscoelastic moduli move towards higher values and the crossover shifts towards lower
frequencies with respect to the r-PE thus evidencing the reinforcing effect of the filler.

More in details, it should be noticed that even for the formulation containing the
highest amount of wood loadings (50% WD) a low-frequency region with a frequency-
independent elastic modulus G’, typical of interconnected networks, cannot be observed.
This behavior indicates poor compatibility and weak interfacial adhesion between the
two phases that prevent the interactions responsible for a rheological percolation and
the formation of a three-dimensional network [33,34]. On the contrary, the fact that the
crossover frequency decreases as a function of the filler loadings, indicates that, despite
the weak affinity between the two phases, a greater amount of particles limits the motion
and slows down relaxation dynamics of polymeric chains. These results are in line with
other works of wood-plastic composites [35], where an increase in G’ and G”, an attitude of
material to elastic behavior, and a crossover point moving towards lower frequency were
observed with increasing filler concentration. Literature data suggest for our composites
a possible improvement of melt strength [36] which could be very useful in view of the
utilization of these material for the production of printed objects.

The temperature dependency of viscoelastic behavior of the wood–plastic compos-
ites is shown in Figure 6, where the storage modulus (G’) and the tangent of the phase
shift angle (tan δ) are plotted as a function of the oscillatory frequency for system filled
with 50 wt.% of wood (Figure 6a,b).
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Figure 6. Effect of temperature on storage modulus (a) and dissipation factor (b) of composites at 50% in wt. of wood flour.

The data reported in Figure 6 and, in particular, the similarity of the G’ against ω
curves (on double logarithmic scale) collected at the different temperatures, suggest that
for the elastic modulus, and more generally for any viscoelastic function, the effect of
the temperature can be separated by that of the frequency, and can be described by a
temperature-shift factor (aT). The temperature dependence of aT represent the effect of
temperature on viscoelastic properties; the values of aT are determined empirically by
making tan δ curves (i.e., a density independent viscoelastic function) superimpose on the
one chosen as reference. In our case, we have chosen a reference temperature (at which the
shift factor is equal to unity) to be T0 = 180 ◦C. If the complex viscosity (η*) data are plotted
against the reduce frequencyω·aT the master curves reported in Figure 7 are obtained. The
master curves shown in Figure 6 represent the frequency dependence that would have been
obtained measuring the complex viscosity over a wider frequency range at the (reference)
temperature of 180 ◦C.
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Figure 7. Complex viscosity against reduce frequency master-curves of composites. The dotted lines
represent fittings with a power-law model (Equation (1)).

A knowledge, and a modeling, of the viscoelastic behavior of materials as a function
of deformation rates and of the temperature is essential in order to adjust processing
parameters and obtain a final product with good properties [37]; we derive in the following
section analytical description of both variations.

The complex viscosities of our materials (see Figure 7) show a decreasing behavior
upon the oscillatory frequency, a so-called shear-thinning or pseudoplastic behavior, that
can be attributed to molecular alignments and disentanglements of the polymer chains
at faster deformation rated. The most simple model that can be used to capture such a
behavior is the power-law, or Ostwald-de Waele, model:

η∗(ω) = kωn−1 (1)

where k is the flow consistency (Pa*sn) and n is the flow index.
By fitting the experimental data reported in Figure 7 with Equation (1), consistency

and flow index are obtained as a function of the wood concentration (Figure 8a). It can
be observed that the consistency increases as a strong function of the filler loading with a
6-fold increase for the system containing 50% of wood with respect to the base r-PE. On the
contrary, the flow index shows a weak dependency upon the wood contents with values
around 0.4 thus suggesting the shear thinning behavior depends on the polymeric matrix
and not on the filler. These results are in good agreement with the studies of Mazzanti
et al. [30] and of Laufer et al. [38] who studied, respectively, of wood-PP and wood-LDPE
and observed the similar variations of consistency and flow index as a function of the
amount of the particles in the matrix.
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The temperature dependence of viscoelastic properties is described by the shift factor
aT, which at temperatures well above the glass transition temperature, can be represented
by a simple Arrhenius-type equation:

aT = exp
[

Ea

R

(
1
T
− 1

T0

)]
(2)

where T0 is the reference temperature (in our case set to 180 ◦C), EA is the activation energy
for the process, and R is the universal gas constant.

The activation energy is plotted in Figure 8b as a function the filler content for the
developed compounds. It should be noted that for the matrix we have determined a value
of the order of 100 kJ/mol while for the higher wood loadings we have observed values
of the order of 50 kJ/mol for. As lower values of the activation energy indicate a lower
sensitivity of viscoelastic properties to temperature changes, it can be affirmed that the
wood-filled systems behave more in a solid-like manner also from this point of view. This
behavior is consistent with literature data, even though lower values are reported for
homo-polyethylene (~26 kJ/mol) and for short-chain branched PE (~34 kJ/mol). However,
as it is known that long-chain branching provokes an increase in the activation energy
of polyethylene, the data suggest the presence of branching in our r-PE. As stated by
Park [39], the free volume is not the main aspect that dominates the macromolecular
motion. At testing temperatures higher than the glass transition temperature (Tg), the free
volume is larger than that available at Tg. In this condition, the primary fact governing the
chain mobility is the thermal activation. The branching increased the activation energy
of polyethylene due to the hindrance of segmental motion for interaction of long-chain
branches. In other words, the higher the activation energy observed for the r-PE suggests a
possible presence long-chain branches formed during processing.

The variation of complex viscosity with deformation rates, described by power-law
equation (Equation (1)), allows for the calculation of viscosity at processing deformation
rates, which are higher than those experimentally explored. Equation (1) can be used to
adjust the processing condition for each formulation. For example, typical shear rates at
gate and in the mold are in a range between 100 and 1000 s−1, and under such conditions,
a shear-viscosity value below 1000 Pa·s is suggested for suitable compositions [40]. Use
of Equation (1) suggests that while the r-PE respects such a condition at the temperature
of 180 ◦C while the compounds at 50 wt.% of WD requires different condition in terms of
temperature (>180 ◦C) or shear rate (>103 s−1).

3.3. Infrared Spectroscopy

Infrared spectroscopy is widely used as a qualitative technique to monitor the thermal
degradation of polyethylene samples. A comparison among ATR spectra of the matrix
(r-PE) at room temperatures, and after heating at 180 ◦C and 220 ◦C for 1800 s, respectively,
are reported in Figure 9.
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Figure 9. ATR spectra of recycled polyethylene (r-PE), and heated samples at 180 and 220 ◦C for 1800 s. (a) Frequency range
of 800–3700 cm−1; and (b) zoom in the range 1350–1760 cm−1.

For all the samples, the characteristic peaks around 2900 cm−1 (C–H stretching),
1460 cm−1 (CH2 deformation bending), and 720 cm−1 (CH rocking bending), commonly
attributed to polyethylene homopolymer [41], are clearly visible. Different changes in IR
spectra attributed to sample aging can be identified according to previous literature: (i)
broad peaks from 3100 to 3700 cm−1 ascribed to hydroxyl groups; (ii) alkenes, or carbon
double bonds in the range of 1600 to 1680 cm−1; (iii) region of 1690–1810 cm−1 associated
to carbonyls; (iv) region at 1000–1200 cm−1 representative of carbon-oxygen bonds; and (v)
carbon–nitrogen bond in the range of 1200 to 1280 cm−1. According to work of Brandon [42],
usually pure polyethylene should not have nitrogen in the chemical structure, however
nitrogen is present in the air and can be contained in plastic additives.

Generally, in presence of oxygen and high temperatures, the oxidation process of
polyethylene starts from weak bonds close to terminal vinyl groups and generates oxygen-
containing groups, such as alcohol, ketone, acid, and so on [43]. In the samples treated
at 220 ◦C compared to pristine r-PE, it can be noted: (i) the formation of a shoulder
in correspondence of 1713 cm−1 (close to the peak at 1720 cm−1, typical of carbonyl
groups), which can be correlated to the presence of ketones; (ii) the reduction in the peak at
1650 cm−1, which can be linked to a decrease in double bonds [41]; (iii) a small increment
in intensity at 1377 cm−1, which can be due to the occurrence of branching. Indeed, as
attested by Gulmine et al. [44], a characteristic peak at 1377 cm−1, typical of CH3 symmetric
deformation, is present in LDPE and LLDPE spectra, together with peak at 1366 cm−1. This
latter, attributed to the CH2 wagging deformation, is present alone in HDPE spectra. The
typical peak around 909 cm−1 for representing changes in terminal vinyl groups was too
weak to be detected accurately, as verified by Brandon et al. [42].

Infrared spectrum of wood flour, reported in literature [45,46], showed the predomi-
nance of hydroxyl band at 3100 to 3700 cm−1 and ether species (C–O–C) at 1000–1150 cm−1,
then weak bands at 1800–1680 cm−1 of carbonyl groups, at 1650–1500 cm−1 of vinyl (C=C)
groups, at 1450 and 1350 cm−1 due to methyl species (CH3).

By comparing spectra of the composite containing 50 wt.% of wood flour (see Figure 10)
a strong decrease in intensities in the fingerprint region can be observed after the heat treat-
ment at 220 ◦C. This result confirms the occurrence of thermal decomposition mechanism
in wood-based compounds at temperature above 180 ◦C and their stability at lower tem-
perature. Such a result is consistent with the rheological data show in the previous section.
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4. Conclusions

In this study, we have prepared by melt blending a series of composites incorporating
wood flour (25, 35, and 50% in wt.) as a filler in a recycled LDPE. The composites were
characterized in terms of torque measurements performed during the mixing process,
dynamic rotational rheology performed on the molten sample, and ATR spectroscopy
performed on processed solid samples. Torque data have shown that the introduction of
wood particles within the polymeric resin produced an increase in the overall viscosity of
systems that led to sensible viscous heating phenomena during compounding. The thermal
stability of the r-PE (the matrix) was verified at temperatures of 180 ◦C for processing
times up to of 1500 s, while at higher temperatures the materials showed a rheological
response characterized by time-increasing viscoelastic moduli. This behavior suggested the
occurrence of crosslinking reactions governing the thermal degradation mechanism. The
compounds, realized with wood loading up to 50% in wt., have shown time-independent
viscoelastic properties at 180 ◦C, thus confirming their thermal stability at these conditions.
The viscoelastic behavior of the r-PE matrix (investigated in the temperature window from
160 ◦C to 180 ◦C) suggested the presence of (short or long) branches in the macromolecular
structure that were confirmed by the ATR spectra. The addition of wood particles in the
r-PE matrix determined an increment in both the storage (G’) and loss (G”) moduli, and
even for the highest WD concentrations (50 wt. %) the viscoelastic spectra did not show the
presence of interconnected structures. This behavior was attributed to a poor compatibility
and weak interfacial adhesion between the two phases. However, the improving the elastic
component in the composites due to the presence of wood flour was considered promising
in view of applications to printing, and extrusion or molding technologies. Indeed, PE-
wood composites seem capable of achieving good mechanical properties, processability,
and durability without the use of harmful chemicals.
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Abstract: This work investigates the effects of modification of polylactide (PLA) using dicumyl
peroxide (DCP) as a crosslinker and Joncryl as a chain extender on boehmite distribution. The
PLA/boehmite (PLA/BA) composites at various concentrations were prepared via a twin-screw
extruder. Transmission electron microscopy showed more agglomerations of BA particles when
Joncryl and DCP were added individually to the PLA matrix, with lesser agglomeration upon
simultaneous addition of DCP and Joncryl, which led to an enhancement of 10.7% of the heat
distortion temperature and 8.8% of the modulus. The existence of fine dispersed BA particles in the
BA3 sample improved the cold crystallization by 4 ◦C. Moreover, the maximum reinforcing effect in
increasing the storage modulus of the prepared system was observed upon concurrent addition of
DCP and Joncryl, with minimum reinforcing effect upon individual addition of DCP and Joncryl. In
general, a bio-based PLA composite base BA with enhanced properties was successfully prepared for
various applications.

Keywords: mechanical properties; biodegradable; thermomechanical properties; thermal properties;
dicumyl peroxide; Joncryl

1. Introduction

Interest in polylactide (PLA) has grown both industrially and academically due to
its biocompatibility, biodegradability, and transparency [1]. Consequently, it has found
application in the automotive, packaging, and medical industries, amongst others [2].
Regardless of its excellent properties, it also has limitations, such as poor thermal stability,
brittleness, and slow crystallization during processing [3–6].

Generally, there are ways of improving the properties of PLA, including the addition
of fillers or blending with other polymers [3,7–10]. For instance, Nieddu et al. [11] reported
that 5 wt.% nanoclay increased the modulus of neat PLA. Other fillers, such as nano-silicon
dioxide (SiO2) [12] and boehmite (BA) [10], have been found to improve the thermal stabil-
ity, crystallizability, and mechanical and electrical conductivity of the polymers. Amongst
these, BA has attracted more research interest due to its low cost, high flammability, high
surface area, noble dispensability, and thermal stability [10,13]. Moreover, BA particles in
nanometric form have greater reactivity than in micrometric form, owing to the increase of
their surface area in nanometric dimensions [2]. A known challenge is the distribution of
the hydrophilic BA in the hydrophobic PLA matrix, which leads to poor interfacial bonding
between the polymer and the filler.
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Several studies have been conducted on the modification of BA to improve the interfa-
cial bonding between the polymer and the filler [10,13–18]. For instance, Malwela et al. [10]
reported the impact of BA surface modification with p-toluene sulfonic acid on the me-
chanical, thermal, and rheological properties of PP/PS blends. Their results revealed that
the addition of 1, 3, 5, and 7 wt.% modified BA particles in the PP/PS blend improved
the modulus by 5.3, 13.5, 20.3, and 27.5%, respectively, due to the uniformly dispersed
agglomerations of BA particles within the PS phase, whereas in the case of untreated BA,
slight improvements of 0.2, 11.4, 17.8, and 25.7%, respectively, were observed, attributed
to the agglomerations within the edges of the PS phase. On the other hand, the inclusion
of 1 wt.% untreated BA particles had no effect on the crystallization temperature, while
the crystallization temperature peaks moved from 116.90 to 119.0, 126.6, and 127.7 ◦C
for the 3, 5 and 7 wt.%, respectively. Khumalo et al. [17] incorporated BA particles in
low-density and high-density polyethylene (LDPE and HDPE). The authors revealed that
2 wt.% BA particles improved the resistance of the resulting composite to thermo-oxidative
degradation from 0.5 to 2%. In 10 wt.% BA the improvement was from 1.5 to 3%, due to the
presence of BA being reported for polyoxymethylene. Das et al. [2] reported the mechanical,
thermal, and fire properties of biodegradable PLA/BA composites. Their results revealed
that the incorporation of 3 wt.% BA nanoparticles increased the tensile strength of PLA
by 57%, and the cold crystallization was observed in the range of 120–125 ◦C. However,
this kind of modification includes a solvent, which has drawbacks, such as high cost and
environmental problems.

One of the most common approaches to improving the distribution of the filler in the
polymer matrix is through polymer modification [14,16]. Several studies on the interfacial
modification of different polymers have been reported [1,19,20]. These modifications include
Joncryl as a chain extender and DCP as an initiator. Joncryl is a polymeric chain extender
with a low epoxy equivalent weight that reacts with the chain ends of polycondensates and
effectively increases their melt viscosity. Additionally, it is a multifunctional oligomer chain
extender that was intended to reverse the degradation in PLA; it has epoxy functional groups,
which would react with the carboxyl and hydroxyl groups [1,20–24]. Joncryl has shown
improvement in the interaction between carboxyl groups of PLA and the reactive functional
epoxy group of the chain extender, and consequently, the enhancement of the crystallizability
and mechanical properties of PLA [25]. Generally, DCP is a free radical generator in a polymer
system, with the possibility of crosslinking or chain branching. Similarly, Joncryl helps with
chain branching and extension in polyesters, such as PLA.

This study focuses on producing the PLA/BA composite in order to demonstrate
the 3D printing of the samples. This study aimed to use the novel system to study the
mechanical, flow, and thermal properties of PLA. We used DCP as a free radical generating
agent in the reactive extrusion in order to enhance the amount of macroradicals that could
introduce long-chain branching in the PLA chain. Joncryl, a patented, multifunctional,
reactive polymer with improved thermal stability/chain extenders for specific food-contact
applications, and polycondensation polymers including poly(ethylene terephthalate), was
used as a crosslinking agent to extend the PLA chain and to improve the crystallizability of
the PLA. Then, we demonstrated the 3D-orientability of the sample, with good distribution.
This study aims to improve the BA particles’ distribution in the PLA matrix using chain
extension and branching, which will lead to enhanced mechanical properties.

2. Materials and Methods
2.1. Materials

The PLA used in this work was a commercial grade (PLA 4032D) purchased from
NatureWorks LLC (Minnetonka, MN, USA), with a melt flow index (MFI) of 6 g/10 min
(2.16 kg load) at 190 ◦C and a density of 1.23 g cm−3, while the BA powder was of a com-
mercial grade manufactured by SASOL, under the trade name Dispersal 40, containing 80%
Al2O3, donated by SASOL Germany. DCP was obtained from Sigma-Aldrich (Johannes-
burg, South Africa), with a molecular weight of 270.37 g/mol, density of 1056 g/mL, vapor
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pressure of 15.4 mmHg, and a melting point between 39 and 41 ◦C, the chain extender
Joncryl ADR 4368 CS was donated by BASF South Africa. The chemical structures of DCP
and Joncryl are shown in Figure 1.

Figure 1. Chemical structure of dicumyl peroxide (DCP) and Joncryl.

2.2. Preparation of the Samples

Prior to processing, PLA was dried at 80 ◦C under vacuum for 12 h. The samples
with different compositions (Table 1) were melt compounded in a co-rotating twin-screw
extruder from Thermo Scientific, Waltham, MA, USA, with an L/D of 40. The extruder
conditions were as follows: feeding rate 5.6 g/min; screw speed 202 rpm; and barrel tem-
peratures from the hopper to the die were 140, 160, 180, 180, 180, 180, 180, 180, and 190 ◦C,
respectively. The composites were then compression molded into different specimens using
a Carver compression molder (Carver laboratory Model 973214A, Wabash, IN, USA) at a
temperature of 190 ◦C and pressure of 1 MPa for 6 min, then cooled to room temperature.

Table 1. Sample names and compositions.

Sample Code PLA DCP Joncryl BA (wt.%)

PLA 100 - - -
PLA/DCP 99.95 0.05 - -

PLA/J 99.40 - 0.6 -
PLA/DCP/J 99.35 0.05 0.6 -

PLA/BA 98.00 - - 2
PLA/DCP/BA 97.95 0.05 - 2

PLA/J/BA 97.40 - 0.6 2
PLA/BA2/DCP/J 97.35 0.05 0.6 2

BA3 96.35 0.05 0.6 3
BA4 95.35 0.05 0.6 4
BA5 94.35 0.05 0.6 5
BA6 93.35 0.05 0.6 6

BA10 89.35 0.05 0.6 10
BA20 79.35 0.05 0.6 20

2.3. Characterization

A Fourier-transform infrared (FTIR) spectroscope from Perkin Elmer (Model: Spec-
trum 100, Branford, CT, USA) was used to verify the chemical interactions between PLA,
DCP, Joncryl, and BA within the wavelength range of 500–4000 cm−1. For all of the spectra,
32 scans were collected, with a resolution of 4 cm−1.

The compression-molded disc specimens were used for XRD measurements using an
X’pert PRO diffractometer from PANalytical (EA Almelo, The Netherlands). The operating
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voltage was 45 KV, and the current was 40 mA. The exposure time and the scanning rate
used were 29 min 45 s and 0.011◦/min, respectively.

The distribution of BA particles in the PLA matrix was investigated using transmission
electron microscopy (TEM) (JOEL, JEM 2100, Tokyo, Japan) with an acceleration voltage of
200 kV. The samples were prepared using a Leica (Austria) EM FC6 cryo-ultramicrotome at
−100 ◦C, a cutting speed of 3 mm, and a feed rate of 80 nm. The samples were sliced using
a diamond knife.

Differential scanning calorimetry (DSC) measurements were studied using a DSC-
Q2000 instrument from TA Instruments, New Castle, DE, USA. Pellets with a mass of
approximately 4–5 mg were heated from −20 ◦C to 190 ◦C at a rate of 10 ◦C/min, and
then maintained at that temperature for 5 min. Samples were cooled to −20 ◦C at a rate of
10 ◦C/min and kept constant for 5 min, then heated to 190 ◦C at a rate of 10 ◦C/min. The
heating and cooling cycles were conducted under nitrogen as the purge gas, with a flow
rate of 25 mL/min for all samples. The glass transition temperature (Tg), melting tempera-
ture (Tm), enthalpy of fusion (∆Hm), crystallization temperature (Tc), cold crystallization
temperature (Tcc), and enthalpy of cold crystallization (∆Hcc) were obtained.

The dynamic mechanical analysis (DMA) was conducted using a PerkinElmer DMA
(Model 8000, Branford, CT, USA) analyzer in dual cantilever-bending mode. The tempera-
ture was measured at a frequency of 1 Hz, strain amplitude of 0.01%, and heating rate of
2 ◦C/min in the temperature range of −80 to +115 ◦C.

Heat distortion temperatures (HDTs) were measured using a CEAST HDT-VICAT
instrument, and the measurements were recorded using the following conditions: Oil bath
preheated to 30 ◦C; Tstart = 30 ◦C; heating rate (φ) = 120 ◦C/h; Tmax = 100 ◦C; end = 0.34 mm;
span = 64 mm; and stress = 450 kPa.

The melt state rheological properties of neat PLA and composites were investigated
using an Anton Paar stress/strain-controlled rheometer Physica MCR501 (Garz, Austria)
with parallel plates of 25 mm in diameter. The injection-molded disc samples were used for
this test. Frequency sweep tests were carried out from 0.1 to 100 rad/s. Each sample was
melted in a parallel plate at 190 ◦C for 5 min to remove the remaining thermal history, and a
dynamic strain sweep was then performed in order to determine the common linear region.
The melt flow rate (MFR) properties of the neat PLA and composites were investigated
using a melt flow meter (multiweight). The pelletized samples were used for this test,
weighing 4 g per sample.

Tensile tests were performed in order to determine the modulus, yield strength, and
elongation at break of each material, using an Instron 5966 tester (Instron Engineering
Corp., Norwood, MA USA) with a load cell of 10 kN, in accordance with ASTM 638D
standards. The test was carried out under tension mode at a single strain rate of 5 mm/min
at room temperature. The dog-bone-shaped specimens were analyzed.

3. Results
3.1. Flow Properties

The melt flow rates (MFRs) of the prepared samples are shown in Table 2. PLA shows
a higher MFR, implying lower viscosity and ease of processability. The addition of DCP and
Joncryl individually decreased the MFR of PLA by 32.3 and 50.2%, respectively. A decrease
in the MFR of PLA/DCP could be attributed to chain–chain coupling, which results from
the interaction of radicals generated by DCP on PLA chains, as shown in Supplementary
Figure S1. On the other hand, Joncryl as a chain extender could have increased the
molecular weight and viscosity of PLA due to the reaction between the epoxide groups of
Joncryl and the carboxylic groups of PLA (see Supplementary Figure S2) [25]. The FTIR
spectroscopy shows the reactions between the chain extenders, and will be discussed in
the FTIR section. The simultaneous addition of both Joncryl and DCP did not significantly
affect the MFR of PLA/DCP/J compared to the PLA/J system. Upon the addition of BA at
2 and 3 wt.% to PLA/DCP/J, the MFR decreased slightly, by 12.7 and 8.5%, respectively,
suggesting the immobilization of PLA chains by the nanoparticles. However, with further
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increase in BA particles, the MFR started to increase, probably due to the separation and
weakening of PLA chains by the rigid BA particles.

Table 2. The MFR of all samples.

Sample Name MFR(g/10 min) Using 2.16 kg Load at 190 ◦C

PLA 15.49
PLA/DCP 10.49

PLA/J 7.71
PLA/DCP/J 7.66

PLA/BA 11.19
PLA/DCP/BA 9.94

PLA/J/BA 5.86
PLA/DCP/J/BA2 6.69

BA3 7.01
BA4 7.78
BA5 8.11
BA6 9.93

BA10 10.50
BA20 11.52

DCP and Joncryl have a significant influence on the structural properties of polymers.
In particular, the molecular weight (MW) and distribution (MWD) can be affected due to
chain scission or chain–chain coupling in the presence of DCP. In addition, chain extenders
such as Joncryl can also modify the structural properties of a polymer. Rheology is a
powerful tool to elucidate the changes in the molecular structures of polymers in melt
states. Figure 2 shows the plots of G′ and G” against angular frequency from 0.1 to
100 rad/s. In these plots, the crossover point between G′ and G” provides information
about the changes in the MW and MWD. The horizontal shift of the crossover frequency
(Gω) to lower values is related to an increase in MW. In contrast, the vertical shift of
the crossover modulus (Gm) indicates an increased broadening of the MWD. It is worth
mentioning that the crossover point is determined within the tested range (0.1 to 100 rad/s).
For neat PLA (Figure 2a), the crossover point could not be determined within the tested
range. However, looking at the distance between G′ and G” at 100 rad/s, it can be noticed
that the G′ and G” curves are closer, suggesting lower angular frequency for the PLA/DCP
(Figure 2b) system compared to neat PLA.

Moreover, a dramatic decrease in Gω was noticed in the PLA/J system (Figure 2c),
indicating an increase in the MW of PLA. A horizontal shift to higher values could be noticed
in the PLA/DCP/J system (Figure 2d); this suggests that there was a reduction in the MW
of PLA, which could be attributed to chain scission when both DCP and Joncryl were
added. The incorporation of BA did not significantly change the MW of the PLA/DCP/J
system (Figure 2e–i), as can be seen from the distance between G′ and G” at 100 rad/s.

Figure 3a shows the complex viscosity of the prepared PLA/DCP/J-based composites
against angular frequency. As evident from Figure 3, the flow behavior of PLA, PLA/DCP,
PLA/J, and PLA/DCP/J followed a similar trend to that noted from the MFR analysis.
However, PLA/J showed the highest viscosity due to an increase in the MW when Joncryl
was introduced to PLA. This observation is attributable to the branches formed by the
Joncryl and the introduction of long-chain branching (LCB) in the PLA structure, conveying
pseudosolid-like behavior. The viscosity of the composites was solely dependent on the
distribution of BA particles in the PLA matrix. The BA3 system showed better distribution,
and exhibited a higher viscosity than the other composites (Figure 3b). With the increase
in filler concentration, the viscosity decreased, possibly due to the poor distribution and
agglomeration of BA particles, forming the weak points in the matrix. Further increase
in BA concentrations resulted in an increase in viscosity, due to the reinforcing effect of
the particles.
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Figure 2. Storage and loss modulus curves of the PLA and BA composites at different contents.

Figure 3. (a) Complex viscosity curves of neat PLA and BA composites at different loadings, and (b) viscosity at 1 frequency
(rad/s) BA composites at different loadings.
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3.2. Chain Extension

FTIR spectroscopy was used to compare the processed PLA/BA chain extender and
crosslinking systems, in order to identify the reaction that may have transpired between the
PLA/BA and chain extender/crosslinking. Figure 4a shows the FTIR spectra of neat PLA
and composites. In the case of neat PLA, the peaks at 1754, 1455, and 1369 cm−1 are due to
C=O stretching, C–H deformation, and C–O–H bands, respectively. Meanwhile, 1186 and
1080 cm−1 are assigned to –C–O stretching, 868 cm−1 is attributed to –C–C stretching, and
755 cm−1 is attributed to C–H bending. The H–O–H peak at 1630 cm−1 was not obtainable
from the processed PLA, due to the existence of thermal chain scission at the C–O bond [26].
Supplementary Figure S3 shows the vibrations at 2852 and 3000 cm−1 assigned to the O–H
stretching, and 2922 cm−1 due to the axial C–H stretching bond [27]. The FTIR spectra
of neat BA (Supplementary Figure S4a) reveal that the vibrations at 3309 and 3095 cm−1

relate to the O–H stretching of BA [28]. The vibration at 1397 cm−1 is attributed to the
amorphous surface structure that exists in crystalline BA [29]. In the case of neat DCP,
as shown in Supplementary Figure S4b, vibrations are observed at 1727 cm−1 due to the
C=O stretching, at 910 cm−1 due to C=C stretching, and at 762 cm−1 and 698 cm−1 due to
C–H bending. Supplementary Figure S4c shows that in the FTIR spectra for neat Joncryl,
vibrations are observed at 907 and 843 cm−1, attributed to the symmetric and asymmetric
ring deformation of cyclic epoxide [30,31].

Figure 4. FTIR spectra for (a) neat PLA, (b) PLA/DCP, (c) PLA/J, (d) PLA/DCP/J, (e) PLA/BA,
(f) PLA/BA/DCP, (g) PLA/BA, and (h) PLA/BA/DCP/J samples.

Figure 4e shows that there is no significant change to the PLA matrix upon addition
of BA, due to the low concentration of BA embedded in the PLA matrix. Further, upon
addition of DCP to the PLA/BA composite, as shown in Figure 4f, DCP undergoes ho-
molytic cleavage when heat is applied, breaking down into free radicals and assisting in
the removal of H’s from the PLA chains in order to create free radicals on the backbone
structure of PLA, as shown in Supplementary Figure S1. This phenomenon is attributed
to the propagation of the radical reaction to form a crosslinked/branched structure of
PLA [13]. Therefore, PLA produces free radicals on the tertiary C atoms, which become
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stabilized in reactive extrusion [4]. In the case of Joncryl, the 907 and 843 cm−1 peaks
disappear, owing to the interaction of the epoxy groups with carboxyl groups on the PLA,
suggesting that the reaction occurrs between the Joncryl epoxy and the PLA terminal
functional group [32]. Surprisingly, there is a synergistic effect of peak decreases for Joncryl
at 2922 cm−1. These results relate to the decrease observed in the MFR results and the peak
decrease shown in Supplementary Figure S2. Upon addition of all the components, the
peak at 2922 cm−1 increases, suggesting that the initiator has created macroradicals after
the chain extender has truly extended the PLA chain for the BA attachment. In all of the
composites, vibrations at 1752, 1455, 1186, 1080, and 868 cm−1 remain unchanged. Inata
and Matsumura [26] reported that the epoxides might react with carboxyl and hydroxyl
end groups of polyesters, and the electrophilic group with the carboxyl end groups. It can
be concluded that the chain extension/crosslinked/branched structures in the polymer
composites play an important role in improving the properties of the reactive composites
in a controlled way.

3.3. BA Distribution

To measure the distribution of BA particles in the PLA matrix, samples containing
different BA concentrations were cryosectioned and viewed under TEM. Figure 5a illus-
trates that the particles of BA formed more agglomerates in the PLA matrix, and that the
particles were not well distributed. Figure 5b shows that the addition of the initiator in
the PLA matrix decreased the agglomerations of BA particles and distributed the particles
better than in PLA/BA. This is attributed to the fact that the viscosity of the PLA matrix
was increased by chain extension and/or branching, which assisted in breaking the BA
agglomerates. On the other hand, better distribution of BA particles was observed in the
presence of Joncryl, due to more chain branching that was created in the PLA structure.
Furthermore, Figure 5d shows that the addition of all components at once produced a
fair distribution of BA particles and strong intercomponent bonding. This observation
correlates with the FTIR spectroscopy results in the next section, which show the interfacial
bonding between all components.

Figure 5. TEM images of (a) PLA/BA, (b) PLA/DCP/BA2, (c) PLA/J/BA2, (d) PLA/DCP/J/BA2,
(e) BA3, (f) BA4, (g) B5, and (h) BA6.

Furthermore, it is evident from Figure 5e that upon the addition of 3 wt.% BA to the
PLA matrix, the finest distribution was observed, showing an optimal distribution amongst all
composites, owing to better intercomponent bonding amongst the neat PLA and BA particles.
Das et al. [2] reported similar results in PLA/BA, revealing that the 3 wt.% BA loading in the
PLA matrix was the optimal distribution. This led to improved mechanical properties, which
were affected by the distribution of the BA particles in the PLA composites. On the other hand,
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the increase in BA concentration (i.e., 4, 5, 6, 10, and 20 wt.%) produced poorer distribution
and more agglomerations of the BA particles in the PLA matrix.

3.4. Non-Isothermal Crystallization of the Modified PLA Systems

DSC was used to study the effects of BA, DCP, Joncryl, and the resultant structures on the
crystallization and melting temperature of the PLA matrix. The DSC data are summarized in
Table 3. The degree of crystallinity (χm) during cold crystallization, during heating (χcc), and
total crystallinity (χc) were calculated using the following equations [2,23]:

Xm =
∆Hm

∅PLA ∆H◦m
(1)

or
Xcc =

∆Hcc

∅PLA ∆H◦m

Xc = Xm − Xcc (2)

where ∆Hm is the melting enthalpy, ∆Hcc is the enthalpy of cold crystallization, ∅PLA
is the weight fraction of PLA, and ∆H◦m is the enthalpy of fusion of 100% PLA, taken
as 93.7 J/g [33]. Figure 6 shows the DSC thermograms from the second heating. PLA
shows diverse transitions; the first transition is related to the PLA Tg at (60 ◦C), the second
transition is allied with the Tcc at (110.24 ◦C), and the last transition is linked with the Tm at
(169.11 ◦C). In addition, Figure 6a also shows various melting temperature peaks at 164.13
and 169.11 ◦C. Moreover, there was no Tc detected for PLA during the cooling cycle, because
PLA crystallizes very slowly [34]. Upon addition of BA, and chain extension/branching
by DCP/Joncryl, the Tm of the samples moved to the low side of the graph compared
to neat PLA. This observation suggests that BA acted as a weak nucleating agent in the
samples; meanwhile, 3 wt.% showed a profound shift to the lower side of the Tm peak
(165.5 ◦C), suggesting a strong nucleating effect. Similar nucleating effects were reported
by Malwela et al. [10] and Das et al. [2]. On the other hand, the Tcc temperatures were also
affected by the addition of BA, due to the nucleating effect. Upon addition of BA, the Tc
value of the composites decreased, moving towards the lower crystallization temperatures,
indicating enhanced nucleation. Malwela et al. [10] reported a similar nucleating effect.

Additionally, BA limited the mobility of the PLA macromolecules, restricting their
chain arrangement. When the molecular structure of PLA was altered by DCP and Joncryl,
the Tcc was reduced, and the crystallinity increased. This phenomenon is related to PLA
degradation [35–37]. However, when the BA content was increased, the crystallinity in
3 wt.% decreased due to the well-dispersed BA particles causing a physical barrier in the
PLA matrix. The Tg of the samples remained unchanged regardless of incorporating BA or
alterations to the molecular structure of PLA. This observation is related to the DMA results
that will be discussed later. Overall, the Tm and Tc of the composites decreased compared
to the neat PLA, confirming that BA, DCP, and Joncryl are good nucleating agents. Small
loading of the nucleating agent assisted in forming the polymer crystals; meanwhile, high
loading of the nucleating agent restricted the ordered arrangement of the molecular chain,
leading to low crystallinity. Moreover, during heating, more crystals were formed; as a
result, the PLA crystallinity was improved.

The XRD patterns of neat PLA, BA powder, and composites are shown in Figure 7.
The diffraction patterns on the as-received BA powder were observed at 2θ = 13.98◦,
28.12◦, 38.36◦, 49.46◦, 55.11◦, and 64.60◦, attributed to the (20, 120, 031, 200, 002, and
151 crystallographic planes, respectively. In the case of neat PLA, the broad amorphous
peak at 16.50◦ was observed and ascribed to the 200/100 crystallographic plane of PLA
crystal, consistent with the features of PLA [38–41]. Upon the addition of various BA
concentrations to PLA, the features of BA at the peak of interest (2¦È = 13.98◦) were also
recognized, signifying the presence of the filler in the composites. On the other hand, the
XRD patterns of all of the composites show an intensive peak around 16.21◦, and have

363



Polymers 2021, 13, 2019

slightly moved to a higher angle, suggesting that the crystal size of the composites has
decreased due to the interaction and distribution of BA in the PLA matrix [2]. Chain
branching contributes to the higher crystallinity of PLA.

Table 3. DSC measurements of neat PLA and composites.

Sample Code Tcc (◦C) ∆Hcc (J/g) Xcc (%) ∆Hm (J/g) Tm (◦C) Xm (%) Xc (%)

Neat PLA 110.24 ± 0.8 31.21 ± 1.9 33.31 33.46 ± 0.7 169.11 ± 0.1 35.71 2.40
PLA/DCP 102.72 ± 0.1 26.72 ± 0.1 28.67 31.48 ± 0.1 167.49 ± 0.1 33.80 5.13

PLA/J 108.09 ± 0.1 21.72 ± 0.1 23.32 29.30 ± 0.1 165.78 ± 0.1 31.46 8.14
PLA/DCP/J - - - 28.77 ± 0.1 164.00 ± 0.1 31.08 -

PLA/BA 104.98 ± 0.7 29.47 ± 0.02 32.09 32.56 ± 0.3 167.63 ± 0.7 35.46 3.37
PLA/DCP/BA 105.36 ± 0.3 19.81 ± 0.4 21.58 23.15 ± 0.9 167.28 ± 0.3 25.22 3.64

PLA/J/BA 107.02 ± 0.9 27.20 ± 1.8 29.80 29.35 ± 0.7 166.65 ± 0.5 32.16 2.36
PLA/BA2/DCP/J 105.98 ± 1.0 24.47 ± 0.5 26.98 30.37 ± 0.1 167.14 ± 0.3 33.48 6.50

BA3 106.0 ± 0.6 24.5 ± 0.9 32.0 31.4 ± 0.7 165.51 ± 0.4 33.3 2.8
BA4 102.9 ± 0.9 28.9 ± 0.4 32.6 32.5 ± 0.7 166.60 ± 1.1 34.8 3.8
BA5 105.6 ± 0.3 29.10 ± 0.6 31.2 32.0 ± 0.8 166.72 ± 0.8 36.4 5.0
BA6 106.3 ± 1.2 27.60 ± 0.9 30.4 30.8 ± 0.2 167.10 ± 0.5 35.2 4.8

BA10 108.8 ± 0.9 25.01 ± 0.8 29.87 32.47 ± 0.1 167.98 ± 0.6 38.78 8.91
BA20 110.1 ± 0.6 26.28 ± 1.2 35.34 32.38 ± 0.7 168.53 ± 1.5 43.55 8.21

Figure 6. DSC traces of the second heating curve of neat PLA and samples containing DCP/Joncryl
and BA.

Figure 7. XRD patterns of the neat PLA and composite.
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Similarly, this tends to reduce the crystal sizes. Therefore, it was important to calculate
the crystallite size of the samples, using the Scherrer equation shown below (Equation (3))
as a mathematical expression of the relationship between full width at half maximum
FWHM and the crystallite size. The results of the crystalline size for all samples are listed
in Table 4.

FWHM =
Kγ

L cos θ
(3)

where FWHM is the full width at half maximum attained from the instrument, λ is the
wavelength of the X-ray that was used for the diffraction, L is the crystalline size, θ is
the peak position (2θ/2) in radians obtained from the instrument, and K is a shape factor
constant with a value of 0.9 [42]. Neat BA shows a crystalline size of 39.59, and PLA
12.8, with a Tm of 169.11 ◦C from DSC curves. When a polymer is heated at the minimal
Tm and the equilibrium Tm (Tm

0), the remaining well-ordered structures in the melt will
significantly influence the crystallinity [43]. Upon alteration of the PLA structure, the
crystal size decreased, and the addition of various BA loading further increased the crystal
size with 5 wt.% as the threshold. The small crystalline size is due to the crystal growth
of the polymer, which is attained by the extra addition of folded polymer chain segments,
meaning that the sample has a lower Tm value [44]. Farid et al. [45] reported a similar
observation. Further, the crystal size was not dependent on the BA concentration. In
conclusion, we observed that the BA and the resultant branched structure acted as good
nucleating agents, and this observation was consistent with the DSC analysis.

Table 4. Crystal sizes of neat PLA and composites.

Sample Name 2θ θ FWHM Crystal Size (nm)

BA 13.91 6.96 0.038397 36.4
Neat PLA 16.29 8.15 0.119381 11.7
PLA/DCP 16.47 8.24 0.153414 9.1

PLA/J 15.29 7.65 0.213628 6.5
PLA/DCP/J 16.31 8.16 0.008029 174.4

PLA/BA 16.44 8.22 0.117286 12.0
PLA/DCP/BA 16.40 8.20 0.176802 8.0

PLA/J/BA 15.14 7.57 0.205251 6.8
PLA/BA2/DCP/J 14.90 7.45 0.186576 7.5

BA3 16.46 8.23 0.135961 11.2
BA4 16.45 8.22 0.122696 12.4
BA5 16.44 8.22 0.106988 14.3
BA6 14.82 7.41 0.199142 7.6

BA10 16.61 8.30 0.135786 11.2

3.5. HDT

The HDT results of neat PLA and composites are listed in Table 5. The HDT of neat
PLA slightly improved from about 0.6 to 1.77 ◦C after the addition of BA and molecular
structure alteration with DCP and Joncryl, which led to the enhancement of the mechanical
properties of PLA. In the case of BA’s inclusion in the PLA matrix, the results show an
improvement of 1.7 ◦C; this increase is motivated by the higher degree of BA crystallinity,
owing to its nucleating properties. This result is related to the DSC results shown in
Figure 6. Upon the molecular structure alteration of PLA by DCP and Joncryl, the HDT
increased by 2.0 and 2.7 ◦C, respectively, due to the chain extension and/or branching.

Further, upon the addition of different BA concentrations, the HDT increased with
increasing loading. These results are consistent with the MFR test results reported in
Table 2. Overall, the DSC and HDT results show that the incorporation of BA and the
alteration of PLA’s molecular structure enhance the distribution of BA particles and the
mechanical properties of PLA.
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Table 5. HDT values of neat PLA and composites.

Sample Name HDT (◦C)

Neat PLA 51.3 ± 0.21
PLA/DCP 51.9 ± 1.48

PLA/J 54.2 ± 0.40
PLA/DCP/J 53.4 ± 0.29

PLA/BA 53.0 ± 0.06
PLA/DCP/BA 53.3 ± 0.38

PLA/J/BA 54.0 ± 0.15
PLA/BA2/DCP/J 53.1 ± 0.55

BA3 56.8 ± 0.91
BA4 60.2 ± 0.88
BA5 62.2 ± 0.49
BA6 66.7 ± 0.90

3.6. Thermomechanical Properties

The effects of BA distribution on the thermomechanical properties of PLA were
examined. Figure 8a shows the storage modulus (E′) of the samples as a function of
temperature. The E′ of the samples is discussed at two different phases: glassy phase,
below the Tg, where the polymer chains are highly restricted; and transition phase, at the
Tg of PLA (60 ◦C). The glassy phase shows that neat PLA has a very low E′ compared to the
composites. The reinforcing effect of BA in increasing the E′ of PLA was noted. However,
the addition of DCP further increased the E′ of PLA due to the enhanced distribution of
BA and the possibility of branched chains and/or crosslinking, which contributed to the
rigidity of the PLA matrix. On the other hand, when Joncryl was added to PLA/BA, it
further increased the E′ higher than DCP in PLA/BA, because of the chain extender used
to extend the PLA chains.

Furthermore, the concurrent addition of DCP and Joncryl to PLA/BA further increased
the E′. The presence of both DCP and Joncryl induces chemical bonding between PLA
and BA, as shown in Figure 4; hence, better distribution of BA, as shown in Figure 5. This
results in strong interfacial bonding between PLA and BA; hence, the E′ increases when
both DCP and Joncryl are added. The increase in E′ can also be attributed to the increase in
crystallinity, as shown in Figure 3. With an increase in temperature, the E′ decreased, as
expected. Region 2 illustrates the Tg of all of the samples, as listed in Table 6 and shown
in Figure 7; the Tg of all of the samples remained almost the same, indicating no effect of
BA distribution on the Tg. The Tg of all of the samples examined from the tan delta curve
(Figure 7) clearly shows no effect on the Tg, although it was expected that the Tg would
move to higher temperatures due to the chain restriction in the presence of BA particles.
Overall, it is evident that the storage modulus was dependent on the distribution of BA.

Table 6. Storage modulus and Tg of neat PLA and composites.

Sample Name Tg ◦C Storage Modulus [Pa]

PLA 69.44 2.03 × 109

PLA/DCP 67.36 1.50 × 109

PLA/J 70.13 1.99 × 109

PLA/DCP/J 70.83 2.62 × 109

PLA/BA 68.06 2.38 × 109

PLA/DCP/BA 68.75 2.45 × 109

PLA/J/BA 69.24 2.56 × 109

PLA/BA2/DCP/J 69.44 2.63 × 109

BA3 68.22 2.34 × 109

BA4 69.39 2.27 × 109

BA5 69.84 2.20 × 109

BA6 67.76 2.29 × 109
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Figure 8. DMA plots of (a) storage modulus; (a′) storage modulus and (b) tan delta curve of neat
PLA and composites.

3.7. Tensile

Figure 9 displays the tensile modulus (E′) and elongation at break (εba) of the neat
PLA, PLA/DCP, PLA/J, PLA/DCP/J/, and PLA/DCP/J/BA composites at various con-
centrations of BA. The neat rigid PLA shows a high E′ of 2040 MPa. Expectedly, PLA
exhibits a low εba of 4.8%. Upon the structural modification of PLA using DCP and Joncryl
individually, the εba did not change significantly. However, the E′ of PLA/DCP was higher
than that of PLA and PLA/J. The entanglement of crosslinked structures could have caused
this increase.

On the other hand, the structural modification of PLA using both DCP and Joncryl
concurrently did not change the εba, while the E′ slightly increased with respect to neat
PLA. Upon the addition of 2–4 wt.% BA to the matrix, the E′ slightly decreased, steadily
increasing as the BA concentration increased. At the same time, the εba increased in low
concentrations (2 and 3 wt.%), with a decrease at 4 and 5 wt.% loading. We believe that the
good distribution of the filler and improved matrix interaction enhanced the stress transfer
of the materials [2]. In this case, the better distribution observed in 3 wt.% loading, as
shown in Figure 5, did not lead to the highest enhanced E′ and εba. Overall, the structural
modification of PLA and the incorporation of BA in all of the systems did not significantly
affect the E′ and εba of PLA.

3.8. 3DP

Figure 5e revealed that the BA3 sample showed a fair distribution of BA particles
compared to other composites. It is noteworthy that the distribution of the filler particles
and the polymer used play key roles in the 3DP process. Due to several extrusions involved
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in the 3DP process, improved distribution is required in order for heat to be well dissipated
in the polymer matrix. Based on that, Supplementary Figure S5 shows the demonstration
of the 3D-printed components for neat PLA and BA3 samples. The BA3 sample was chosen
from amongst the other composites due to its fair distribution of BA particles in the PLA
matrix. The fused deposition modelling (FDM) process based on extrusion technology was
used as the technical basis for successfully printing biodegradable PLA/BA composites.
A desktop printer (Wanhao Dupilcator i3 plus, Odessa, FL, USA) with a 0.4 mm nozzle was
used to produce the 3D-printed specimen. The printing conditions were as follows: nozzle
temperature 210 ◦C; bed temperature 50 ◦C; print speed of 60 mm/s; 1 perimeter wall;
2 top and bottom layers; and a layer height of 0.2 mm. Supplementary Figure S4 shows
different shapes printed by the 3D printer for neat PLA and BA3 samples. A detailed paper
concerning this process will follow.

Figure 9. Tensile properties of neat PLA and BA composites with different loadings.

4. Conclusions

The present work investigated the effects of strategic modification with DCP and
Joncryl on the PLA/BA composites, as well as the influence of BA distribution on the
thermomechanical, mechanical, and flow properties. We found that the structural alteration
of PLA by Joncryl and DCP had a significant effect on the flow properties and control of
degradation. Based on the flow properties and FTIR spectroscopic analysis, the mechanism
of stabilization is most likely chain extension. The chain extension leads to the long-chain
branched structure in the sample containing Joncryl and DCP. The enhanced distribution of
BA particles in the PLA matrix, and the interfacial bonding, were responsible for improving
the PLA’s properties. The mechanical properties of the PLA increased. The 3 wt.% BA
showed the optimal distribution, and the PLA/DCP/J/BA3 system was chosen for further
studies. The produced composite was indeed 3D printable. For future work, it will be
interesting to investigate the influence of BA concentration on the PLA/DCP/J/BA system,
in order to understand the effects of BA particle distribution on the thermal properties
of the resulting system. In conclusion, the structural alteration with DCP and Joncryl
successfully improved the BA particle distribution, leading to enhanced thermomechanical
and HDT properties of PLA.
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.3390/polym13122019/s1, Figure S1: The mechanism of reaction between PLA and DCP, Figure S2:
The mechanism of reaction between PLA and Joncryl, Figure S3: FTIR spectra for: (a) neat PLA,
(b) PLA/DCP (c) PLA/J, (d) PLA/DCP/J, (e) PLA/BA, (f) PLA/BA/DCP, (g) PLA/BA, and (h)
PLA/BA/DCP/J, Figure S4: FTIR spectra for neat materials of (a) BA, (b) DCP, and (c) Joncryl,
Figure S5: The printability of: (a) neat PLA square shape, (b) BA3 square shape, (c) neat PLA CSIR
logo, and (d) BA3 CSIR logo.
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Abstract: In this study, the optimization of ultrasound (US) (850 kHz, 120 W) processing parameters
(temperature, time, and power) for the enhanced production of resistant starch (RS) in rice bran (RB)
matrixes was performed. The effect of US cavitation at different temperatures on the morphology,
physicochemical properties, and mechanical performance of RS was evaluated. Ultrasonication at
40–70 ◦C temperatures affected the chemical structure, reduced the crystallinity of RS from 23.85% to
between 18.37 and 4.43%, and increased the mechanical and thermal stability of RS pastes, indicating a
higher tendency to retrograde. US treatment significantly (p < 0.05) improved the oil (OAC) and water
(WAC) absorption capacities, swelling power (SP), solubility (WS), and reduced the least-gelation
concentration (LGC). The mathematical evaluation of the data indicated a significant effect (p < 0.05)
of the US parameters on the production of RS. The largest increment of RS (13.46 g/100 g dw) was
achieved with US cavitation at 1.8 W/cm2 power, 40.2 ◦C temperature, and 18 min of processing
time. The developed method and technology bring low-temperature US processing of rice milling
waste to create a new sustainable food system based on modified rice bran biopolymers.

Keywords: rice bran; ultrasound cavitation; resistant starch microstructure; crystallinity; hydration
properties; mechanical performance

1. Introduction

Cereal processing by-products, being a low-cost source of nutritionally valuable com-
ponents, such as dietary fibres, resistant starches, proteins, minerals, and bioactive com-
pounds, are promising materials for the valorization of sustainable bio-based components
for food.

Resistant starch (RS) is a biopolymer of plant origin that is resistant to digestion in the
small intestine [1]. In terms of RS’s chemical and structural features, five types of RS have
been identified [2]. RS1 is a starch that is physically unavailable for digestion by enzymes
due to its intact seed or grain structure. RS2 refers to the inherent resistance of starch
granules (potato, banana, etc.) to digestion due to its native conformation. RS3 represents
the largest RS fraction, which is primarily retrograded amylose. RS type 4 is a chemically
modified starch, and RS5 is a helical-structured lipid–amylose complex.

Starch is composed of the two polysaccharides, amylose, a linear polysaccharide
with α-1,4-glycosidic bonds, and amylopectin, which is a larger branched polysaccharide
with α-1,4 and α-1,6 linkages [3,4]. The crystalline region consists of double helices of
amylopectin, while the amorphous region is formed by amylose chains and branched
segments of amylopectin. Starch retrogradation involves the recrystallization of amylose
chains and the formation of tightly packed double helices stabilized by hydrogen bonds,
and by the association of amylopectin chains into double helices, it is thus protected from
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enzyme attack [3]. Retrograded starch can seriously affect the functional properties of
starch products, such as texture, stability, transparency, viscoelasticity, and digestibility [4].
The factors affecting starch retrogradation include the structure and the type of starch, the
amylose to amylopectin ratio, storage conditions, and the starch modification process [4–6].

Nowadays, RS is characterized as a functional biopolymer with physiological effects
comparable to those assigned to dietary fiber [2]. RS also brings a positive nutritional effect
to food products as a functional ingredient and an exceptional prebiotic [7,8].

Rice processing by-products have the potential to be utilized as an RS source, but the
natural RS content depends on the rice variety and can be relatively low [9]. Moreover, the
better part of the conventional processes of food production decreases the undigestible
fraction of starch in foods [7]. The content of RS can be enhanced during technological
processes [10,11], and the physical or hydrothermal modification of starchy raw mate-
rial [12,13]. The emerging food processing technologies, effectively changing the physico-
chemical properties and mechanical performance of food components, are of great interest
nowadays [14,15].

The nutritional and technological properties of foods can be maintained through the
use of preserving production conditions, leading to the increased interest in developing
safe and cost-effective technologies. In the last decade, ultrasound (US) has been used
extensively in food processing to enhance the physicochemical and functional properties
of food components [16–20]. However, most of the research so far has focused on systems
based on pure starch [21,22], although starch as such is not consumed. Future research,
therefore, should be directed to RS within the context of an all-food matrix.

The technological and mechanical properties of starch depend on water absorption and
starch formulation, processing, and retrogradation. Higher amylose/amylopectin ratios of
starch generally give material of higher strength and plasticity, and also affects the gela-
tinization process, which generates the uniform amorphous thermoplastic structure by the
action of temperature and mechanical force or ultrasound cavitation [14,23]. Quantifying
these variables is important for the use of starch materials in different applications.

From this perspective, our work has been devoted to the development of a new
sustainable food system based on rice bran biopolymers, in light of the potential application
of US technology for the enhanced production of RS, by optimizing RS3 preparation
conditions, thereby taking into account the effect of US processing temperature on the
morphology, structural changes, mechanical performance, and technological properties of
RS, and the possibility of the valorization and recovery of rice milling by-products.

2. Materials and Methods
2.1. Rice Bran Material

In this study, the analyzed food matrix was rice bran (RB) obtained from a local
mill (SC “Ustukiu malunas”, Pasvalys, Lithuania) after the brown rice milling process.
A fraction with a particle size of 315 µm (protein 11.20%, starch 66.41%, carbohydrates
81.53%, fat 5.38%, ash 1.89% dry wight basis, dw) was used for the experiment. Commercial
native rice starch (S-7260) was purchased from Sigma Aldrich (Saint Louis, MO, USA). Raw
materials were stored in plastic jars at 4 ◦C temperature.

2.2. Ultrasonication Procedure

Parameters of the starch sonication were selected on the basis of procedures reported
by Wang and Bai [24]. For the US treatment, the RB sample (10 g) and distilled water were
mixed at a solid/liquid ratio of 1:3. The mixture was placed in a tightly closed plastic bag
(sample thickness 15 mm), and the sample was treated with US in an ultrasonic high-power
bath (Type 5/1575) connected to a 120W-HF-Generator (Meinhardt Ultraschalltechnik,
Leipzig, Germany). Sonication was carried out at 850 kHz frequency and 50% US intensity
for different times (15–35 min) at different temperatures (30–70 ◦C). After sonication, each
sample was subsequently stored at 4 ◦C for 24 h, then dried by an oven at 50 ◦C and
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subjected to the isolation and determination of the starch. Each experiment was repeated
four times.

2.3. Starch Content Measurement

The content of resistant starch (RS) was determined using a Megazyme Assay Kit
(K-RSTAR, Megazyme Int., Wicklow, Ireland) for resistant starch determination based on
the AOAC method (2002.02). The RB sample (100 ± 5 mg) was digested with a pancreatic
α-amylase and amyloglucosidase (PAA/AMG) at 37 ◦C (pH 6.0) for 16 h with continual
stirring, during which time the non-resistant starch was solubilized and hydrolyzed to
D-glucose. The reaction was terminated by the addition of an equal volume of 95% ethanol
and RS was recovered as a pellet through centrifugation (3000× g, 10 min); this was then
washed twice with 50% (v/v) ethanol and centrifuged. RS in the pellet was dissolved in 2M
KOH by vigorously stirring for 20 min in an ice-water bath. The solution was neutralized
with acetate buffer and the starch was quantitatively hydrolyzed to glucose with AMG. D-
Glucose was quantified with glucose oxidase/peroxidase reagent (GOPOD), and this was
the measurement of the RS content in the sample. Digestible starch (DS) was determined by
measuring free-glucose content with GOPOD in the original supernatant and the washings.
The RS and rapid digestible starch (RDS) contents were calculated and expressed as grams
per 100 g of the dry weight of raw material.

2.4. Amylose Content Determination

The amylose content in the RS samples was determined using a Megazyme Amy-
lose/Amylopectin assay kit (Megazyme Ltd., Winklow, Ireland) according to the manufac-
turer instructions.

2.5. Starch Isolation

Starches were isolated from the RB material by the alkaline extraction before and after
the enzymatic digestion step [10]. The starch isolation scheme is presented in Figure S1.
The procedure of the isolation of starch comprises the mixing with 0.2% NaOH for 2 h
and further centrifugation at 3200× g for 15 min. The extraction was repeated two times.
After the protein extraction, the starch precipitates were washed two times with 150 mL
of distilled water by centrifugation. Isolated starches were lyophilized and stored in a
desiccator until further use.

2.6. Starch Morphology Evaluation

Granule morphology of starches was quantified using a scanning electron microscopy
(SEM) (Quanta 200 FEG, FEI, Hillsboro, OR, USA). Each powdered sample was placed on an
adhesive tape attached to an aluminum stub and randomly examined at 2500× magnification.

2.7. Crystallinity Analysis

Starch crystallinity was analyzed with a D8 Advance X-ray Diffractometer Bruker
AXS (Bruker, Karlsruhe, Germany). Data were collected using CuKα radiation (U = 40 kV
and I = 40 mA), a 0.02 mm nickel filter, the Bragg-Brentano geometry, and a fast-counting
detector Bruker LynxEye. The samples were scanned over the 2θ range of 5–30◦ at a speed
of 6◦/min. The relative crystallinity was determined by calculating the areas below and
above the curve that correspond to the amorphous and crystalline regions, respectively [25].
The ratio of the amorphous area to the total area was taken as the relative crystallinity.

2.8. Fourier Transform Infrared Spectroscopy (FT-IR)

The FT-IR spectra of the samples were recorded using an FT-IR Spectrometer (Frontier,
PerkinElmer Inc., Waltham, MA, USA) with a single reflectance horizontal ATR (Attenuated
Total Reflectance) cell equipped with a diamond crystal. The data were recorded in the
range from 4000 to 560 cm–1 with a resolution of 4 cm–1.
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2.9. Pasting Properties

The thermomechanical behavior of the RS paste (peak viscosity, pasting temperature,
final viscosity) was analyzed by a Brabender Micro-Visco-Amylograph (Brabender GmbH,
Duisburg, Germany) according to Yang et al. [18] with some modifications. Suspensions
of each sample (10%, w/w) were heated from 25 to 95 ◦C at a rate of 6.5 ◦C/min, held at
95 ◦C for 15 min, cooled to 50 ◦C at 6.5 ◦C/min, and held at 50 ◦C for 2 min with a speed of
rotating paddle of 250 rpm.

2.10. Specific Viscosity Measurement

The mechanical properties of RS slurry (0.4 mg/mL) in 1N KOH were investigated
by an Ostwald’s capillary viscometer (tube diameter 0.99 mm) held in a temperature-
controlled water bath (Bath-Immersion Thermostat E5, medingLab Temperiertechnik,
Hochdorf, Germany) [26]. Time of flow was measured four times, and the average values
were taken for specific viscosity calculation.

2.11. Least Gelation Concentration

The least-gelation concentration (LGC) of starches was determined according to the
method of Sathe and Salunkhe [27], analyzing the ability of starch suspension to form a gel
after heating and cooling. For the experiment, test tubes containing 5 mL of 2–20% starch
suspensions in distilled water were heated in an 80 ◦C water bath for 1 h, followed by rapid
cooling in an ice-water bath, and further cooling at 4 ◦C for 2 h. The LGC was defined as
the concentration allowing the gel to not slip from the tubes when inverted.

2.12. Experimental Design and Statistical Analysis

A Central Composite Design (CCD) consisting of 21 experiments and 3 center points
for each power group was employed as the experimental design performed in a random
order at four replications. The factors investigated included independent variables: temper-
ature (T, ◦C), treatment time (t, min), and power (P, W/cm2) at different levels. Response
Surface Methodology (RSM) [28] was used to investigate the effect of the US-assisted treat-
ment parameters on the resistant starch (RS) content. Furthermore, the optimization of US
processing conditions was performed by developing the simplest possible mathematical
model with a coefficient of determination higher than 80%. The response was the RS con-
tent exclusively obtained under the influence of US action (dY, g/100 g dw). Results were
analyzed using Design-Expert trial version 13.0.1.0 software (StatEase Inc., Minneapolis,
MN, USA). The analysis of variance (ANOVA) was conducted for the assessment of the
suitability of the model using the coefficient of ‘lack of fit’ and the Fisher value (F).

All chemical analyses were performed at least in triplicate. Statistical analysis of the
data was performed using SPSS software (ver. 27.0, IBM, Chicago, IL, USA). The significant
differences between the means were evaluated by one-way ANOVA at a significance level
of 0.05.

3. Results
3.1. Resistant Starch Production Rate

Factors affecting the increment of RS due to the formation of RS type 3 in the rice
bran matrix were studied at 50% US intensity (Figure 1A). The amount of RS3 measured at
different US processing time points was compared to the initial content in the untreated RB
(11.51 g/100 g d.w.).

Most of the RS was produced at the early period of ultrasonication (15–20 min); a
longer US treatment time (25–35 min) enhanced the degradation of starch, significantly
decreasing the content of RS. Sonication at higher temperatures (60–70 ◦C) caused a slight
increase (up to 5.0%) in the RS content during 15–20 min of ultrasonication, but a decrease
up to 73.5% at longer sonication times (25–35 min) was fixed (Figure 1A). Herewith, the
rapidly digestible starch (RDS) content increased by 22.7–53.4% with increasing US time
and temperature, increasing the total starch (TS) extraction yield (Figure 1B).
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Figure 1. The effect of rice bran (m/w ratio 1:3) ultrasound treatment at different temperatures and
times on resistant starch (RS) (A), rapid digestible starch (RDS), and total starch (TS) (B) contents.

The results are in agreement with other reports, showing that the yield of starch could
be improved due to acoustic cavitation that disrupts the protein and fibre matrix, allowing
the enhanced release of the starch granules [29]. In other cases, the US-initiated increase
in the RS content at US temperatures of 40–50 ◦C may be due to the increased amylose
content because of the cleavage of long chains and depolymerization of amylopectin due to
the effect of US cavitation, contributing to the alignment or aggregation of the molecule,
which leads to an enhanced yield of retrograded starch [18].

According to the literature [30], the US pre-treatment destroyed the amorphous areas
of rice starch granules with a low impact on the crystalline pattern and chain length distri-
bution of amylopectin [30]. Debranched starches can be involved in the formation of RS3,
since the linear fragments of amylose with 13–30 glucose units of greater mobility and long
amylopectin chains strongly contribute to RS3 formation [30]. Reduced chains of amylose
have a tendency to form a more crystalline strongly bonded structure with a higher concen-
tration of more stable and resistant double helices. The release of amylopectin side chains
before retrogradation favored re-association leading to reduced starch digestibility [31].

At US temperatures above the rice starch gelatinization temperature, the layered
structure of the starch became unstable, and that may be the reason for the reduced relative
crystallinity and lower content of RS. The ANOVA of the initial experimental data showed
that both the US temperature and time were the significant factors (p < 0.0001) for the
RS production (Tables S1 and S2). The RS contents in all treatments at 30–50 ◦C signifi-
cantly depended on the temperature (p = 0.0001, F = 267.36–749.01), and time (p = 0.0001,
F = 21.63–576.92).
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3.2. The Effect of Ultrasonication on Resistant Starch Increment and Mathematical Model Analysis

The effect of the US processing temperature (T), time (t), and power (P) on the RS yield
was determined via optimization by CCD and RSM. The yield of RS varied significantly
from 1.51 to 12.61 g/100 g d.w. when applying different T (30–50 ◦C), t (15–25 min), and
P (1.3, 1.5, and 1.8 W/cm2) combinations (Table 1).

Table 1. Experimental design and experimental results.

Experiment
Number

Processing Variables dY a (g/100 g d.w.)

t (min) T
(◦C) P (W/cm2) Experimental Predicted RE (%)

Low level (−1) 15 30 1.3
Medium level (0) 20 40 1.5
High level (+1) 25 50 1.8

1 1 1 1 2.02 ± 0.08 2.00 0.85
2 1 −1 −1 1.51 ± 0.04 1.53 −1.13
3 −1 1 −1 6.98 ± 0.13 7.00 −0.28
4 1 −1 1 3.82 ± 0.07 3.80 0.46
5 −1 1 1 8.23 ± 0.18 8.21 0.30
6 1 1 −1 1.09 ± 0.02 1.11 −1.56
7 −1 −1 −1 4.42 ± 0.09 4.44 −0.44
8 −1 −1 1 5.94 ± 0.13 5.92 0.42
9 −1 0 1 12.34 ± 0.18 12.48 −1.12

10 −1 0 −1 10.32 ± 0.21 10.28 0.43
11 1 0 1 5.22 ± 0.10 5.26 −0.85
12 1 0 −1 4.21 ± 0.07 4.18 0.83
13 0 1 0 4.87 ± 0.08 4.83 0.87
14 0 −1 0 5.89 ± 0.11 5.93 −0.71
15 0 0 −1 10.75 ± 0.12 10.69 0.60
16 0 0 1 12.72 ± 0.04 12.61 0.84
17 1 0 0 4.76 ± 0.08 4.72 0.85
18 −1 0 0 11.34 ± 0.23 11.38 −0.35
19 0 0 0 11.72 ± 0.12 11.65 0.60
20 0 0 0 11.61 ± 0.19 11.65 −0.34
21 0 0 0 11.65 ± 0.14 11.65 0.00

a dY: resistant starch content; T: temperature; t: time; P: power; RE: relative error.

A quartic-order regression model (Table S3), describing the relationship between the
RS content increment (dY = Y − Y0), obtained under the influence of the US processing,
and independent variables, was constructed in the following equation:

dY = Y − Y0 = 11.65 − 3.33t − 0.5519T + 0.9644P − 0.8837tT − 0.28tP − 0.1419TP − 3.6t2 −
6.27T2-0.1387tTP + 0.8807t2T-0.1393t2P + 1.19tT2-0.023T2P + 2.47t2T2 − 0.0643t2TP
+0.3412tT2P,

(1)

where dY is the RS content increment; Y is the total RS content; Y0 is the RS content in raw
material; t, T, and P are the values of temperature, time, and US power, respectively.

The ANOVA of the model confirmed that the sonication temperature, time, power, and
their quadratic effects and linear interaction effects among the factors t and T significantly
affected the RS formation (p < 0.0001) (Table S4). In addition, there were significant linear
interaction effects among the factors of tP and TP (p = 0.0002 and p = 0.0094, respectively),
and their quadratic effects on the RS content: T2 (F = 13636.80) > t (F = 5168.84) > t2

(F = 4055.14) > P (F = 1049.64) > T2t2 (F = 1001.51) > Tt (F = 728.10) > tT2 (F = 437.29) > t2T
(F = 263.98) > T (F = 163.30).

Based on the statistical analysis, the model was significant for dY, showing that it was
reasonably reproducible and well-fitting to the experimental data: Fisher value—2839.52
(p < 0.0001), variation coefficient 1.19 %, determination coefficient R2 = 0.9998. The results
showed that the p-value for ‘lack-of-fit’ was not significant (p = 0.1049); hence, the model
was satisfactory in explaining the obtained data at a 95% confidence level. The predicted
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R2 value (0.9736) for the experimental design was close to the adjusted R2 value (0.9994),
indicating that 97% of the data could be described by this regression model. Comparing the
experimental data with the theoretical prediction, the relative error (RE) varied between
0.17 and 1.56% (Table 1), indicating that the model could be used to estimate the response
for the optimization.

To our knowledge, there are no reports on the optimization of high-power US-assisted
production of RS in rice bran. The optimization of the US process conditions to increase
the RS content was previously demonstrated for pure pea starch and buckwheat starch
as raw materials [24,32]. However, such process could have complicated applications on
an industrial scale because of the high cost of pure starches. In the present work, the
US processing was optimized by implication of a different approach, and rice milling
by-products were used as the raw material instead of pure rice starch to withdraw the
losses of bran nutrients while improving the RS content; these results can be preferable for
the food industry.

3.3. Optimization and Prediction of Process Parameters

Based on the obtained model, a three-dimensional plot was constructed to predict
the relationship between the independent variables. Predictive plotting of the optimum
conditions based on the increase in RS content was carried out by varying the factors.
Figure 2 presents the relationships between the response value (dY) and the independent
variables (time, temperature, and power).

The elliptical form of the contours and a relatively sharp slope of the surface responses
indicate a strong interaction between the analyzed factors and a strong influence of the
sonication parameters on the response value. Based on RSM, the optimal conditions for
the production of RS in RB were set as follows: US power of 1.8 W/cm2, temperature
40.2 ◦C, and time 18 min. However, the optimal conditions proposed for the US power
were located at the maximum level studied (+1), indicating that there is a possibility of
exploring the production of RS outside the studied level, but this would be outside of the
technical characteristics of the device used.

Under optimal conditions, the predicted RS increment (dY) shows at 13.46 g/100 g
d.w. After three repeated tests, the average RS content was 13.44 g/100 g d.w. with a small
relative error (RE = 0.42). The actual value was close to the theoretical value, indicating
that the optimization results were reliable and practical.

US as a sustainable processing technique has the potential to produce RS with de-
sirable properties and mechanical performance. Modification at different US processing
temperatures can achieve functional properties not found in untreated starches, which may
have specific applications in the food industry.
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temperature and time (A), power and time (B), and power and temperature (C) for the RS increment
(dY = Y − Y0).

3.4. Morphological Characterization of Ultrasound-Modified Rice Bran Resistant Starch

Scanning electron micrographs (SEM) of RS isolated from sonicated samples at differ-
ent temperatures of RB are presented in Figure 3. The micrographs of the native rice
starch and untreated RS (RSUN) showed typical irregular-shaped small-size granules
(Figure 3A,B), corroborating the structure reported by Ashwar et al. [10] and Yang et al. [19].
The changes in the RS granule morphology became more visible when US was applied.

Ultrasonication for 20 min at 40 ◦C already induced the disintegration of the RS40C
granules and the formation of crushed particles (Figure 3C), while the granules of RS50C
(Figure 3D) already showed visible differences in shape and size (higher amount of crushed
particles) compared to those treated at 40 ◦C. Elevation of the temperature to 60 ◦C resulted
in an aggregation of small granules (Figure 3E); the formation of a film-like structure was
noticed at a temperature of 70 ◦C (Figure 3F).

Similar tendencies were reported by Noor et al. [33], who indicated a notable difference
in the microstructure between RS2 samples of US-treated and untreated lotus stem starch.
As Sujka [17] reported, US processing (20 kHz, 170 W, 20 ◦C, 30 min) affected the average
diameter and pore size distribution in rice, corn, wheat, and potato starches. According
to Ding et al. [30], the morphological characteristics of retrograded starch (RS3) changed
due to high-power US treatment (20 kHz, 100–600 W, 30 min), resulting in a more compact
block-shaped structure.
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Figure 3. SEM images of native rice starch (A), resistant starch isolated from RB untreated (B) and
ultrasonicated (1.8 W/cm2, 20 min) at 40 ◦C (C), 50 ◦C (D), 60 ◦C (E), and 70 ◦C (F) temperatures
(magnification ×2500).

In our study, the increase in the US temperature from 50 to 70 ◦C tended to a more
intensive disruption of larger starch granules and the aggregation of small granules due
to the combined effect of the US cavitation and temperature (Figure 3E–G). According
to the literature, US cavitation induces high-frequency vibrations, which can break the
rice starch and cause a substantial deformation of the granule structure at the starch
gelatinization temperature (62–79 ◦C) [34]. Based on these observations, the change in the
pasting behavior is explained in terms of the solubilization of the swollen starch granules
and starch aggregates induced by sonication, as was reported by Zuo et al. [35]. Overall, our
study showed the visible fragmentation of starch particles of RS isolated from US-treated
RB material.

3.5. Crystallinity of Rice Resistant Starches

The results of X-ray diffraction (Figure 4) indicate that the untreated RS had the typical
A-type crystallinity pattern (corresponding to tight-packed amylopectin double helices)
with the characteristic peaks at diffraction angles (2θ) of 15◦, 16.9◦, 17.9◦, a weak peak
at 20◦ 2θ, and an additional peak at 23◦ 2θ, as is similar to the observations of other
researchers [18,36].
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According to the literature, the width of the peaks is assigned to the size of the
crystallites: a discrete peak represents a higher crystallinity of the starch [25], while a broad
diffraction peak indicates lower crystallinity and an amorphous character [37].

Ultrasonication under mild conditions (40 ◦C) resulted in a minor decrease in crys-
tallinity at 20◦ and 23◦ 2θ, a reduced peak sharpness at 15◦, and a doublet at 16.9◦ and 17.9◦

2θ compared to the starches isolated from the untreated RB (RSUN sample). The RS samples
obtained after sonication at higher temperatures already showed lower crystallinity peaks.
With a temperature of 70 ◦C, the disappearance of peaks at 15◦ and 23◦ 2θ, and a doublet at
16.9◦ and 17.9◦ 2θ was noticed.

The higher crystallinity of the native rice starch (26.31%) and RSUN (23.85%) (Table 2)
implies a stronger interaction between the double helices within the crystalline regions [37].
Similar to maize starch [14], ultrasonication at temperatures lower than the gelatinization
temperature did not cause polymorphic changes in the rice RS diffraction pattern (A-type),
but a reduction in the degree of crystallinity (up to 17.95–18.36%) was observed. Sonication
at temperatures of 60 and 70 ◦C strongly reduced the degree of crystallinity to 14.40% and
4.43%, respectively.

Table 2. Amylose content and degree of crystallinity (%) of native rice starch and resistant starches
(RS) isolated from rice bran that was untreated and sonicated at different temperatures.

Starch Samples Amylose (%) Crystallinity (%) X-ray Diffraction
Peak Intensity (r.u.)

Rice starch 25.35 d 26.31 a 2677 a

RSUN 25.62 d 23.85 b 2663 a

RS40C 37.47 c 18.36 c 2568 b

RS50C 53.10 a 17.95 c 2385 c

RS60C 51.56 ab 14.40 d 2325 c

RS70C 49.97 b 4.02 e 1098 d

Data with different superscript letters within the column represent significant differences (p < 0.05). RSUN: resistant
starch isolated from untreated RB; RS40C, RS50C, RS60C, and RS70C: resistant starches isolated from RB sonicated
at 40–70 ◦C.

Jiranuntakul et al. [38] also reported that the crystalline kind of starch in rice with an
A-type diffraction design remains unaltered after heat-moisture treatment, with an average
crystallite size varying from 4 to 20 nm.

Reduced crystallinity was reported for US treated waxy corn starch [17], rice starch [18],
potato starch [39], and oat starch [40], and Noor et al. [33] also reported a decreased crys-
tallinity and increased amorphous character of RS from lotus stem after 35 min of sonication
(20 kHz, 100–400 W) under cold conditions. According to BeMiller and Huber [41], changes
in the amorphous and crystalline regions, breaking, and destroying the double-helical order
during mechanical treatment of starch were detected.

3.6. Chemical Structure Characterization

The FT-IR spectra of the rice starches are displayed in Figure 5. The chemical struc-
ture of the starch granules was analyzed after ultrasonication for 20 min at temperatures
of 40–70 ◦C.

The intensity of absorption at 995 cm−1 (C–O stretching) and 1149 cm−1 (peak E; C–O–
C asymmetric stretching), and the intensity of the peak at 1336 cm−1, corresponding to C–H
symmetric bending [37], was relatively stronger for the native rice starch and RSUN than
for the ultrasonicated RS. The RS samples showed C–H stretching at 2926 cm−1 (peak A2)
and at 1646 cm−1 (peak C; C–O bending associated with –OH group) that may be due to
the picking of amylose helices during the combined US and thermal treatment.

The stretching at 1514 cm−1 (peak D) could be assigned to the asymmetrical stretching
of the carboxylate group (–COO). In addition, the bonding to the carbonyl group (C=O)
displayed an absorption peak at the 1720 cm−1 (peak B) region as a result of a possible
polysaccharide oxidation process, which was more noticeable after US treatment. The
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bands at 999 cm−1 (peak H) and 1076 cm−1 (peak F) characterize the crystalline structure,
and the band at 1016 cm−1 (peak G) was attributed to the amorphous structure of the
starch [33].
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Figure 5. FT-IR spectra of native rice starch and resistant starches (RS) isolated from rice bran (RB)
that was untreated (UN) and ultrasonicated (1.8 W/cm2, 20 min) at different temperatures.

The observed differences in the FT-IR spectra of the RS samples may indicate a greater
structural disorganization of the starch macromolecules, and the possible conformational
and chemical changes (an increase in amylose content, hydrolysis, or oxidation) as a result
of the action of the physical treatment and temperature [42]. The peaks H and F of the
native rice starch exhibited the highest absorption, while in the case of the RS samples,
the corresponding peaks were of lower intensity. The intensities of the latter bands of the
US-treated RS decreased with increasing sonication temperature. The maximum intensity
at peak G was reached for the RS samples ultrasonicated at temperatures of 60 and 70 ◦C,
signifying a decreased crystallinity and increased amorphous character.

The results were similar to those reported by Young et al. [18], who reported the
stretching of C–OH, C–C, and C–H groups in the case of rice starch modified by US (22 kHz,
25 ◦C, 20 min), and also with Ma et al. [37], who reported similar alteration of the crystalline
and amorphous areas of RS isolated from Laird lentils by thermal treatment. Noor et al. [33]
showed a decrease in absorbance at 995 and 1047 cm−1, indicating a decreased crystallinity
of RS from lotus stem due to US exposure.

In the case of amylose, the RS samples isolated from the US-treated RB had significantly
higher (p < 0.05) contents of amylose (37.20–53.10%) than the untreated RS (Table 2). An
increase of 46.2% of the amylose content was already determined when US was applied
for 20 min at 40 ◦C; an average two-fold increase was observed with increasing sonication
temperature at 50–60 ◦C compared to the RSUN sample (25.62%).

The present results were in line with the study of Falsafi et al. [40], who reported
that sonication increased the content of apparent amylose in oat starch, suggesting the
depolymerization of amylopectin. US cavitation increased the amylose content in potato,
mung bean, sago, and maize starches, indicating the decomposition of the molecular
structures and formation of linear amylose fragments [43].

3.7. Pasting Properties

The pasting curve profiles of the US-treated RS samples were similar to that of the
untreated RS (Figure 6), indicating that sonication had no significant influence on the profile
shape, compatible with the studies by Yang et al. [18] and Bian and Chung [44].
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Figure 6. Pasting curves of native rice starch and resistant starches (RS) isolated from rice
bran that was untreated (UN) and ultrasonicated (1.8 W/cm2, 20 min) at different temperatures.
BU: Brabender units.

In the case of the pasting properties (Table 3), the native rice starch had the lowest
pasting temperature (67.90 ◦C) and the highest peak viscosity (474.02 BU), while the RSUN
showed a significantly higher (p < 0.05) pasting temperature (72.95 ◦C) and lower peak
viscosity (370.63 BU) due to the decrease in the crystalline/amorphous ratio and the double
helix content of starch that occurred during the milling of the rice grain [45]. The specific
viscosity (ηs) of the RS slurry increased with a 40 ◦C US temperature and decreased at
temperatures between 50 and 70 ◦C.

Table 3. Pasting properties and specific viscosity (ηs) of commercial rice starch and resistant starches
(RS) isolated from untreated and sonicated rice bran.

Starch
Samples

Pasting
Temp. (◦C)

Peak
Viscosity a

Final
Viscosity a ηs(mPa·s) LGC (%)

Rice starch 67.90 d 474.02 a 467.27 a 4.38 b 8
RSUN 72.95 b 382.14 bc 428.06 c 4.27 b 14
RS40C 73.47 b 370.63 c 485.34 a 5.78 a 12
RS50C 73.93 b 403.74 b 451.62 ab 3.62 c 10
RS60C 71.82 bc 398.32 b 426.18 c 3.09 d 10
RS70C 75.07 a 298.51 d 408.37 d 2.86 e 8

Data with different superscript letters within the column represent significant differences (p < 0.05). RSUN: resistant
starch isolated from untreated RB; RS40C, RS50C, RS60C, RS70C: resistant starches isolated from RB sonicated for
20 min at 40–70 ◦C temperatures; a BU: Brabender units.

Ultrasonication at 40 ◦C slightly increased the pasting temperature of the RS40C paste
and reduced the peak viscosity compared to the RSUN paste. The final viscosity value of the
RS increased significantly at US temperatures of 40–50 ◦C but decreased compared to the
untreated RS due to the disruption and dissolution of the starch granules. This indicates
that US-assisted treatment increased the mechanical and thermal stability of the rice RS
pastes and caused a higher tendency of the RS granules to retrograde.

With temperatures of 50–60 ◦C, the RS pastes exhibited a slightly higher peak viscosity
(p < 0.05) compared to the RS40C with no significant effect (p ≥ 0.05) on pasting temperature
(Table 3). The RS70C that was isolated after sonication at 70 ◦C had the highest pasting
temperature (75.07 ◦C) but a strongly reduced peak viscosity (298.51 BU), indicating that
the starch granules swelled slowly.

This can be explained by the induced intermolecular interactions, making this starch
more resistant to thermal treatment. The percentage content of amylose increased, possibly
due to the destruction of starch polysaccharides. The branched structure of amylopectin
macromolecules were broken down, depending on the ultrasound intensity, while amylose
formed a more compact structure with greater intermolecular interactions, i.e., additional
hydrogen bonds due to the increased content of carbonyl and carboxylate groups (Figure 5),
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increasing the gelatinization temperature of the starch granules. At high US temperatures,
the maximum viscosity of potentially damaged macromolecules decreased, which charac-
terizes the interaction of maximally swollen particles (the smaller the particles, the lower the
viscosity). In this case, the final viscosity was also lower due to the destruction of the starch
polysaccharides and smaller particles, as was confirmed by the higher amylose content
and the additional B and D peaks appearing in the FT-IR spectrum. During gelatinization,
all starch became amorphous, so there was no significant difference in the profile of the
pasting curves. The profile depended more on the shape, size, intermolecular interactions
(chemical composition), and molecular weight of the starch granules.

The obtained results agreed with other studies reporting that US treatment reduces
the peak viscosity of rice and waxy corn starches [17,34]. The physical damage of starch
granules reduces the paste viscosity due to increased water penetration and hydration [46].
For starch, mechanical pre-treatment reduces the granule size and increases the content
of the amorphous phase, making it possible to alter the hydrating and paste-forming
properties of modified starch [47]. Additionally, sonication, initiating the breakage of
hydrogen bonds, thereby reducing the interaction between the starch granules, leads to a
viscosity reduction, as could be explained by the profiles of the pasting curves [20].

3.8. Technological Properties

The technological properties of the RS isolated from the untreated and US-treated RB
material are presented in Table 4. The results showed that sonication significantly (p < 0.05)
improved the oil (OAC) and water (WAC) absorption capacities, swelling power (SP),
solubility (WS), and reduced the least-gelation concentration (LGC) of the RS compared to
the untreated sample.

Table 4. Amylose content and technological and mechanical properties of rice starch and resistant
starch (RS) isolated from untreated and sonicated rice bran.

Sample WAC (g/g) OAC (g/g) SP (%) WS (%)

Rice starch 4.30 e 2.37 d 5.22 e 3.64 e

RSUN 4.58 d 2.70 c 5.78 d 4.81 d

RS40C 5.91 b 3.08 b 6.17 c 6.06 c

RS50C 5.59 c 3.15 ab 6.62 b 6.67 b

RS60C 6.17 b 3.27 a 9.32 a 16.45 a

RS70C 7.54 a 3.49 a 9.58 a 17.01 a

Data with different superscript letters within the column represent significant differences (p < 0.05). Samples:
RSUN: resistant starch from untreated RB; RS40C, RS50C, RS60C, RS70C: resistant starch isolated from RB sonicated at
an appropriate temperature and time. WAC: water absorption capacity; OAC: oil absorption capacity; SP: swelling
power; WS: water solubility; LGC: least gelation concentration.

Among the samples, the sonicated RS absorbed the highest amounts of water and
oil (5.91–7.54 g/g and 3.08–3.49 g/g, respectively) compared to the untreated RS (4.58
and 2.70 g/g, respectively) and native rice starch (4.30 and 2.37 g/g, respectively). The SP
and WS of the sonicated RS samples increased significantly (p < 0.05) with increasing US
temperature compared to the RSUN.

The LGC can be related to the particle size; native rice starch granules form the
firmest gel (after retrogradation) at the lowest concentration, while for RS70C, the lowest
LGC can be explained by the involvement of amylose macromolecules in retrogradation,
possibly strengthening RS gels [48]. The native rice starch contained a higher proportion of
long-chain amylose, which is less soluble (Table 4).

The increased solubility of the RS samples isolated from the US-treated RB could be
explained by thermal/ultrasound disruption, inducing depolymerization and degradation
of amylose and amylopectin [48], thus leading to fragments of shorter branched chains, a
rise in amylose content, and damage generation on the surface of the starch particles, as
was confirmed by SEM.
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According to the literature, US cavitation can initiate the degradation of chains between
amylopectin molecules, contributing to strengthened linear fractions that can influence
the increase in swelling capacity and solubility of starch granules [38]. When the US
treatment was performed longer or at higher temperatures, the internal ordered structure
of the starch granules changed to a disintegrated form owing to the absorption of water
by amylopectin. The degree of swelling is an indicative characteristic of amylopectin,
and the ultrasound temperature can lead to a steady loss of crystallinity in amylopectin
molecules, thus reducing the viscosity. According to Wang et al. [49], a loss of crystallinity
in amylopectin was a result of the US-induced disintegration of potato starch granules.
The study by Ding et al. [50] showed that the swelling and solubility of retrograded corn
starch after sonication was also improved in comparison to native starch, indicating that
the crystalline structure was damaged due to the changes in the interaction between chains
within the crystalline and amorphous regions of the starch granule.

4. Conclusions

This study showed that US treatment induced the structural disorganization of rice
bran resistant starch, changing its physicochemical characteristics and influencing its
mechanical preferences and hydration properties. Modification by US processing achieved
functional properties not found in untreated starches, which may have specific applications
in the food industry. US treatment at different temperatures (40–70 ◦C) affected the chemical
structure, reduced the crystallinity of the RS from 23.85% to between 18.37% and 4.43%,
and increased the mechanical and thermal stability of the RS pastes, indicating a higher
tendency of the RS granules to retrograde. The pasting results clearly showed that the
most viscous paste formed in the case of the RS40C sample, indicating a strong interaction
between the colloidal particles and soluble polysaccharide molecules. This finding could
partly explain the enhanced content of such starch and its resistance to digestive enzymes.
The US processing significantly (p < 0.05) improved the oil and water absorption capacities,
swelling power, solubility, and gelation properties.

So far, there has been no report on the improvement of RS content through US treat-
ment of rice-milling by-products. The data evaluation indicated a significant effect (p < 0.05)
of three studied factors (US temperature, time, and power). The regression analysis con-
firmed that 97% of the data could be described by the obtained mathematical model.
Through the optimization using the RSM, optimal conditions for rice bran US treatment
were obtained: a time of 18 min, a temperature of 40.2 ◦C, and a US power of 1.8 W/cm2;
under optimized conditions, the predicted RS increment was 13.46 g/100 g d.w.

The technological concept adapted in this study differs from the idea of using pure
starch as the raw material to increase the RS content. The raw material used in this study
was rice bran, which excludes the difficulty of drying the slurry of starch in the following
technological stages. US treatment, resulting in a significant increment of resistant starch
in the rice bran matrix, thereby increases its potential to be used as a functional bio-based
component for food.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/polym14173662/s1, S.1: Chemical analysis; S.2. Determination of
technological properties; Figure S1: Rice bran starch and resistant starch isolation and measurement
scheme; Table S1: Multiple comparisons between means of different US (1.3 W/cm2) temperature
groups (significant at p < 0.05); Table S2: Multiple comparisons between means of different US
(1.3 W/cm2) time groups (significant at p < 0.05); Table S3: Significant coefficients of quartic model
equation in terms of coded factors; Table S4: Analysis of variance of the regression parameters for a
quartic model for the response factor. References [51–53] are cited in the supplementary materials.
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Abstract: The waste generated by single-use plastics is often non-recyclable and non-biodegradable,
inevitably ending up in our landfills, ecosystems, and food chain. Through the introduction of
biodegradable polymers as substitutes for common plastics, we can decrease our impact on the planet.
In this study, we evaluate the changes in mechanical and thermal properties of polyhydroxybutyrate-
based composites with various additives: Microspheres, carbon fibers or polyethylene glycol (2000,
10,000, and 20,000 MW). The mixtures were injection molded using an in-house mold attached to a
commercial extruder. The resulting samples were characterized using microscopy and a series of
spectroscopic, thermal, and mechanical techniques. We have shown that the addition of carbon fibers
and microspheres had minimal impact on thermal stability, whereas polyethylene glycol showed
slight improvements at higher molecular weights. All of the composite samples showed a decrease in
hardness and compressibility. The findings described in this study will improve our understanding
of polyhydroxybutyrate-based composites prepared by injection molding, enabling advancements in
integrating biodegradable plastics into everyday products.

Keywords: biodegradable plastics; polyhydroxybutyrate; polymer composites; compounding; injec-
tion molding

1. Introduction

Single use plastics (SUPs) are fossil fuel-based materials commonly used in the food
and beverage industry, designed to be disposed of immediately after use. These plastics,
often composed of polypropylene, polystyrene, or polyethylene are historically challenging
to recycle, and current waste collection systems do not have the capacity to safely and
effectively dispose of our recycle waste plastic on a global scale [1]. As a result, these SUPs
that end up in landfills slowly make their way into our ecosystems, oceans, and our food
chain, contributing to society’s growing plastic pollution problems [2–5]. Current forecasts
show that by 2050, only 26% of the 33 billion tons of plastics produced worldwide will
have been recycled. To reduce the alarming pollution caused by our plastics consumption,
the development and transition to truly biodegradable plastics is crucial.

Polyhydroxybutyrates (PHBs) are polyesters, which can be biologically produced
by microorganisms, such as cyanobacteria or synthetically produced [6,7]. While these
materials were first discovered in the 1920s, they only recently have gained interest due to
their biodegradable nature [8]. In fact, recent studies have shown that PHB anaerobically
degrades more rapidly at moderate temperatures than other biomaterials [9]. PHBs are used
in industries, such as biomedicine and agriculture [10–12]. Although PHBs are extremely
attractive for their degradability, they are also known for possessing limited mechanical
properties due to the presence of large crystals in the material, making it unsuitable for
applications, such as flexible packaging films [13]. Furthermore, the manufacture of these
materials using industrial film/packaging equipment is rendered more difficult by the
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proximity between their degradation and melting temperatures [14–16]. While efforts have
been made to predict the material thermal behavior and find PHBs suitable for a wide
range of applications, more experimental work and modifications are needed to improve
the performance of the materials [17,18].

Compounding, i.e., incorporation of additives into polymers, is essential to the man-
ufacturing of polymer composites and the modification of their chemical, thermal, and
mechanical properties. For instance, carbon fibers have been used to improve the ther-
momechanical and electrical properties of polymers, as well as to strengthen the mate-
rial [19–22]. Microspheres are hollow fillers that are often used as a blowing agent to reduce
the density of a variety of materials and improve their compressibility with applications
ranging from footwear to the space industry [23–25]. Finally, polyethylene glycol (PEG) is
a biodegradable polyether, used for its plasticizing properties to decrease polymer rigidity,
which increases the materials process ability, as well as to provide lubricating coatings and
decrease brittleness [26,27].

While carbon fibers, microspheres, and PEG in other polymers have been extensively
described in the literature, there is little to no information on their effects when incorporated
in PHB. In fact, the thermal and mechanical properties of PHB composites have not been
well explored and this study is an attempt to fill the gap in the literature. Here, we
compound these additives with PHBs, using a single-screw extruder retrofitted with an in-
house injection mold. The injection-molded samples are an attempt to produce parts using
a state-of-the-art industrial technique to modify the mechanical properties without altering
the intrinsic nature of the materials. The samples were characterized using a wide array of
microscopy, spectroscopic, thermal, and mechanical techniques, such as Fourier-Transform
InfraRed (FT-IR) spectroscopy, thermogravimetric analysis (TGA), hardness (Shore A), and
compression testing.

Improving the chemical, thermal, and mechanical properties of PHBs, while retaining
their biodegradable nature is essential to transition from petroleum-based to biodegradable
plastics and reduce the impact of plastic pollution around the world. This work will help
identify the additives and processing conditions for PHB biopolymers and composites that
will accelerate their wider adoption.

2. Materials and Methods
2.1. Materials

PHB granules (BU396312) were purchased from Goodfellow Cambridge Ltd. located
in Cambridge, United Kingdom. Carbon fibers (Pyrograff PR-19-XT-PS) were purchased
from Applied Sciences, United States. Expancel 930DU120 microspheres were purchased
from Nouryon Company located in Bohus Ale, Sweden. The 2000 molecular weight (MW)
PEG was purchased from Alfa Aesar, located in Tewksbury, Massachusetts, USA. Ten
thousand and 20,000 MW PEG were purchased from Sigma-Aldrich, located in St. Louis,
MO, USA. An EX2 model extruder was purchased from Filabot (Barre, VT, USA). All of the
materials were used as received.

2.2. Methods

Injection Molding: The EX2 was preheated to 200 ◦C and fitted with an injection
mold. The EX2 is a single-screw extruder that is equipped with a compact 3 stage extrusion
screw. The stainless steel screw is proprietary to Filabot, and designed to pressurize the
material during processing. The heating element in the extruder, allows for a relatively
consistent temperature along the extrusion screw. A custom injection mold was designed
and manufactured to produce a 6.35 mm thickness disk at 25.4 mm diameter (Figure 1).
This geometry was selected for its repeatability and ease of use in mechanical testing. The
custom mold was attached at the nozzle end of the extruder and allowed to equilibrate with
the preheated extruder. For sample production, the rate of extrusion was approximately
75% (18 RPM) of the full capability.
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Hardness testing: A Shore A digital hardness probe and test stand manufactured by 
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compression platens (model 2501-083) were used as the compression attachment (refer to 

Figure 3. Samples were compressed to 1 MPa at a rate of 0.02 mm/s. Four compression 

cycles were completed, with the third cycle used to analyze the percent deformation due 

Figure 1. Custom split-die injection mold with a cavity size of 25.4 × 6.35 mm used to form samples
for compression and hardness testing.

Samples were prepared by combining additives with PHB granules (w/w) in a zip
lock bag and mixed by shaking. After the contents appeared to be well mixed, they were
poured into the hopper, and extruded until the material exited the outlet of the injection
mold. Then, the extruder was shut off, and the material was held at room temperature for
1 min in the mold. Thereafter, the mold was removed from the extruder and cooled in a
water bath prior to sample removal.

The density was estimated by taking the sample mass (obtained by scale) and dividing
it by the volume of the sample.

Hardness testing: A Shore A digital hardness probe and test stand manufactured by
Zwick Roell Group (Ulm, Germany) was used to test the surface hardness of the discs.
Each disc was probed at five different locations on the surface. The five probing sites were
chosen uniformly across all of the samples as shown in Figure 2. Then, the collected values
were averaged to find the hardness of each sample.
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Figure 2. Shore A hardness probing sites along the sample surface.

Compression testing: A 3300 series single column testing system produced by Instron
Co. (Norwood, MA USA) was used to test the compressibility of the discs. Instrom Co.
compression platens (model 2501-083) were used as the compression attachment (refer to
Figure 3. Samples were compressed to 1 MPa at a rate of 0.02 mm/s. Four compression
cycles were completed, with the third cycle used to analyze the percent deformation
due to the compression for a comparison between the formulations. This deformation is
representative of the change in dimension of the sample thickness due to the compressibility
of the material.
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Fourier Transform Infrared (FT-IR) spectroscopy: A Nicolet iS50 FT-IR manufactured
by Thermo Fisher Scientific (Waltham, MA USA), was used to analyze the chemical com-
pounds present in the samples. Thirty-two scans were collected for each sample, with the
background collected after every 120 min.

Thermogravimetric Analysis (TGA): A TGA 550 produced by TA Instruments (New
Castle, DE, USA) was used to analyze the thermal degradation (Td) of the samples. All of
the tests were performed in a nitrogen filled test chamber. The following method was used:
Equilibrate to 50 ◦C, heat 10 ◦C/min to 900 ◦C, end cycle. Trios software (TA instruments)
was used to analyze the data. Td was reported at the 5% wt loss across all of the samples.

Microscopy: A VHX 6000 digital microscope from KEYENCE (Osaka, Japan) was used
to characterize the surface conditions of the samples. Images were taken at 20× and 100×,
with full ring lighting. For microsphere composites, a partial ring was used to accent the
pores present in the sample. Photographs and microscopy images were taken to evaluate
the visual changes of the prepared samples and analyze changes in porosity, discoloration
or surface imperfections. Cross sections were taken by cutting an outlet filament from the
mold exit in half.

Scanning Electron Microscopy: Analysis of the sample morphology was performed
using a FEI Quanta 200 Scanning Electron Microscope (SEM). PHB samples were sliced
and mounted with carbon tape on standard 1

2 ” SEM posts. Samples were Au coated to an
approximate thickness of (0.2 mA for 60 seconds), prior to testing to avoid charging on
the surface, since the sample is non-conductive. The samples included a cross section, top,
and bottom portion of the material. The micrographs were collected using the secondary
electron imaging mode with an accelerating voltage of 5 kV, a spot size of 5.0, and a working
distance of 10 mm. Images were processed in Python 3.9 via PIL and Matplotlib libraries to
remove software artifacts and extract metadata from which the scale bars are produced.

3. Results and Discussion

The carbon fibers, microspheres, and PEG at concentrations ranging from 1–3%, 1–3%,
and 5–25%, respectively, were separately combined with PHB granules in an extruder. The
process involved the heating and compounding of the polymers and additives. Then, this
mix was pushed through into the mold to form the test samples (Figure 4). The typical
melting point for PHB is approximately 180 ◦C, and the initiation of decomposition is
roughly above 220 ◦C [28]. Based on these properties, the material was processed at 200 ◦C
to prevent degradation, while still having a fully melted polymer.
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Figure 4. Sample process of preparing PHB based composites, through injection molding, to charac-
terization.

3.1. Microscopy Analysis

Figure 5 shows the color variations across the samples. The microsphere/PHB sample
remained visually similar to the control sample. In the PEG/PHB composites, darker areas
of brown were seen along the surface, most noticeably for the 2000 MW sample. This
discoloration, could have been the result of the degradation of PHB or PEG; or incomplete
mixing between the polymer and additives [29]. Since the PHB was processed below the
degradation temperature (Td), the discoloration was likely due to the degradation of the
PEG. In fact, previous studies have shown that PEG can start degrading at temperatures as
low as 45 ◦C at relatively low MW values (6000) [30]. The PEG/PHB sample prepared with
20,000 MW PEG had a similar appearance with respect to the control sample. As expected,
the carbon fiber/PHB composite showed a significant change in color from tan to black.
Additional microscopy photographs can be found in Figure S1.
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High-resolution confocal microscopy photographs highlight a fairly low number of
distinguishable features from 500× to 2000×, as shown in Figure S2. The samples appear
uniform, and no visible defect can be highlighted. The sample with 2000 MW PEG, as
expected, shows a slight discoloration. The sample with PHB does show some porosity.
However, at these resolutions, we can make no assessment of the distribution. High-
definition images of the latter show that the pores are evenly distributed throughout the
sample, as shown in Figure S3. Finally, SEM images of the same samples show samples that
are uniform with no significant defects or multiphases to be distinguished, aside from the
sample with microspheres that highlight well-dispersed pores ranging from a few microns
to slightly over 100 µm, as shown in Figure S4.

Using confocal microscopy and the measurement tool, it was possible to see the
porosity change in the material from the expansion of the microspheres, as shown in
Figure 6. As the spheres underwent processing in the extruder at high temperature,
the thermal expansion of the microspheres was initiated. Based on the manufacturer
specification, the microspheres reached approximately 120 µm in its expanded form. From
the measurement of the pores, it was found that some of the microspheres expanded from
25 µm to approximately 134 µm. The remaining unexpanded spheres, were likely due to
the inadequate time under room temperature during processing. Despite only a fraction of
spheres reaching full expansion, the density of the samples was decreased.
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Figure 6. PHB/microsphere (3%) composite sample surface with measured pore diameters of fully
formed microspheres. Image taken at 100× under partial-ring lighting conditions.

We were able to determine a rough estimate of the density of our samples given the
dimensions of the discs and their weight, as shown in Table 1. The use of microspheres was
aimed at reducing the density of our material, offering a lighter material. As we increased
the concentration of hollow fillers, the density decreased, similar to previous studies [31].
We noted that while the density did decrease, it was by much less than expected with a
reduction of only 11.5%. This was possibly due to the increased pressure from the geometry
of the die, as well as an incomplete expansion of the microspheres.

Table 1. Density of PHB/microsphere composites.

Name Density (g/cm2)

PHB (control) 1.05
1% Microspheres 1.04
2% Microspheres 0.95
3% Microspheres 0.94
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3.2. IR Spectroscopy Analysis

Infrared spectra of the PHB control and composites were collected, as shown in
Figure 7. All of the spectra showed a strong absorption band at the 1720 and 1280 cm−1

peaks, corresponding to a C=O carbonyl group and C-O from the ester group, respectively,
and are commonly observed when studying PHB [32]. The consistent presence of these
peaks and similar peak ratios across the samples suggests that the PHB was mostly un-
changed during the extrusion process. This absence of degradation phenomena is further
confirmed, when compared against the IR spectra of the unprocessed PHB polymer (shown
in Figure S6). The 2930 cm−1 peak corresponds to the alkane groups present in the PEG.
Similarly, PHB has a presence of alkane groups at this peak. As a result, the groups for
the two molecules overlap causing the peak to broaden [33]. Additional IR spectra that
highlight different concentrations of additives can be found in Figure S5.

Polymers 2021, 13, x FOR PEER REVIEW 7 of 13 
 

 

3.2. IR Spectroscopy Analysis 

Infrared spectra of the PHB control and composites were collected, as shown in Fig-

ure 7. All of the spectra showed a strong absorption band at the 1720 and 1280 cm−1 peaks, 

corresponding to a C=O carbonyl group and C-O from the ester group, respectively, and 

are commonly observed when studying PHB [32]. The consistent presence of these peaks 

and similar peak ratios across the samples suggests that the PHB was mostly unchanged 

during the extrusion process. This absence of degradation phenomena is further con-

firmed, when compared against the IR spectra of the unprocessed PHB polymer (shown 

in Figure S6). The 2930 cm−1 peak corresponds to the alkane groups present in the PEG. 

Similarly, PHB has a presence of alkane groups at this peak. As a result, the groups for the 

two molecules overlap causing the peak to broaden [33]. Additional IR spectra that high-

light different concentrations of additives can be found in Figure S5.  

 

Figure 7. (a) IR spectra of PHB composites in the 500 to 4000 cm−1 frequency range. Absorption bands at 1280 and 1720 

cm−1 are representative of the PHB content. (b) IR spectra in the 2750 to 3100 cm−1 range, for emphasizing on the effects of 

the PEG content at the 2930 cm−1 peak. 

3.3. Thermal Analysis 

Figure 8a shows the changes in degradation temperature across various samples. The 

Td values reported correspond to a 5% weight loss in the material [34]. 

Figure 8b shows the baseline Td value for PHB of 227 °C, corresponding to 5 wt% 

mass loss. The addition of 3% of the carbon fibers and microspheres shows a negligible 

change of 222 and 224 °C, respectively. The addition of 25% 2000, 10,000, and 20,000 MW 

PEG showed a change in Td from 227 °C in the control samples without additives, to 227, 

235, and 242 °C, respectively. As the MW of the PEG was increased, the thermal stability 

of the polymer was improved resulting in a higher temperature of degradation. We be-

lieve that this was due to the increasing length of the polymer chain, influencing the ther-

mal stability of the material directly as MW increased [35]. Additional TGA curves for 

each additive at various concentrations can be found in Figure S7.  

 

Figure 7. (a) IR spectra of PHB composites in the 500 to 4000 cm−1 frequency range. Absorption bands at 1280 and
1720 cm−1 are representative of the PHB content. (b) IR spectra in the 2750 to 3100 cm−1 range, for emphasizing on the
effects of the PEG content at the 2930 cm−1 peak.

3.3. Thermal Analysis

Figure 8a shows the changes in degradation temperature across various samples. The
Td values reported correspond to a 5% weight loss in the material [34].

Figure 8b shows the baseline Td value for PHB of 227 ◦C, corresponding to 5 wt%
mass loss. The addition of 3% of the carbon fibers and microspheres shows a negligible
change of 222 and 224 ◦C, respectively. The addition of 25% 2000, 10,000, and 20,000 MW
PEG showed a change in Td from 227 ◦C in the control samples without additives, to 227,
235, and 242 ◦C, respectively. As the MW of the PEG was increased, the thermal stability of
the polymer was improved resulting in a higher temperature of degradation. We believe
that this was due to the increasing length of the polymer chain, influencing the thermal
stability of the material directly as MW increased [35]. Additional TGA curves for each
additive at various concentrations can be found in Figure S7.
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3.4. Mechanical Characterization: Hardness

Material hardness is essential to understand how the material will resist plastic de-
formation and penetration. The enhancement of mechanical response of PHB composites
through the compounding of additives could lead to new applications.

Figure 9 shows a Shore A value of 97 for the control sample. The addition of 3% carbon
fibers and microspheres resulted in a decrease in Shore A values to 89 and 88, respectively.
Similarly, the addition of 25% 2000, 10,000, and 20,000 MW PEG also reduced the hardness
to 94, 88, and 89, respectively.
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Figure 9. Shore A hardness comparison of PHB composite samples against the control sample. The
bar shows the mean hardness (±standard deviation) of five measurements on each sample.

The PHB composites in this study exhibited a decrease in hardness with the introduc-
tion of each of the additives. A study by Gavali et al. on polylactic acid (PLA)/carbon fiber
composites reported an 85% increase in hardness after adding 20% (w/w) carbon fibers [36].
Therefore, we expected to see a similar increase. However, as seen in Figure 9, we found a
decrease in the hardness for the carbon fiber sample. In this paper, we propose that the car-
bon fibers disrupt the intramolecular and intermolecular interactions (hydrogen bonding
and Van der Waals) of the PHB chains and therefore, weaken the lattice structure, making
the samples softer. In addition, we extend this explanation to the microspheres sample.

PEG is often used as a plasticizer for lowering the rigidity of materials. We anticipated
that this effect would lower the hardness of the composite. We found that the PEG did in
fact lower the hardness of the material for the 10,000 and 20,000 MW samples. At higher
molecular weights, we believe the PEG acts as an effective plasticizer by allowing the PHB
chains to slide past each other when a force is applied. Additional hardness figures for
each additive at various concentrations can be found in Figure S8.

3.5. Mechanical Characterization: Compressibility

Compression tests are used to understand the material performance under loading
conditions, ductility, and compressibility. As we apply a load to the sample, we can further
explore how the material will deform/displace.

Figure 10 shows a displacement of 6% for our control sample. The addition of 3%
of the carbon fibers and microspheres showed a lowered displacement of 4.4 and 5.2%,
respectively. Similarly, the addition of 25% 2000, 10,000, and 20,000 MW PEG showed
a lowered displacement of 4.5, and 5%, respectively. Of note, all of the values have an
experimental error of ±0.15% due to the instrument.

The PHB/microsphere composite showed a decrease in displacement from 6 to 5.2%.
In previous work on macromolecular microsphere composite hydrogels, an increase in
displacement was seen as a result of the microspheres [37]. This was opposite to our
composite. Here, we suggest that the microsphere and carbon fiber additives occupied free
space in the polymer matrix. As the samples were compressed, the chains were no longer
able to rearrange as freely, which resulted in a decrease in the displacement. Unlike in the
hardness tests that applied a force to a specific point, the compression tests applied a force
to the entire sample creating a closed system that limited the mobility of the polymer chains.
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Figure 10. Stress/displacement diagram of PHB composites under 1 MPa compression for the
analysis of maximum displacement.

A decrease in displacement was seen across all of the PEG/PHB composites. The
compression properties of the composites depend on the polymer (PEG) chain length
and how the material was prepared. At low densities and compression rates, a solid-like
behavior occurs, which is most common in shorter chains. This could explain why the
lowest displacement occurred at a MW of 2000. As the MW of the PEG in the sample
was increased, the compressibility also increased, due to the longer chain length. This
process could be interpreted as a polymer chain rearrangement, which develops in slow
compression rates [38]. Additional stress/displacement curves can be found in Figure S9.
In addition, a bar graph highlighting the changes in maximum displacement for the highest
additive concentrations is shown in Figure S10.

The experiments conducted in this study were necessary to gain a baseline understand-
ing of the effects of the selected additives on PHB. First, using both high-resolution confocal
and SEM microscopy to analyze the morphology of the different PHB samples produced,
we determined that despite the fact that only a single screw extruder was used to perform
the compounding, which introduced the various additives into the polymer matrix, the
samples appeared uniform, with no apparent segregation into multiple phases. The PHB
sample with low MW PEG shows a slight discoloration/browning of the material, likely
due to a premature degradation. Microscopy also highlighted an incomplete expansion
in some of the microspheres that could stem from a pressure increase in the mold during
processing. Second, IR spectroscopy has shown that PHB was mostly unaltered during
the extrusion process. This phenomenon was further confirmed through a comparison
between the composites and the IR spectra of the unprocessed PHB polymer (Figure S6).
In addition, we found that the thermal stability of PHB/PEG composites was improved
with higher molecular weights, possibly due to the interaction of the polymer chain with
the PEG. Finally, mechanical testing showed a decrease in hardness, as well as a decrease
in compressibility for all of the samples. The proposed mechanisms that could help ex-
plain these results are the intra- and intermolecular interactions from the carbon fibers,
the reduced density from the microspheres, and the plasticizing effects of the PEG that
overall disrupt the crystallinity of the material. Furthermore, the occupied free space of
the microspheres and carbon fibers, as well as the solid-like behavior from the PEG could
explain the unexpected lack of flexibility of these materials.

Compared to other bioplastics, such as PLA, PHB exhibits a lower thermal stability
and mechanical properties that make it less desirable for mass market applications [39].
While PLA-PHB blends are promising optiona for the replacement of traditional plastics,
focusing on PHB-only polymers is crucial for end-of-life considerations, such as in single
use plastics [10]. Improving on the degradation temperature and expanding on the process
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temperature range, as was done in this study, is essential for broadening the single use
applications of these materials. For instance, this allows the consideration of PHBs not
only for single use packaging, such as cups, plates, and utensils, but also for the expansion
to more challenging applications, such as traditional or microwave oven meals and hot
beverages [40].

4. Conclusions

This work served as a preliminary study of the effect of carbon fibers, microspheres,
PHB, and PEG on PHB composites, and contributed to understanding the thermal and me-
chanical behaviors of these materials. We compounded PHBs with various concentrations
of additives using a single-screw extruder retrofitted with an in-house injection mold. The
injection-molded samples were an attempt to use a state-of-the-art industrial technique to
produce the parts. We investigated the changes of properties, which are induced by the
addition of carbon fibers, microspheres or PEG additives using microscopy, spectroscopic,
thermal, and mechanical techniques. We have shown that the PEG of higher MW had an
improved thermal stability, slightly increasing the Td of these composites. In addition,
we noted that the percentage displacement of the PEG composites was slightly higher at
higher MWs.

The addition of microspheres did not have noticeable effects on Td, presumably due
to an incomplete expansion of the microspheres. Both the carbon fibers and microsphere
additives resulted in a decreased hardness of the composites, likely from the disruption
of the interactions between the PHB chains. In this study, the PHB and additives were
mixed under a relatively short mixing time in the extruder, as they underwent a single
pass. If the material had been processed continuously, as in an industrial complex, we
may have obtained a more homogenous mixture. While the effects of the additives used in
this study were subtle, the results were repeatable. In future studies, additional aspects of
injection molding processes may be adopted, in order to investigate the effects of injection
molding beyond utilization as a sample formation method. Our results help in building a
foundation for systematic composite manufacturing and characterization that will enable
novel applications for PHBs and a wider adoption across industries. With single-use
plastics contributing heavily towards global plastic pollution, the design of viable bioplastic
composites will allow the development of new applications for these promising materials.
Expanding the thermal and mechanical capabilities of biopolymer composites to reach
higher temperatures and levels of mechanical stress/strain, will increase the viability of
the materials as replacements for traditional non-biodegradable polymers.

With the improvements explored in this study, we continue to expand the possibil-
ities of PHB composites. As the Td is improved further, more demanding temperature
applications, such as microwavable plastics, hot beverage products, and high temperature
packaging are increasingly achievable. Similarly, as additional improvements are made
on the mechanical properties of PHB, the applications in foams, appliance packaging,
and electronic packaging are likely candidates. Future studies on the oxygen diffusion,
water barrier, and elasticity properties of PHB will continue to expand the applications of
this polymer.
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Figure S4: Shore A hardness for PHB composites, Figure S5: Stress/strain diagrams for PHB compos-
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composites, Figure S8: Shore A hardness for PHB composites, Figure S9: Stress/strain diagrams for
PHB composites, Figure S10: Maximum displacement diagram for PHB composites.
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Abstract: Biodegradable polymers (BP) are often regarded as the materials of the future, which address
the rising environmental concerns. The advancement of biorefineries and sustainable technologies
has yielded various BP with excellent properties comparable to commodity plastics. Water resistance,
high dimensional stability, processability and excellent physicochemical properties limit the reviewed
materials to biodegradable polyesters and modified compositions of starch and cellulose, both known
for their abundance and relatively low price. The addition of different nanofillers and preparation of
polymer nanocomposites can effectively improve BP with controlled functional properties and change
the rate of degradation. The lack of data on the durability of biodegradable polymer nanocomposites
(BPN) has been the motivation for the current review that summarizes recent literature data on
environmental ageing of BPN and the role of nanofillers, their basic engineering properties and po-
tential applications. Various durability tests discussed thermal ageing, photo-oxidative ageing, water
absorption, hygrothermal ageing and creep testing. It was discussed that incorporating nanofillers
into BP could attenuate the loss of mechanical properties and improve durability. Although, in the
case of poor dispersion, the addition of the nanofillers can lead to even faster degradation, depending
on the structural integrity and the state of interfacial adhesion. Selected models that describe the
durability performance of BPN were considered in the review. These can be applied as a practical
tool to design BPN with tailored property degradationand durability.

Keywords: biodegradable polymers; nanocomposites; durability; biodegradation; environmental ageing;
creep; modelling

1. Introduction

With an increasing global awareness of plastic wastes, there is a huge demand for
environmentally friendly solutions such as biodegradable polymers (BP) [1,2]. Moreover,
the development of alternative biodegradable materials is motivated due to reasonable
limits and the depletion of petroleum resources and rising concerns over the increasing
fossil CO2 contents in the atmosphere [3]. Recently, many efforts are being made to im-
prove these materials’ quality and functionality, resulting in their applicability in food
packaging, agriculture, furniture, construction, engineering and various smart applica-
tions [4–7]. The investigation of degradational processes of polymers and the ways to
stabilize them is an extremely important area from the scientific and industrial point of
view, and a better understanding of polymer degradation will ensure the long life of the
products [8]. Therefore, considering the long-term aspects of such applications, the durabil-
ity of biodegradable polymers and composites becomes crucial and should be investigated.
Moreover, insufficient knowledge of mechanical properties, durability and long-term per-
formance under environmental ageing restricts this new class of sustainable materials for
advanced applications [9–11].

Generally, bioplastics could be classified into petroleum-based biodegradable poly-
mers, renewable resource-based polymers and polymers from mixed sources (bio- and
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petroleum-based) as shown in Figure 1. According to the classification, the biodegrad-
ability of the polymers depends on the structure but not on the raw material source [12].
Therefore, biodegradable polymers may include both petroleum-based and bio-based
polymers. We focus only on several cheap, abundant biodegradable biopolymers herein—
polylactide (PLA), polycaprolactone (PCL), polybutylene succinate (PBS), polybutylene
adipate-terephtalate (PBAT), polyhydroxyalkanoate (PHA) and thermoplastic starch (TPS).

Figure 1. Classification of biopolymers. Reproduced with permission from [12]. Copyright © (2013).
Elsevier Ltd. (licence No. 5142931044479).

The addition of nanofillers into BP effectively develops durable bioplastics with con-
trolled functional properties and degradation rates [4–6,10–15]. Besides improvements in
thermal, mechanical and barrier properties, some nanofillers can provide additional func-
tionality to the polymer matrix, e.g., antimicrobial [16,17] and “smart” properties [18–20].
The main engineering properties of biodegradable polymer nanocomposites (BPN) were
summarized in several recent reviews [21–25]. Some issues related to composites’ prepara-
tion and mechanical behaviour with nano-sized reinforcement (i.e., silver nanoparticles,
carbon nanofillers, nano-hydroxyapatite and cellulose nanocrystals) in comparison with
composites with larger micron-sized inclusions were highlighted in [21]. The results
on design, preparation and characterization of biodegradable polymer/layered silicate
nanocomposites were reviewed in [22,23]. A comprehensive review of nanocellulose ad-
dition’s impact on various synthetic and biopolymer composite materials was provided
in [24]. Different properties and potential applications of bio-based poly(butylene succinate)
(PBS) composites, including nanocomposites, were highlighted in [25].

Despite increasing interest in the research of BPN, most studies are based on their
preparation techniques and the characterization of their fundamental structure–property
relationships, while durability issues are rarely reported. The lack of research on the durability
of bio-based and biodegradable polymers and composites and the emphasis on the need for
this type of research was highlighted in several articles [8,26,27]. Thus, the potential of BPN
under different environmental conditions should be thoroughly reviewed and understood
to expand their applications to long-term and advanced solutions.

The main aim of the work is to provide insights into the BPN durability and estimate
the role of different nanofillers on the overall performance and durability of BP. Recent
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literature results on the durability performance of BP and BPN were analyzed under
environmental ageing and mechanical load conditions. Some existing models for BPN
durability prediction were reviewed and discussed.

2. Biodegradable Polymers and their Basic Engineering Properties

Biodegradable polymers are abundant and obtainable from natural sources like cellu-
lose, starch and chitosan. They have seen relative success in their applications, but they
cannot replace the complete functionality of common fossil plastics like polyolefins,
polystyrene, polyethylene terephthalate and others. Thus, commercial biodegradable
alternatives to commodity plastics based on polyester structure have been developed and
commercialized in the last decade [28]. Emerging bio-based and biodegradable synthetic
plastics include polylactic acid (PLA), polycaprolactone (PCL), polybutylene succinate
(PBS), polybutylene succinate adipate (PBSA) and polybutylene adipate terephthalate
(PBAT). Polyester-produced microorganisms are known as polyhydroxyalkanoates (PHA),
which can be further divided into polymer grades like polyhydroxybutyrate (PHB), polyhy-
droxy valerate (PHV) or their copolymer PHBV. In addition, few conventional fossil-based
polymers like polyvinyl alcohol (PVOH) can biodegrade and should be included in this
group of materials [29]. To achieve sustainability goals of reducing fossil CO2 new more
efficient bio-synthesis routes still need to be explored and optimized. In this regard, many
advances have been made in the biorefinery field that has yielded most of modern bio-
based plastics, but still, issues like relatively higher price and lack of legislation have
delayed the transition to bio-based and biodegradable polymer materials worldwide [30].

Biopolymer materials could be differentiated depending on their interaction with
water and structure as more hydrophilic and hydrophobic groups are present in the back-
bone. Natural bio-based polymers are usually hydrophilic; thus, their broad engineering
applications are limited, while chemical modifications can change this property resulting
in structures like cellulose acetate, nitrocellulose, etc. Thus, biopolyesters have emerged
as a non-polar alternative for various applications that require contact with water, humid-
ity and preservation of a sterile environment [31]. In addition, these polymers are often
more thermally stable, melt-processed and easily modified with flame retardants for safety
purposes [32]. While key characteristics of polymers are achieved with relatively high
molecular weight. Especially polymers with molecular weight above 100 000 g/mol can
have properties like high ductility, superelasticity and shape memory [33,34].

The characteristic properties of some of the most widely used biodegradable polymers
are summarized in Table 1. Starch in the form of thermoplastic starch (TPS) is widely used
for various packaging materials and other short life span products. TPS is obtained as a
blend using plasticizers and/or other biodegradable polymers as additives. Thus, there is
a significant disparity of properties for TPS, but the material itself is usually much more
sensitive to water than biodegradable plastics.

Table 1. BP and their characteristic physical and mechanical properties [35–40].

PLA PCL PBS PBAT PHA TPS

Density, g/cm3 1.21–1.30 1.11–1.15 1.22–1.26 1.26 1.18–1.26 0.85–1.00

Melting point, ◦C 165–170 58–65 110–115 89 160–190 100–160 *

Glass transition, ◦C 55–65 −65–60 −35–20 −30–20 10–40 −60–10

Tensile strength, MPa 30–60 20–45 20–35 15–25 30–50 0.5–50

Young’s modulus, GPa 2–4 0.2–0.4 0.2–0.4 0.05–0.10 3–4 0.05–0.50

Elongation at break, % 2–10 300–1000 30–500 500–1100 4–12 10–300

* TPS does not melt but is processed at these temperatures.

Synthetic biopolymers can be sorted into two groups: relatively soft with large elonga-
tion values like PBS, PCL, PBAT and the second group with PLA and PHA with relatively
high elastic modulus and low elongation values lead to brittleness without additives.
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PCL has a relatively low melting temperature, limiting its applications and is commonly
used for specific purposes like biomedicine. PBS and PBAT have great potential for film
preparation required in packaging and agriculture [35,41]. In addition, they are an excellent
matrix for the preparation of composite materials. Usually, incorporated particles in the
matrix restrict polymer chain movements, resulting in elongation values, which are already
low for PLA and PHA. The addition of plasticizers is common for PLA and PHA com-
posite materials [42,43]. Studies indicate that PHA can degrade in various environments,
including seawater, while PLA needs specific soil conditions [44]. The drawback of PHA is
the relatively high cost of production. In addition, PHA and PLA have a relatively narrow
range of thermal processing, while PBS and PBAT have been reported to be much more
stable during melt processing [45,46].

3. Potential Nanofillers for Biodegradable Polymers

The main drawback of biopolymers is that most of them have poor mechanical and
thermal properties limiting their use in structural applications. Both natural and synthetic
nanofillers could be used to improve the physical-mechanical properties of biopolymers.
In the case of both matrix and filler derived from renewable resources, a fully renewable
and biodegradable nanocomposite could be produced [39].

Different nanofillers may introduce different properties to BPN resulting in specific
applications [12]. Mostly, recent applications of BPN are limited to packaging, biomedi-
cal, antibacterial and smart applications. The scope of possible applications for different
combinations of BP and nanofillers is reviewed in Table 2. Examples of smart applica-
tions of BPN include piezoresistive vapour sensors for PLA filled with multiwall carbon
nanotubes (MWCNT), shape-memory applications for poly(d,l-lactide) filled with Fe3O4,
and electrical/electromagnetic applications for PLA/PHBV filled with MWCNT [18–20].
The addition of electrically conductive fillers (e.g., carbon black, carbon nanotubes, nanofibres,
graphene, Fe3O4) into biopolymers may result not only in improved nucleating, mechanical,
thermal and fire-retardant properties, but also may introduce tailored electrical and thermal
conductivity [15,47]. These composites can be promising as materials for manufacturing
sensors with sensitivity to such factors as strain, temperature or organic solvents [7].

Table 2. Scope of applications for BPN.

Type of Application Biopolymer Nanofiller References

Packaging

PLA ZnO [11,48–51]
PLA MMT [17,49]
PLA Nanocellulose [48,51–53]
PBS ZnO [54]
PBS Nanocellulose [48,55]

Starch Ag, ZnO, CuO [56]
Starch Nanocellulose [48]
PCL ZnO/nanocellulose [57]

Biomedical applications
PLA ZnO [26]
PLA TiO2 [58]
PLA Fe3O4 [47]

Antimicrobial applications

PLA Ag [49]
PLA MMT [1,17]
PBS ZnO [16,17]

Cellulose acetate Cu [59]

Smart applications
PLA MWCNT [18]

Poly(d,l-lactide) Fe3O4 [19]
PLA/PHBV MWCNT [20]

It should be noted that the addition of nanofillers could negatively affect biopolymer
properties. For example, the advanced degradation of PLA chains resulting in reduced
thermomechanical properties was observed upon the addition of some metal oxides such
as calcium oxide (CaO), magnesium oxide (MgO) or other metallic compounds such
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as layered double hydroxides [47]. Similarly, the addition of untreated ZnO nanoparti-
cles into PLA resulted in intense degradation at melt-processing temperature, described
by the transesterification reactions and ‘unzipping’ depolymerization of PLA [11,26].
Nevertheless, the surface treatment of ZnO by using silanes may improve the physic-
ochemical characteristics of PLA.

4. Biodegradation of BPN

The overall degradation process of biopolymers and biocomposites could be related to
light, heat, moisture, chemical and microbial treatment on the bulk polymer material [60].
Biodegradation (i.e., biotic degradation) is a chemical degradation of materials (polymers)
provoked by the action of microorganisms such as bacteria, fungi and algae. While a
biodegradable polymer is a degradable polymer wherein the primary degradation mech-
anism is through the action of metabolism by microorganisms [61]. Different bacteria
mainly guide the biodegradation of a macromolecular structure. Commonly, applying
the complex factors of light, heat and microorganisms could significantly pronounce the
intensity of polymers’ physical and chemical changes, leading to a noticeable drop in the
material’s properties, partial disintegration and complete disappearance. For the efficient
biological activity of bacteria, the polymer materials should have at least contact with soil
and compost. In contrast, the full burial in the soil media of the polymer could facilitate
the biodegradation process. In general, all biological functions, for example, bacterial
biodegradation, are strongly dependent on the presence of water [62].

The biodegradation of polymer material could temporarily or permanently create small
molecules that should be accumulated in the environment [63]. As reported, the formed
oligomers, monomers and metabolic intermediates can interact with living organisms in
the soil, adversely affecting the environment [64]. To that, environmental issues of the
persistency and ecotoxicity of the developed compounds become very important in the
biodegradation process investigations [65].

Many authors report that the polymer chain topology, macromolecular network
structure, molecular chain weight and size can severely affect PBS, PBSA, PLA, PHA
and other bio-based polymers biodegradation in soil [66–68]. The temperature, moisture,
pH and the population of active microorganisms are essential factors to facilitate the
polymers’ biodegradation [69]. These conditions are broadly reviewed and reported in
the literature; they depend on the soil characteristics, which vary from place to place
and season to season. In comparison, the industrial composting conditions are easy
to control due to several strictly physically/chemically controlled parameters and the
standardized environment [70,71].

Several authors report that the biodegradation of the composites differs from the
unfilled polymers [55,72,73] (e.g., see Figure 2). The degradation process depends on the
nature, the chemical modification and the content of the used fillers [74,75]. Synthetic and
natural fillers of different sizes and shapes are broadly used to control the biodegradable
polymers performance properties [55,72,76]. Carbon, metallic, metallic oxide, cellulose and
other micro-and nanoparticles have been very popular in the last decade [77–80]. Fillers
could enormously change the overall degradation characteristics of the polymer materi-
als [81]. For example, spent coffee particles significantly enhanced the tensile properties
but strongly decreased the biodegradation time for biopolymers [82]. Similar biodegra-
dation enhancement in the soil is observed for microcellulose and nanocellulose particles
loaded biocomposites [83].
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Figure 2. Photos of (a) PBS; (b) 40% NFC; (c) 7/3; (d) 5/5; (e) 3/7 and (f) 40% MCC films during
biodegradation studies in soil burial test conducted in composting conditions [55].

The changed biodegradation mechanism of the biocomposites due to the nanoparticles’
antibacterial properties was reported in [84,85]. It is possible to improve the antibacterial
properties of bio-based polymers by adding the nanofillers having antibacterial properties
(e.g., ZnO, Ag, MMT, etc.) [1,16,86]. Thus, the antimicrobial activity of ZnO-modified PBS
films was proven to be effective against representative food spoilage bacteria (S. aureus
and E. coli) at minimal content of 6 wt.% of ZnO [16]. Moreover, a synergistic effect in
enhancing the antimicrobial properties against the bacteria, as mentioned above, was
found by combinatorial use of Ag/ZnO/CuO nanofillers in the formulation of starch-
based films [56].

The microorganisms multiply and prosper at mild temperatures in the presence of
moisture and a source of carbon [54]. There is a significant concern to add antimicrobial
properties to bio-based polymers to diminish the quantity and propagation of microbes
(bacteria, fungi) by using antimicrobial agents. The antibacterial activity is analyzed mostly
by transmission electron microscopy (TEM), scanning electron microscopy (SEM), Fourier-
transform infrared spectroscopy (FTIR), nuclear magnetic resonance (NMR), zeta potential
and dynamic light scattering (DLS) analyses [87].

Another way is to add the antibacterial agents such as, e.g., the bacteriocin (antibacte-
rial peptides) to crystalline nanocellulose and incorporate such bacteriocin immobilized
crystalline nanocellulose into bio-based polymers as antibacterial agents to have antibacte-
rial properties with enhanced strength of the films and better biodegradability [88].

Still, the antimicrobial/antibacterial action mechanisms when the nanofillers are
added to biopolymers are not fully understood [16,17,47,48]. However, the leading hy-
pothesis is related to the photocatalytic generation of many reactive oxygen species to
the formation of the ions [17], consequent leakage of intracellular substances, and lastly,
the destruction of bacterial cells [16].

5. Durability Performance of BPN

According to a general definition provided in [9], material durability is related to
the ability of a material to withstand a wide variety of physical processes and chemical
degradation reactions from the exterior environment. The environmental factors can be
solitary or combined action of moisture, oxygen and bacteria attacks, mechanical load-
ing, wear and tear, and extreme temperature conditions. Basic durability tests include
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thermo- and photo-oxidative ageing, creep and fatigue, water absorption and hydrother-
mal ageing (Figure 3). Due to the breakdown of the macromolecules’ structure from the
water absorption and oxidation process–induced during the exposure to the environments,
the functional properties of biopolymers and bio-based nanocomposites could deteriorate.
For example, in [9] it was shown that the applied accelerated weather conditions did
not cause significant changes in the mechanical properties of biocomposites made of flax
fibres and epoxidized soybean oil–based thermosetting resin. An increase of hardness,
tensile strength and modulus, and decrease of elongation at break and impact strength was
attributed to the decreased chain mobility and increased crosslinking density after the tests.

Figure 3. Basic types of durability tests for polymer composite materials.

Due to environmental degradation, different reversible and irreversible consequences
may occur to the tested materials, such as decreased molecular weight (chain scissoring),
reduced mechanical properties, embrittlement and cracks, colour fading and spots [1,8,89].
Moreover, it should be noted that the ageing behaviour and mechanism of the unfilled
polymers are usually less complex than those for filled composite materials. This is due
to the presence of different components in the composite such as fillers, fibres, additives,
plasticizers, antioxidants, etc., each contributing to the environmental degradation of the
composite as a whole [90,91].

Usually, ageing tests are rather long-term, lasting several years or even decades,
and, therefore, accelerated ageing tests are applied to imitate specific environmental con-
ditions at an increased rate. Moreover, these studies allow predicting the performance
and investigate the degradation mechanisms of the materials and are very important to
understand the material ageing behaviour for specific conditions and applications [92–95].

Environmental ageing in some cases causes an increase in the degree of crystallinity
of the polymers. For instance, the rise in the degree of crystallinity by 50% was found
for the neat PLA after accelerated weathering [27]. It was attributed to the relief of ther-
mal stresses introduced due to the manufacturing process, which occurs under high
temperature, and also re-aligning of broken chains due to chain scissoring into a more
organized structure.

Ageing tests include different conditioning, e.g., in a climate chamber, exposure of natural
weathering and UV irradiation, photo-oxidation, thermal-oxidation, water absorption, humidity,
microbial, chemical degradation, thermal cycling/fatigue or a combination of these methods.
The results of recent studies of the durability of BPN are summarized in Table 3.
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Table 3. Recent studies on durability of various BPN *.

BP Matrix Filler (Content) Type of Durability
Testing Indicator Reference

PLA

ZnO (0.1, 1 wt.%) Thermal Glass trans. temperature [26]
ZnO (1, 2, 3 wt%) Water absorption Diffusivity [11]

CaO, MgO (5 wt%) Thermal Pyrolysis [47]
MMT (5 wt.%) Microbial Molecular weight [17]
CNT (2, 5 wt%) Thermal Crystal. temperature [15]
CNF (1, 5 wt.%) Hydrothermal Glass trans. temperature [13]
CNC (1, 5 wt.%) Water absorption Hydrolytic degradation rate [96]

ZnO: Cu/Ag (0.5–1.5 wt%) Microbial SEM images [50]
Nanoclays (OMMT, HNT, Laponite®,

1, 5 wt.%)
Microbial CO2 evolution [97]

SiO2 Creep tests Creep resistance [98]

PBS

ZnO (0.5, 1, 3 wt.%) Photo-oxidative Crystal. temperature [54]
ZnO (2–10 wt.%) Microbial Inhibition zone diameter [16]
MMT (0–10 wt.%) Hydrothermal Tensile strength and modulus [95]

GnP Water absorption Permeability [99]
CNF (12–40 wt.%) Thermal Crystal. temperature [55]

PBSA TiO2 (0.5–1.5 wt.%) Photo-oxidative Crystal. temperature [100]

Starch

CNF (5–20 wt.%) Thermal Creep resistance [10]
Ag, ZnO, CuO (0.66–3 wt%) Microbial SEM images [56]

Cellulose nanofibres (10 wt.%) Thermal Activation energy [101]
MWCNT (0.005–0.055 wt%)) Thermal Glass trans. temperature [102]

PHB
Bentonite (2–6 wt.%) Thermal Crystal. temperature [103]
nAg (0.25–1.25 mM) Microbial, hydrolytic SEM, glass trans. temperature [104]
MMT (1–10 wt.%) Thermal Glass trans. temperature [87]

PCL

Nanoclay (6–26 wt.%) Thermal Glass trans. temperature [105]
Nanocellulose/ZnO (2–8 wt.%) Thermal Phase trans. temperature [57]

Bentonite (1.5, 3 wt.%) Creep Creep resistance [22]
MMT, MWCNT, SiO2 (0.5–2.5 wt.%) Thermal Activation energy [106]

GO (0.1 wt%) Creep Creep resistance [107]

Cellulose acetate
Cu (2, 6 mol.%) Microbial SEM images [59]

Ag/MMT (3, 5 wt.%) Microbial, thermal Inhibition reduction rate, glass
trans. temperature [86]

PVA CNC/GO/Ag (0.5 wt.%) Bacterial Antibacterial efficiency [108]

PLA/PHBV TiO2 Thermal Activation energy [109]

PLA/PBS CNC (1–3wt.%) Barrier Permeability, oxygen
transmission rate [96]

PBAT CNT (1–5wt.%) Creep and stress
relaxation Creep resistance [110]

PVA/ST/GL HN (0.25–5 wt.%) Water absorption Water solubility, water
contact angle [111]

* designations according to the list of abbreviations.

5.1. Thermo-Oxidative Ageing

Generally, thermal degradation of polymers is a very complex phenomenon that
involves physical, chemical and thermal processes [112]. During the manufacturing
process and service life, polymers are generally exposed to thermo-oxidative degrada-
tion, which causes degradation of their performance, especially for long-term applica-
tions [90,113,114]. According to Table 3, the thermal degradation of PLA filled with different
nanofillers (ZnO and CNT) caused the change in glass transition [26] and crystallization [15]
temperatures. Similar results regarding the change in crystallization temperature were
reported for PBS filled with CNF [55] and PHB filled with bentonite [103], and regarding
the change in glass transition temperature due to thermal degradation for starch-filled with
MWCNT [102], PHB filled with MMT [87] and PCL filled with nanoclay [105].

As reported in [115], for BP at elevated temperatures (above glass transition tem-
peratures) a random chain scission mechanism occurs, determining a significant level of
molecular degradation and polymer embrittlement. In addition, it was experimentally
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proven [116] that the oxidative degradation of PLA occurs at moderate temperatures (be-
low PLA melting temperature) with a significant reduction of the polymer molar mass.
According to Figure 4 the molar weight of PLA, aged at different constant temperatures
(100, 130 and 150 ◦C), changed almost linearly as a function of temperature at different
time-sections (indicated on the graph). An antioxidative degradational process could be
minimized by adding the antioxidants to polymers, such as hindered phenols or amines
and organophosphorus compounds [117].

Figure 4. Molar weight of PLA during thermo-oxidative ageing as a function of exposure temperature.
Dots: experimental data used from [116]; lines: linear approximations.

To study the kinetics of thermal degradation of BP and BPN different isoconversional
methods could be applied [101,109,118–120]. The degradation rate for the isothermal
process is given by a general relationship [101]:

dα

dt
= k(T) f (α), (1)

where k(T) is the rate constant at temperature T, α is a specific degree of degradation or
conversion (e.g., given by the mass loss in TGA tests) and f (α) is a function of the reaction
model related to the degradation mechanism.

For non-isothermal measurements at a constant heating rate β = dT
dt and the rate

constant given by Arrhenius equation, Equation (1) takes the form:

β
dα

dT
= A exp

(
Ea

RT

)
f (α), (2)

where A is a constant, Ea is the activation energy and R is the gas constant.
Equation (1) is the basic equation used for the prediction of the degradation evolution.

In general, determining the pre-exponential factor and the activation energy is challenging
since both parameters could be interrelated conversion functions. The isoconversional
methods provide simplified procedures for characterizing the degradation kinetics by
presuming temperature independence of the pre-exponential factor and the activation
energy in Equation (1). The latter could be evaluated without presuming any specific form
of the degradation function f (α), while changes in Ea vs. α changes are assumed to be
related to changes in the degradation mechanism. Isoconversional methods require a series
of experiments with different temperature programs and obtaining Ea as a function of the
conversion degree [118].

The activation energy can be calculated by various methods. Friedman’s method is
based on Equation (2) [101,109,118]:

ln
dα

dT
= ln

A
β
+ ln f (α)− Ea

RT
, (3)
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It is seen from Equation (2) that if the function f (α) is constant for a particular value
of α, the sum of the first two terms in Equation (3) also give a constant. Then, plotting
ln(dα/dT) vs. 1/T give straight lines with the slope (−Ea/R).

In the Ozawa–Flynn–Wall method [109,118,120], it is assumed that the conversion
function f (α) is invariant to the heating rate irrespective of the degree of conversion α.
Equation (2) could be written as follows:

ln β = ln
[

A f (α)
dα/dT

]
− Ea

RT
(4)

The method involves measuring the temperatures corresponding to fixed values of α
from tests at different heating rates β. The activation energy could be determined from the
slope of ln β vs. 1/T straight lines according to Equation (4).

Titania nanoparticles incorporated into PLA/PHBV blends catalyzed the degrada-
tion process and inhibited the diffusion of the degradation volatiles out of the sam-
ple [118]. TGA tests were performed at different heating rates and the activation energy
of degradation was calculated according to the Ozawa–Flynn–Wall model Equation (4).
Alternative isoconversional methods for processing thermogravimetric data are high-
lighted in [101,118,120].

Chrissafis et al. have compared thermal degradation mechanisms of PCL and its
nanocomposites containing different nanoparticles (pristine and modified MMT, MWCNT
and fumed silica). Thermogravimetric analysis using non-isothermal conditions was
performed at different heating rates and the activation energies were estimated using the
Ozawa–Flynn–Wall Equation (4) and Friedman methods Equation (3). It was verified
that nanoparticles did not affect the degradation mechanism but only the decomposition
rate and thermal stability of PCL. Accelerated decomposition of PCL was observed for
nanocomposites filled with modified MMT with quaternary ammonium salts and SiO2
nanoparticles promoted by aminolysis and hydrolytic degradation due to the presence of
the reactive groups on their surface. At the same time, unmodified MMT and MWCNT
inhibited thermal degradation of PCL due to the shielding effect.

Nanoreinforcing is an effective way to improve the thermal stability of BP extend-
ing their high-performance applications. For instance, the results of DSC showed that
the presence of MWCNT had a nucleating effect on both the melt crystallization and the
cold crystallization of PLA [15]. Similarly, it was proven that ZnO acted as a disruptor
of the PLA crystallization process, causing the degradation of PLA polymer chains dur-
ing melt processing, and shifted the polymer glass transition temperature (Tg) to lower
temperatures [26]. Moreover, it was shown that PBS polymer matrix could effectively
shield the NFC nanofiller from thermal degradation resulting in a lower mass-loss rate and
degradation over a wider and upper-temperature range [55]. Adding cellulose nanofibres
to glycerol plasticized starch significantly enhanced the activation energy by 52% [101].
Meanwhile, for PHB/organically modified clay nanocomposites, the activation energy did
not vary greatly with the degree of degradation, denoting degradation in one step with
similar values for pure PHB and all nanocomposites [103].

5.2. Photo-Oxidative Ageing

Exposure to ultraviolet (UV) light can limit the scope of applications for BP as they
can become fragile during storage, transportation and outdoor use [121]. The operational
environment causes oxidation and cleavage of small molecular components, which leads
to the deterioration of physical properties [122]. The addition of TiO2 nanofillers improves
UV resistance and the mechanical performance of BP and conventional petroleum-based
polymers [100]. According to FTIR results indicated the degradation of the poly(butylene
succinate-co-butylene adipate) (PBSA) matrix caused by high-energy UV light was signifi-
cantly reduced with the addition of only 1.5 wt% of TiO2 nanoparticles.

The results obtained on viscosity analysis indicated that TiO2 nanoparticles inhibited
the chain scission of PBSA matrix under irradiation and led to the reduced deterioration of
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their mechanical properties than that of unmodified PBSA films during the photoaging
process [100]. According to Figure 5, the relative change of complex viscosity of PBSA
filled with TiO2 nanoparticles, after 360 h of UV irradiation was maximally reduced for
PBSA with 1 wt.% of TiO2. It can be attributed to the diminished dispersion at higher filler
loadings leading to faster degradation, depending on the structural integrity and the state
of interfacial adhesion. By using FTIR, pyrolysis gas chromatograph-mass spectrometer
(PGC-MS), DSC and SEM, similar results were also obtained for the PBSA matrix filled
with ZnO nanoparticles (0.5– wt.%), demonstrating that ZnO nanoparticles can hinder the
photodegradation of PBSA [54].

Figure 5. Complex viscosity of pure PBSA and PBSA/TiO2 nanocomposites (a) before and (b) after
360 h of UV irradiation as a function of frequency at 140 ◦C (reproduced from [100], copyright © (2019).
Hindawi, (c) relative change of complex viscosity of PBSA filled with TiO2 (relative weight content is
indicated on the graph) vs. frequency. Dots: experimental data used from [100]; lines: approximations
by logarithmic functions.

The most appropriate and popular measurement of photodegradation is UV irradia-
tion in a weatherometer [8]. This method allows outdoor accelerated exposure testing of
plastics at the simulated desert and sub-tropical climatic conditions and applies to a range of
polymer materials including films, sheets, laminates and extruded and moulded samples.

5.3. Water Absorption and Hygrothermal Ageing

Moisture or water affects hydrophilic constituents of BPN through immersion, cycles of spray-
ing and condensation [123]. Water transport is governed by three mechanisms, i.e., the diffusion
through micro-gaps between polymer chains, capillary transport into interfaces and transport
through micro-gaps caused by swelling of hydrophilic constituents [90,124,125].

Some of the BP (e.g., PLA, PVA, starch, cellulose acetate) are well known to be able to ab-
sorb a considerable amount of water due to their amorphous nature that allows water molecules
to penetrate more easily than into semi-crystalline polymers (e.g., PBS, PCL, etc.) [11,13,96,99].
To minimize the water absorption content and subsequent degradation of physical and me-
chanical properties of BP different nanofillers, such as ZnO [11] and CNC [96] could be added.
The nanofillers act as crosslinking entanglements leading to lower water absorption in the
nanocomposite than the neat polymers.
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Thus, significant improvement in barrier properties of poly(D,L-lactide) (PDLLA),
i.e., water absorption resistance, was obtained by the addition of the CNW (Figure 6) [13].
These results showed that even a small quantity of cellulose nanowhiskers (1 wt.%) inhib-
ited water absorption and hence retarded the degradation, modifying the kinetics of the
hydrolytic process in PDLLA polymers.

Figure 6. Kinetics of water absorption of poly(D,L-lactide) filled with cellulose nanowhiskers at differ-
ent filler contents indicated on the graph. Reproduced with permission from [13]. Copyright © (2011).
Elsevier Ltd. (licence No. 5135221438116).

According to the Nielsen model, the relative permeability coefficient is inverse pro-
portional to the tortuosity factor [23,125]:

P
P0

=
1− ϕ

k
(5)

where P and P0 are the permeabilities of the composite and neat polymer, respectively.
The diffusion phenomena in polymers filled with filler particles could be associated

with the tortuosity factor k, which is a function of the filler aspect ratio (α) and volume
content (ϕ) [23,125–128]

k = 1 +
α

2
ϕ. (6)

For instance, PLA filled with ZnO [11,129], CaO or MgO [47], MMT [17,130], MWCNT [15]
and CNW [13] are characterized by different tortuosity factors according to Equation (6).
The tortuosity factor–filler volume fraction relationship is shown in Figure 6. The densities,
relative weight fractions and aspect ratios for the nanofillers were taken from the data provided
in the according papers.

From Figure 7 it is obvious that the tortuosity factor for 1D nanoparticles ZnO, MgO
and CaO is close to unity, while 2D CNW only slightly contributes to its increasing at
high filler volume fractions. MMT and MWCNT having a high aspect ratio (50 and 100,
accordingly) improve the barrier properties of the polymers [90]. Hence, inhibited water
absorption can retard the degradation, modifying the kinetics of the hydrolytic process in
BP. Moreover, a good filler–matrix adhesion would reduce water molecules’ penetration
into BP to reduce the water absorption properties [131,132].
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Figure 7. Tortuosity factor as a function of filler volume fraction for PLA filled with different
nanofillers (indicated in the legend).

Bharadwaj [133] has modelled permeability in polymer-layered silicate nanocompos-
ites and modified Nielsen’s model by taking into account orientational effects.
The Bharadwaj model is given by the following relation [99,133]:

P
P0

=
1− ϕ

1 + αϕ
2 · 23 ·

(
S + 1

2

) (7)

where S is the orientation of fillers in the nanocomposites. S take the values of −0.5, 0 and 1 for
fillers oriented perpendicularly, randomly and parallel to the membrane surface. It is seen that
the Bharadwaj model (Equation (7)) reduces to Nielsen’s model (Equation (5)) at S = 1.

Okamoto highlighted that relative permeability as a function is inverse proportional to
the tortuosity factor for different biodegradable polymer/layered silicate nanocomposites [23].

The water absorption property of BP and BPN can also be determined by Fick’s law
that in some cases could be given by a simplified equation [131]:

Mt

Ms
= k·tn (8)

where Mt is the moisture content at time t, Ms is the moisture content at the saturated
point and n are constants determined from the fitting curve of plot log(Mt/Ms) vs. log(t),
accordingly. Thus, depending on the n-value, the moisture diffusion property of the
composite can be divided into three cases: when n = 0.5 and the diffusion is Fickian,
when 0.5 < n < 1, and the diffusion is non-Fickian or anomalous; and when n > 1 [132].

Another parameter of Fick’s model is the diffusion coefficient (D) which determines the
ability of water molecules to diffuse and penetrate the composite structure. Its value is calculated
from the slope of the plot of Mt/Ms vs. time (t0.5) by the following equation [90,131,134]:

Mt

Ms
=

(
4
h

)(
D
π

)0.5
·t0.5 (9)

where h is the thickness of the specimen.
Cosquer et al. have studied the influence of graphene nanoplatelets (GnP) on water

absorption kinetics of biodegradable PBS [99]. GnP, being hydrophobic nanofillers of a
high aspect ratio, act as efficient impermeable barriers. The diffusivity of PBS decreased by
about 40% compared to nanocomposites with 2wt.% GnP (Figure 8). The improvement
was attributed to a purely geometric type phenomenon, i.e., with increasing the tortuosity.
The tortuosity factor was estimated by the ratio of the diffusion coefficients of the neat
polymer and nanocomposites by using a relation similar to Equation (5). The tortuosity
factor was found to be independent of the water activity. The Bharadwaj model Equation (7)
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applied for fitting the experimental data on water and dioxygen permeability showed
reasonable results.

Figure 8. Diffusion coefficient as a function of water activity for neat PBS and PBS/GnP nanocomposites [99].

Hydrothermal ageing results in changes in physical (e.g., Tg) and mechanical proper-
ties. The inherent structure is deteriorated appearing in loss of interfacial adhesion and
reinforcement efficiency. Thus, the durability of composites and the extent of degradation
could be assessed by comparing these parameters in the reference and aged states.

The interfacial adhesion between the filler and polymer matrix plays an essential role
in determining the mechanical properties of composites. Pukanszky’s model is among
the most widely used models for assessing the filler–matrix bond strength. Originally,
the model was developed for particulate polyolefin-based composites [135,136], although
later it has been successfully applied for other heterogeneous polymer systems, including
bio-based and biodegradable blends [137] and nanocomposites [98]. According to Pukan-
szky’s model, the composite strength σc and the polymer matrix strength σm are related by
the equation [135–138]:

σc = σm
1− ϕ

1 + 2.5ϕ
exp(Bϕ) (10)

where B is the adhesion parameter: an empirical constant, which is dependent on the
surface area of the particles, particles density and interfacial bonding energy. B value is 0
for very weak adhesion and can be increased, depending on the adhesion strength.

The interfacial adhesion of PLA filled with different types of fumed silica nanoparti-
cles was estimated by Dorigato et al. [98]. The adhesion parameter B was dependent on
the surface treatment of SiO2 and varied from 3.8 to 2.5 with the highest value for pristine
nanoparticles. An opposite effect of the improved interfacial adhesion with surface modifi-
cations of the filler is observed for PLA/sugarcane leaves fibre biofilms [131]. Bleaching
treatment by H2O2 improved the interfacial adhesion between PLA and sugarcane leaves
and thus enhanced biofilms’ tensile strength, evidenced by the increased B factor from
6.6 to 7.5. Low adhesion factors of around 1.3 were found for PBS/wine lees [110] and
PBS filled with microcrystalline cellulose particles [138]. The filler–polymer bond strength
was enhanced by chemical modifications of the MCC surface [138]. Nanni and Messori
have studied the strength properties of PHBH and PHBV composites filled with natural
fillers [139]: the determined B values were in the range of 2.2–3.3 for pristine and 2.7–3.6
silane-treated fillers.

The interfacial adhesion is deteriorated due to ageing. By comparing B factors for
pristine (unaged) and aged composites it is possible to estimate the extent of degradation on
the mechanical properties quantitatively. For example, hydrothermal ageing of PBS/MCC
composites [138] decreased the filler–matrix bond strength manifested in B drop from
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1.37 to 0.78 for the reference and aged samples, respectively. Sugiman et al. reported
about 1.4-fold decrease of B caused by water absorption in a polymer system filled with
inorganic fillers [140].

The reinforcement efficiency is also affected by ageing. Nanofillers could act as rein-
forcement and contribute to the improvement of elastic properties of polymers.
The reinforcement efficiency could be estimated in different ways. In a general case,
the overall effectiveness of the reinforcement in a composite could be estimated by a simple
empirical relationship [141–143]:

Ec = Em(1 + rϕ) (11)

where r is the reinforcement efficiency factor; Ec and Em are the elastic moduli of the
composite and matrix, respectively. Platnieks et al. have studied the elastic properties of
PBS/NFC composites processed by melt blending and solution casting [142]. By comparing
r factors, the authors demonstrated the superior effectiveness of the former processing
method. Hydrothermal ageing effects on the stiffness reduction of epoxy/graphene oxide
nanocomposites appeared in the decrease of the reinforcement efficiency and r drop from
1.6 to 0.14 were highlighted in [141].

An alternative way to assess the filler contribution into the elastic properties of com-
posites is based on an analysis of DMTA data and elastic moduli evolution when passing
the glass transition. A so-called parameter C, relating the storage moduli in the glassy E′g
and rubbery E′r, is given by the ratio [141–143]:

C =

(
E′g/E′r

)
c(

E′g/E′r
)

m

(12)

where subscripts c and m correspond to composite and matrix, respectively. For well-
dispersed fillers and good compatibility with the polymer matrix, C < 1. The lower is C,
the most efficient the reinforcement effect is. C factors of PBS filled with nanofibrillated
cellulose (NFC) prepared by different processing routes were compared [142]. It was found
that samples with 15 wt.% NFC processed by melt processing are characterized by higher
C = 0.69 than those processed by solution casting. The reduced reinforcement efficiency
and increase of C factors related to hydrothermal ageing effects were found in [141] by the
example of epoxy/graphene oxide nanocomposites.

5.4. Creep

Viscoelastic properties of polymer-based composites have a critical role, especially
in long-term applications, indicating the time-dependent deformation of materials as a
function of temperature, stress and strain [144–147]. With increasing stress/temperature
values, a creep compliance function becomes nonlinear on stress which can be described by
various phenomenological models considering the creep of the composite and neat matrix.
Different additives could be introduced to reduce creep deformations [10,98,120,139,145].
Nanofillers reduce the creep curve’s elastic component and the viscous flow of the material
with increment in viscoelastic deformations [145].

To estimate the effect of the fillers on the long-term deformability of BP, the creep
parameters should be denoted. Figure 9 shows a schematic strain vs. time curve in a
standard creep-recovery.
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Figure 9. A schematic strain vs. time curve in a creep-recovery test.

The total creep strain ε is given by a sum of three components:

ε = εel + εve + εvp (13)

where subscripts el, ve and vp correspond to elastic, viscoelastic and viscoplastic strain
components, respectively. The residual strain (εres) is defined as a permanent viscoplastic
strain accumulated during the whole loading period and remaining after unloading after a
time period longer than that of loading.

It was found [10] that the addition of cellulose nanofibrils (CNF) to starch-based
nanocomposite films significantly decreased all creep deformations (viscoelastic and plastic,
elastic and residual) shown in Figure 10. The concentration of CNF above 20 wt.% was
found to accelerate the creep behaviour due to poor dispersion, whereas the nanocomposite
films with CNF content of 15 wt.% revealed the lowest creep performance.
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cellulose nanofibrils vs. filler weight fraction. Dots: experimental data from [10]; lines: approxima-
tions by polynomial functions.

The most common model for creep description is the three-parameter Findley power
law given by the following equation [110,139,148,149]:

ε(t) = εel + ktn (14)

where k and n (0 < n < 1) are material parameters. The power-law models are considered
empirical models without attaching importance to a physical background.
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The Burgers model is a combination of Maxwell and Kelvin–Voigt elements connected
in series. According to Equation (13) and the Burgers model formulation, the creep strain
is given by the following relation [10,98,139,150]:

ε(t) =
σ

EM
+

σ

EK

[
1− exp

(
− t

τ

)]
+

σ

ηM
t (15)

where EM and EK are the elastic moduli of the Maxwell and Kelvin springs, τ = ηK/EK
is the retardation time of the Kelvin–Voigt element; ηK and ηM are the viscosities of the
Kelvin and Maxwell dashpots, respectively.

The creep of glassy solids and semicrystalline polymers is described by the Kohlrausch–
Williams–Watts (KWW) model. This is based on considerations that “viscoelastic changes in
polymeric matrices occur because of incremental molecular jumps due to several segments
chains jumps between different positions of relative stability”. The creep strain is given by
a Weibull-like function [120]:

ε(t) = εi + εc

[
1− exp

(
−
(

t
tc

)βc
)]

(16)

where εi is the instantaneous elastic strain, εc is the limit viscous creep strain, tc and βc are the
scale (characteristic time) and shape parameters, respectively. Expanding Equation (16) in a
series and considering the first term only derives from the Findley model Equation (14).

The Weibull distribution equation is also applied to model the creep recovery behaviour.
The recovery strain εrec is determined by the viscoelastic strain recovery εc and the residual
strain εres caused by a viscous flow effect and is given by the following equation [110]:

εrec(t) = εc

[
exp

(
−
(

t− t0

tr

)βr
)]

+ εres, (17)

where t0 is time of stress removal, tr and βr are the characteristic time and shape parameters, respectively.
Temperature growth results in accelerating relaxation processes in polymers and thus

changing their viscoelastic response (e.g., creep compliance, relaxation modulus). This fact
is widely applied to predict the long-term properties of polymers and their composites by
using Time–Temperature Superposition Principle (TTSP) [146,147]. TTSP is based on the
assumption that time and temperature are interrelated and interequivalent. A temperature
increase leads to a parallel shift of the relaxation spectrum of a polymer, and this shift is
characterised by so-called shift factors aT . The long-term viscoelastic behaviour is predicted
by shifting the short-term test data presented in logarithmic time axes to a generalized
master curve for log aT values. The lifetime of a polymer system t at an operating temperature T
is determined by a ratio of the shift factors according to the relation [118]

t =
aT0

aT
·t0 (18)

where T0 is the reference temperature, t0 is the lifetime at T0; aT0 and aT are the shift
factors at corresponding temperatures. For simplicity, aT0 = 1 is usually taken. TTSP has
temperature limitations in terms of the shift function. The Williams–Landel–Ferry (WLF)
equation is valid for the temperature range between Tg and Tg +100 ◦C [146,147]:

log aT = − C1(T − T0)

C2 + T − T0
(19)

where C1 and C2 are material parameters.
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The Arrhenius equation is applied for aT calculations at T < Tg:

log aT =
Ea

2.303R

(
1
T
− 1

T0

)
(20)

where T0 is taken in Kelvin; other designations are the same as in Equation (2).
Nanni and Messori [139] applied the Burger, KWW and Findley models to describe the

nonlinear creep of PBS biocomposites filled with wine lees. By comparing parameters of
the models representing elastic, viscoelastic and viscoplastic strain components, it has been
quantitatively demonstrated that the addition of fillers into PBS resulted in the reduced
creep of biocomposites. The earlier authors’ study successfully applied the KWW model
to describe creep PHBH- and PHBV-based biocomposites [120]. The master curves were
generated by applying TTSP and the temperature shift factors were calculated according to
the WLF model Equation (19). The long-term predictions for wine lees–filled biopolymers
demonstrated much lower creep in the same time spans.

The creep and creep-recovery behaviour of starch-based nanocomposite films with
CNF up to 20 wt.% have been studied by Li et al. [10]. The experimental data were
effectively fitted by the Burgers model with parameters strongly dependent on the amount
of the filler. TTSP was successfully applied for predicting the long-term creep behaviour of
nanocomposites. The temperature shift factors were calculated according to the Arrhenius
equation Equation (20).

Amiri et al. applied the Findley model to describe nonlinear creep of bio-based
resin (methacrylated epoxidized sucrose soyate (MESS) reinforced with flax fibres [148].
Following TTSP and considering biocomposites as thermorheologically complex materials,
the authors used horizontal and vertical shifts to generate the master curves. The long-term
prediction agreed well with the experimental data.

In a recent study of Ollier et al. [149], creep of PCL reinforced with pristine and organo-
modified bentonites up to 3 wt.% was investigated. The Findley and Burgers models
were applied. Master curves were constructed using TTSP demonstrating substantial
improvement in the creep resistance of nanocomposites for the long term.

The improved creep stability of PLA filled with fumed silica nanoparticles of different
specific surface areas and surface functionalization was discovered by Dorigato et al. [98].
The authors applied the Burgers model and demonstrated that nanoparticles mainly contribute
to the increased values of viscous components (ηK and ηM in Equation (15)).

Guedes et al. [150] and the Burgers model applied the modified three-element standard
solid model of Kontou–Zacharatos [106] to describe the nonlinear viscoelastic behaviour of
PLA-PCL fibres monitored in creep, stress-relaxation and quasi-static tensile tests. Dry and
saturated in saline solution fibres were tested. Based on phenomenological considerations,
the elastic spring is replaced by a nonlinear strain-dependent spring and the linear dashpot
in the Maxwell element is replaced by an Eyring type one. Such modifications allowed
authors to reduce the required fitting parameters and describe nonlinear viscoelastic–
viscoplastic behaviour under moderate and large deformations, both in monotonic and
cyclic loading.

Ding and coworkers have studied creep and stress relaxation of PBAT biocomposites
containing CNT up to 5 wt.% [110]. The authors applied the Findley and Burgers models
for creep description, while creep recovery was modelled by the Weibull distribution
function given by Equation (17). PBAT/CNT nanocomposites possessed lower viscoelas-
tic and viscoplastic strains that appeared in changed creep model parameters than the
unfilled polymer.

Kontou et al. have studied the time-dependent behaviour of PBAT/PLA blends (com-
mercial name Ecovio®) reinforced with different types of wood fibres up to 30 wt.% [106,151].
Highly nonlinear viscoelastic/viscoplastic behaviour observed in creep tests was modelled
by the Burgers and Findley models [106]. A constitutive model presenting a combination
of the transient network model, related to the viscoelasticity, with a plasticity theory has
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been developed in [115] describing the experimental data of stress-relaxation, monotonic
loading and creep-recovery in a unified manner.

Qiu et al. have studied the time-dependent plastic failure of PLA/PBS blends in
tensile tests at different strain rates [123]. The deformation behaviour of the blends with
the improved ductility was modelled by the Chaboche viscoplastic model with nonlinear
hardening variables.

5.5. Modelling of Mechanical Properties Accompanied by Biodegradation

The structure and properties of biodegradable polymers change in time compara-
ble to non-biodegradable counterparts, with the test time and service life of materials.
This fact should be considered when modelling such materials’ time-dependent properties
(e.g., creep, stress relaxation, fatigue, etc.). Parameters involved in traditional models need
to be related to “inherent” degradation of the structure that could also be accelerated by
an external mechanical load. In several studies for different biopolymers [148,152–156],
degradation of mechanical properties (e.g., tensile strength) is directly related to molecular
weight reduction.

The time-dependent behaviour of biodegradable PLA-PCL fibres during their hy-
drolytic degradation in a phosphate buffer medium has been studied by Viera et al. [152,153]
(37 ◦C, 16 weeks). It was found that the decrease of tensile strength σ of the fibres fol-
lows the same trend as the decrease of molecular weight Mn. Modelling hydrolysis as a
first-order kinetic mechanism, the hydrolytic damage dh is defined as follows [152]:

dh = 1− σt

σ0
= 1− Mnt

Mn0
= 1− e−ut (21)

where u is is the degradation rate of the material. Subscripts t and 0 are related to the
corresponding parameters at current time t and initial (non-degraded) values. By incorpo-
rating Equation (21) into the constitutive models such as Neo-Hookean and Mooney–Rivlin
hyperelastic models [152] and Bergström–Boyce viscoelastic model for polymer under-
going large deformations [153], stress–strain behaviour of PLA-PCL fibres for different
degradation times was effectively predicted. The approach could be extended to other
biodegradable polymers.

Singh and coauthors have studied the effect of hydrolytic degradation and strain
rate on the tensile properties of PLA fibres [156]. The authors applied the modified
three-element standard solid model (according to Khan [157]) introducing degradation-
dependent stiffness parameters, while viscous (strain-dependent) parameters are assumed
to be unaffected by degradation. Stiffness (Young modulus E) degradation was presented
in a similar to Equation (21) way by using an exponential law:

Et

E0
= e−ut (22)

The model Equation (22) parameters are determined experimentally by assessing E
changes upon different degradation times.

Breche and coauthors have studied the evolution of the physical and mechanical
properties of PLA-b-PEG-b-PLA biodegradable triblock copolymers caused by hydrolytic
degradation [154]. Samples were immersed in phosphate buffer solution at 37 ◦C for up to
12 weeks. The stress relaxation was modelled by a linear viscoelastic model introducing
a stiffness-related degradation variable. Similarly to [156], the viscous component was
considered independent of degradation time, at least at the early stages. Then, following
Viera et al.’s definition [152] and Equation (21), the degradation variable is defined as

dh = 1− σmax(dh)

σmax(dh = 0)
= 1− σrelax(dh, 0)

σrelax(dh = 0, 0)
(23)
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where σmax is the maximum stress reached at the end of load for a given degradation
state dh and corresponds to the time zero of relaxation, while σrelax is the initial value of
the relaxation stress for degraded and undegraded material. The degradation variable
Equation (23) was linked to the molecular weight changes of the material according to the
following dependencies [153]:

dh = c·
(

1− Mnt
Mn0

)
, t < tc

dh = a·exp
(
−b Mnt

Mn0

)
, t ≥ tc

(24)

where a, b and c are material parameters; tc is a critical time, when the evolution of properties
degradation is changed considerably (3 weeks for the PLA-b-PEG-b-PLA copolymers understudy).

Zhang et al. [158] proposed a semiempirical approach for predicting the strength of
biodegradable medical polyesters, namely, PLA and polyglycolide (PGA) and their copolymers,
during hydrolytic degradation. Three different phases in the mesoscopic-scale (amorphous,
crystalline and vacancy phases) were defined and further integrated into the multiscale hetero-
geneous strength model. The strength of the amorphous and crystalline phases was related
to molecular weight through power-law dependencies, while the cavity-related zones were
considered as the zero-strength phase. The total strength is given by the equation:

σ(t) = σA0·αA

[
MnA(t)

Mn0

]βA

+ σC0·αC

[
MnC(t)

Mn0

]βC

(25)

where σ0 and Mn0 are the initial strength and molecular weight, respectively. Mn(t) is
the molecular weight at time t, α and β are material parameters. Subscripts A and C in
Equation (25) are related to the amorphous and crystalline phases, respectively.

The considered models and methods may be adapted and used for other biodegrad-
able polymers and nanocomposites. The incorporation of nanoparticles into BP contributed
to the improved barrier properties and decreased degradation of polymers [13,14,111,141]
that will appear in the decreased damage parameter dh in Equations (21)–(25).

The models could be considered effective tools in designing biopolymer composites
with tailored degradation and durability.

6. Conclusions

Environmental degradation mainly promotes a significant decrease in mechanical
properties, particularly when the molecular weight of BP is low. Thus, incorporating
nanofillers into BP could attenuate the loss of mechanical properties and improve dura-
bility. At the same time, in the case of poor dispersion, the nanofillers can lead to faster
degradation, depending on the structural integrity and the state of interfacial adhesion.
To fully understand and interrelate numerous factors (e.g., moisture, temperature, etc.)
that can affect the degradation process of BPN, combined and comprehensive scientific
investigations are required.

A correlation between outdoor and accelerated weathering should be established
experimentally and particular analytical models should be developed. The degradation of
mechanical properties could be modelled as a function of the duration of environmental
ageing. The incorporation of nanoparticles into BP contributed to the improved barrier
properties and decreased degradation of BP. The models considered in the review could be
effective tools in designing biopolymer composites with tailored degradation and durability.
Moreover, models could be developed to combine the effects of temperature and humidity
to predict the durability of BP and BPN.
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Abbreviations

BP biodegradable polymer
BPN biodegradable polymer nanocomposites
CNC cellulose nanocrystals
CNF cellulose nanofibrils
CNT carbon nanotubes
CNW cellulose nanowhiskers
DLS dynamic light scattering
DMTA dynamic mechanical thermal analysis
DSC differential scanning calorimetry
FTIR Fourier-transform infrared spectroscopy
GL glycerol
GnP graphene nanoplatelets
GO graphene oxide
HN halloysite nanotubes
KWW Kohlrausch–Williams–Watts
MCC microcrystalline cellulose
MESS methacrylated epoxidized sucrose soyate
MMT montmorillonite
MWCNT multiwall carbon nanotubes
NFC nanofibrillated cellulose
NMR nuclear magnetic resonance
PBAT polybutylene adipate terephthalate
PBS polybutylene succinate
PBSA polybutylene succinate adipate
PEG poly(ethylene glycol)
PCL polycaprolactone
PDLLA poly(D,L-lactide)
PLA polylactic acid
PHA polyhydroxyalkanoates
PHB polyhydroxybutyrate
PHBV poly(3-hydroxybutyrate-co-3-hydroxyvalerate)
PVOH polyvinyl alcohol
PHV polyhydroxy valerate
SEM scanning electron microscopy
ST starch
TEM transmission electron microscopy
TGA thermogravimetric analysis
TPS thermoplastic starch
TTSP time–temperature superposition principle
UV ultraviolet
WLF Williams–Landel–Ferry
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37. Lackner, M.; Ivanič, F.; Kováčová, M.; Chodák, I. Mechanical properties and structure of mixtures of poly(butylene-adipate-co-

terephthalate) (PBAT) with thermoplastic starch (TPS). Int. J. Biobased Plast. 2021, 3, 126–138. [CrossRef]
38. Wang, X.; Peng, S.; Chen, H.; Yu, X.; Zhao, X. Mechanical properties, rheological behaviors, and phase morphologies of

high-toughness PLA/PBAT blends by in-situ reactive compatibilization. Compos. B Eng. 2019, 173, 107028. [CrossRef]
39. Petersson, L.; Kvien, I.; Oksman, K. Structure and thermal properties of poly(lactic acid)/cellulose whiskers nanocomposite

materials. Compos. Sci. Technol. 2007, 67, 2535–2544. [CrossRef]
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Abstract: Sheep wool is an eco-friendly, renewable, and totally recyclable material increasingly
used in textiles, filters, insulation, and building materials. Recently, wool fibers have become good
alternatives for reinforcement of polymer composites and filaments for 3D printing. Wool fibers are
susceptible to environmental degradation that could shorten their lifetime and limit applications.
This study reports on the mechanical properties of sheep wool fibers under the impact of humid
air and UV irradiation. The results of single fiber tensile tests showed a noticeable gauge length
effect on the fibers’ strength and failure strain. Long (50 mm) fibers possessed about 40% lower
characteristics than short (10 mm) fibers. Environmental aging decreased the elastic modulus and
strength of the fibers. Moisture-saturated fibers possessed up to 43% lower characteristics, while UV
aging resulted in up to a twofold reduction of the strength. The most severe degradation effect is
observed under the coupled influence of UVs and moisture. The two-parameter Weibull distribution
was applied for the fiber strength and failure strain statistical assessment. The model well predicted
the gauge length effects. Moisture-saturated and UV-aged fibers were characterized by less extensive
strength dependences on the fiber length. The strength and failure strain distributions of aged fibers
were horizontally shifted to lower values. The results will contribute to be reliable predictions of the
environmental durability of sheep wool fibers and will extend their use in technical applications.

Keywords: single fiber test; tensile properties; Weibull distribution; gauge length; environmental
degradation; UV aging; moisture; durability

1. Introduction

Increased concerns on availability, climate neutrality, and sustainability of available re-
sources set new standards for the design of novel eco-friendly materials, their practical use,
and planning of the end-of-life of products. Owing to their abundance and biodegradability,
natural fibers have become good candidates for substituting for fossil-based counterparts
in some technical applications [1–3].

Animal fibers are the second most widely used natural fibers after plant fibers (e.g.,
flax, cotton, hemp, jute, kenaf, abaca, etc.). Sheep wool is the most used commercially,
particularly in the apparel and textile industry, agriculture, filtering elements, and thermal
and acoustic insulation materials [3–6]. For instance, around 450 tons of wool are produced
annually in Latvia [7]. According to rough estimates, only about 30% of the collected wool
is used to make yarn, while the rest of the wool mostly becomes an agricultural waste [8].
Along with its availability, cost-effectiveness, biodegradability, and sustainability, wool
has a range of unique properties that can expand applications of this natural material to
other sectors and convert waste to resources. High hygroscopicity, thermal and sound
insulation, flame retardant, and antistatic properties are desirable for materials used in
building and automotive sectors [9,10]. Wool fibers are durable and flexible; their me-
chanical characteristics are comparable to or exceed the values of other natural fibers, e.g.,
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cotton and coir/husk [1,11]. Thus, wool is used as fiber reinforcement in mortars and
concrete [9,12,13], polymer composites, and laminates [2,14–17], increasing the value of the
wool fiber. Recently, wool has become an alternative material in some high-tech industrial
sectors, e.g., it is used in reinforcing compounds for additive manufacturing [11,18].

Wool is the natural protein fiber obtained from sheep, goats, camels, rabbits, and
other mammals. It comprises hair-like multicellular fibers which grow out of skin follicles
at a rate of around 100 mm per year [9]. Wool is mainly composed of keratin; the fibers
have a complex structure and consist of a cortex and a surrounding cuticle layer [5]. A
scaly fiber surface makes it easier to spin the fleece, which is used in textile fabrics and
contributes to enhanced adhesion, which is favorable in reinforcing polymer compounds.
The structure and mechanical properties of wool fibers depend on the breed, sex, and age
of the sheep [19,20]. Bouagga et al. showed that variations in the elastic modulus and
strength of the Tunisian sheep wool fibers of different breeds and sexes are in the range
of 5–20%, and they correlated these data with fiber diameters, crystallinity degree, and
cysteine amount [19].

Like many natural fibers, wool fibers possess a complex internal structure and marked
variability in geometrical characteristics and mechanical properties [21–23]. Unlike most
man-made fibers, which are geometrically uniform, wool exhibits between-fiber and within-
fiber diameter variations caused by, for example, changing growing conditions. Fiber flaws
or morphological defects, which can be built-in or induced during processing, serve as
initiation sites of fiber failure. The strength of natural fibers exhibits a substantial scatter
on diameter and dependence on fiber length [23–25]. In the study of Guo et al. [25], the
strength of short (10 mm) palm fibers is 20% higher than that of long (40 mm) fibers. Sia
et al. [23] reported strength variations up to 16% for banana fibers of different lengths.
Parlato et al. [13] studied low-quality wool of a Sicilian sheep breed and reported on
strength decrease within the fiber diameter: from 200 MPa for 50 µm fibers down to 50 MPa
for 90 µm fibers.

According to the weakest link concept, fiber fails at a point with an internal flaw or
where fiber diameter is small, or a combination of both. The amount of such “weak links”
and the probability of reaching their breaking limits increases with the growing length
of fibers. Thus, longer fibers are typically characterized by lower strength and greater
data scatter [22]. Due to the wide dispersion of mechanical properties, statistical analysis
methods are required to evaluate the fibers’ probabilistic strength and failure strain. Weibull
distribution is commonly utilized to study the discrete fiber property [21,26,27]. The two-
parameter Weibull distribution is among the most used models for assessing natural fibers’
strength scatter characteristics [22–25]. For fibers possessing essential diameter variations,
the modified Weibull model is applied to obtain accurate predictions [13,22,25].

Fibers of natural origin are generally susceptible to environmental degradation. This
fact can essentially reduce the durability of natural fiber-based products and complicate the
prediction of their long-term performance [28]. Heat, UV light, and atmospheric humidity
are among common external factors affecting fiber appearance and performance during
their growth, processing, and use. Wool fibers composed of keratin are more susceptible to
chemical damage and unfavorable environmental conditions than the cellulose in the plant
fibers [2]. Thermal and UV aging destroy wool fibers’ surface composition, leading to their
yellowing and up to a twofold reduction of their strength [29]. Wool is hydrophilic and
absorbs water up to 30% of its weight [2,11]. Absorbed moisture plasticizes the fibers, in-
creasing their stretching ability while reducing the elastic and strength characteristics [9,13].
In order to fully characterize the mechanisms of environmental impact on fibers, it is
necessary to evaluate not only the actual change in their properties but also the change in
the distribution parameters depending on fiber geometrical characteristics.
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Most of the works reported in the literature focused on the characterization of spe-
cific sheep wool fibers and determining their strength, and rarely on failure strain and
distribution [22,30,31]. A few works highlighted environmental impacts on the mechanical
characteristics of sheep wool [9,13] and some plant fibers [26]. However, no systematic
studies on the analysis of the strength and failure strain distributions of aged fibers with
their length variations were found in the literature.

The present study is aimed to evaluate the strength and failure strain distributions of
the sheep wool fibers under the effect of environmental factors. The single and coupled
influence of moisture and UV irradiation on tensile properties of Latvian dark-headed
sheep wool fibers is studied on fibers of different lengths. The total experimental campaign
on around 300 virgin and environmentally aged fibers was carried out, and the results
were statistically analyzed using Weibull distribution. The dependences of the strength
and failure strain on the gauge length of fibers exposed to different environments were
obtained and fitted by the two-parameter Weibull model. The obtained results contribute
to the comprehension of the environmental durability of products made of wool fibers
and reliable predictions of their long-term performance. This, in turn, will promote local
development opportunities and waste management through extended use of natural and
renewable local resources for the development of novel products of low carbon impact and
energy-efficient properties.

2. Materials and Methods
2.1. Wool Fibers

The wool samples were collected according to Australian Standard AS/NZ 4492.1
from the Latvian dark-headed breed sheep of a similar age (2–4 years) and the same gender
(female). Animals of this age and gender were chosen because they make up the majority
of sheep flocks not only in Latvia but throughout the world. The wool is sheared regularly,
which makes it more homogenous. Thus, these samples are more representative of the
characteristics of wool fibers. The collected sheep wool fibers were washed with detergent
(soap with surfactants) in warm water (50–60 ◦C) and rinsed several times in water. Then
they were dried at room temperature, in air, for a day [6]. A photo of an original wool ball
and an SEM micrograph of individual fibers are shown in Figure 1. Single fibers for testing
were carefully pulled out of the woolball one by one.
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2.2. Single Fiber Tests

Quasistatic tensile tests were made according to ASTM D3379-75 by using the universal
testing machine, Zwick, with a 100 N load cell. The wool fiber was mounted on a paper
frame and additionally fixed with adhesive paper tape tabs (Figure 2). Fibers of different
gauge lengths (LE) were studied: LE = 10, 30, and 50 mm (denoted in the text as LE10, LE30,
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and LE50, respectively). Scissor cuts were made on both sides of the paper frame tabs at the
mid-gage just before the start of the test. The tests were performed at the crosshead speed
rate of 1 mm/min under ambient conditions (22 ± 1 ◦C, RH = 37 ± 5%). The diameter of
each fiber was measured by an optical microscope (equipped with a Moticam 2300 digital
camera) with 8X magnification at five points along its length, and the average value was
used to calculate the cross-sectional area. Between 20 and 40 tests were completed for
each specific group of fibers conditioned under different environments, with different LE
(Table 1).
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2.3. Fiber Conditioning

Fibers mounted in paper frames were conditioned under different environments (Ta-
ble 1). “As produced”, samples were stored in a plastic box under ambient conditions
(relative humidity RH = 37 ± 5% and temperature T = 22 ± 2 ◦C). These fibers were consid-
ered as the reference samples. A part of the reference fibers was placed in a desiccator under
a saturated salt solution of K2SO4, giving an RH = 98%, under an ambient temperature.
This group of samples was divided into two depending on the duration of fiber exposure
in this environment: 1 week and 2 months for “RH98” and “RH98-ext”, respectively (“ext”
means extended time). Another part of the reference fibers was exposed to ultraviolet
irradiation (denoted as “UV”) for 24 h. Irradiation tests were made by using a high-pressure
mercury-vapor discharge lamp, UV DRT230, as a UV source, giving a UV-A emission with
the strongest peak at about 365 nm. The irradiation intensity was adjusted to 4 mW/cm2.
The temperature under the lamp was maintained at 35 ± 2 ◦C. In addition, UV irradiation
effects were studied on fibers preliminary conditioned under a humid environment. This
group of fibers is denoted as “UV-RH98”.

Table 1. Details on fiber conditioning under different environments.

Notation Environment Duration Gauge Length (LE), mm

Ref Ambient: RH = 37 ± 5%, T = 22 ± 2 ◦C - 10, 30, 50
RH98 RH = 98%, T = 22 ± 2 ◦C 1 week 10, 30, 50

RH98-ext RH = 98%, T = 22 ± 2 ◦C 2 months 30
UV I = 4 mW/cm2, T = 35 ± 2 ◦C; “Ref” fibers 24 h 10, 30, 50

UV-RH98 I = 4 mW/cm2, T = 35 ± 2 ◦C; “RH98” fibers 24 h 30

2.4. Scanning Electron Microscopy (SEM)

SEM images were obtained using a Hitachi S4800 Scanning electron microscope, with
an operating voltage of 1.0 current kV, with 5–7 A. Wool fibers samples were electrically
bonded to a sample analysis table with electrically conductive tape, and measurements
were made. Reference and UV fibers were studied.
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2.5. Optical Microscopy

Optical micrographs were taken using an inverted microscope (Olympus IX 71) in
the PL mode using an Hg lamp light source (U-LH100HG) with a fluorescence filter set
(U-MWU2), and in the micro-extinction spectroscopy (MExS) transmission mode, with a
10× objective lens (CPLNFLN 10XPH, NA 0.3).

3. Statistical Analysis with Weibull Distribution

Weibull distribution based on the weakest link theory for the failure strength, σ, states
that the probability of failure P(σ) of a material component of volume V is [25,32,33].

P(σ) = 1− exp
[
− V

V0

(
σ

σ0

)m]
(1)

where V0 is the unit volume, m is the shape parameter (Weibull modulus), and σ0 is the
characteristic strength or scale parameter. The strength distribution with a lower m tends to
perform a larger scatter and vice versa. Equation (1) is the most widely used formulation of
Weibull distribution, called a two-parameter Weibull distribution function, used in failure
analysis of various fibers.

The value P is estimated using a probability index, e.g.,

P =
i− 0.3
N + 0.4

(2)

where i is the rank of the respective data points of strength placed in ascending order, and
N is the total number of data points (tests/fibers). Alternative probability indices are given
in [33].

When the cross-sectional area of all fibers is the same, the volume, V, in Equation
(1) can be replaced by the gauge length, L. In a general case of fibers with geometrical
irregularities, Equation (1) can be rewritten in the following form [13,21,22]:

P(σ) = 1− exp
[
−
(

L
L0

)α( σ

σ0

)m]
(3)

where L is the gauge length of the fiber and L0 is the unit length (normally L0 = 1 for
mathematical convenience). Parameter α (0 < α ≤ 1), known as the Gutans–Tamuzs [34]
or Watson–Smith [35] parameter, is introduced in order to account for diameter varia-
tions [13,22,23]; α = 1 for a constant within-fiber diameter.

Rearranging Equation (3) while taking the logarithm of both sides provides the fol-
lowing formula:

ln(− ln(1− P))− α ln(L/L0) = m ln σ−m ln σ0 (4)

As follows from Equation (4), by plotting ln(− ln(1− P))− α ln(L/L0) against ln σ, a
linear graph is produced. Parameter m represents the slope of this line, while σ0 is estimated
from the intercept with the ordinate for the given L and α. The parameter α in Equations
(3) and (4) is determined using the coefficient of variation of the diameter CVd (i.e., the
average within-fiber diameter variation of N fibers), and α represents the slope of ln(CVd)
versus ln(L) line [22,23,25,32]. The diameter variation among fibers can be neglected for
long samples since their average diameter at each gauge length is close to each other [22].

Once the Weibull distribution parameters (m, σ0) and diameter variation parameter, α,
are determined, the average value of the strength is obtained [24,25]

〈σ〉 = σ0

(
L
L0

)− α
m

Γ
(

1 +
1
m

)
(5)

where Γ(x) is the gamma function.
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Analogously to the failure strength distribution in Equation (3), the two-parameter
failure strain, ε, distribution can be written as [21,22]:

P(ε) = 1− exp
[
−
(

L
L0

)α( ε

ε0

)mε
]

(6)

where mε and ε0 are the shape and scale parameters, respectively.
The mean failure strain is determined by the relationship similar to Equation (5):

〈ε〉 = ε0

(
L
L0

)− α
mε

Γ
(

1 +
1

mε

)
(7)

A procedure for the determination of mε and ε0 is analogous to this described above
for m and σ0.

4. Results and Discussions
4.1. Diameter Variations

Wool fibers are traditionally positioned as fibers with geometrical irregularities for
which diameters vary greatly, not only among fibers but also along the fiber length [22].
The distribution of the diameters measured for the whole population of the reference
wool fibers (total of 625 measurements) is shown in Figure 3. As seen from the histogram,
diameter values lie in the range of 17–73 µm with the mean value of 37.4 (±6.8) µm. These
values are in accordance with literature data for other sheep wool fibers: 15–50 µm [11],
50–90 µm [13], and 25 µm [22].
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Figure 3. Distribution of the reference wool fiber diameters; the line is the probability density by a
normal distribution.

After exposure of fibers to a humid environment and UV rays, their diameters did
not change significantly, and d values remained within the distribution for the reference
samples. The mean values of diameters for fibers of different gauge lengths in the reference
and aged states are listed in Table 2. Figure 4 demonstrates an example of diameter
variations of 24 different fibers due to their conditioning in a humid environment (“RH98-
ext” samples, Table 1). Each point on the graph is the average from 5 measurements within
the same fiber before and after its aging.
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Figure 4. Diameter of fibers in the reference state and after exposure under an RH of 98%.

4.2. Tensile Properties of Wool Fibers

Representative stress-strain diagrams of the reference and aged fibers are shown in
Figure 5. The wool fibers possess a highly non-linear viscoelastic–viscoplastic behavior
typical for many natural fibers [13,21,22,25,26]. Generally, four regions can be distinguished
on the stress-strain curve: (i) an almost linear part at low strains below 2–3%; (ii) a non-
linear region with decreasing stress gradient ending with a yield; (iii) a steady-state phase
with a constant stress gradient; (iv) a stress hardening region up to fiber breakage. The last
phase is not always present, and failure occurs before the final stage (e.g., for UV-irradiated
fibers). The elastic modulus was determined in the linear part of the stress-strain curve, i.e.,
in the region I.

The average values of the elastic modulus (E), strength (σ), and failure strain (ε)
for all the groups of wool fibers are listed in Table 2. The reference fibers of a 30 mm
gauge length are characterized by <E> = 3.93 ± 0.61 GPa, <σ> = 142.8 ± 30.3 MPa, and
<ε> = 25.9 ± 11.4%. These data compare well to those reported in the literature for other
types of sheep wool [1,2,9,13,18], although they are somewhat smaller than those obtained
with high-quality Merino wool [22] and some other natural fibers [1,11,36]. The specific
strength and stiffness of the sheep wool fibers are comparable with some wood and plant
fibers and synthetic polymer fibers. These values confirm the suitability of wool fibers as a
reinforcement material for concrete and polymer composites [3,5,13].
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Figure 5. Representative stress-strain diagrams of wool fibers exposed to different environments;
LE = 30 mm.
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The presented data (Table 2) reveal the gauge length effect on the fiber strength
that is compatible with the weakest link concept. The strength and failure strain of long
(50 mm) fibers are about 40% lower than those for short (10 mm) fibers. A larger gauge
length indicates a higher probability of defects, larger flaw numbers, and, thus, lower
tensile strength [21,25]. Like all natural fibers, wool fibers inevitably develop internal
defects during their growth. Fibers break in the defective or weakest parts; thus, each
strength value in tests represents the strength of the weakest part of each fiber [24]. The
strength of fibers reduces as the gauge length increases due to the increased number of
flaws that appeared at a longer length. For instance, Zhang et al. [22] reported on the
gauge length effect on the strength of merino wool fibers: 215 MPa for short (10 mm)
and 200 Mpa for 100 mm long fibers. Similar effects are observed for various plant
fibers [21,23,25,33].

Environmental aging significantly affected the mechanical performance of the wool
fibers. Aged fibers possessed lower strength and stiffness compared to their pristine
counterparts (Figure 5). Stretching ability drastically decreased for UV-aged fibers, while
remaining unchanged or increased for moisture-saturated samples. At the same time,
UV irradiation moderately affected the elastic modulus of the fibers. According to the
data in Table 2 and comparing the average values for the reference and aged fibers of
a 30 mm gauge length, the strength reduction is by 13%, 34%, 42%, and 53% for RH98,
RH98-ext, UV, and UV-RH98 samples, respectively. For comparison with other studies,
the strength of dry and wet (100% RH) wool fibers differ by about 16% (260 MPa and
190 MPa, respectively) [9] and 12% (86 MPa and 75 MPa) [13]. Similarly, the elastic modulus
decreased by 22%, 43%, and 25% for RH98, RH98-ext, and UV-RH98 samples, respectively.
It can be concluded that the combined action of moisture and the UV resulted in higher
fiber degradation compared to that of single environmental factors. Long-term (2 months)
conditioning under a humid environment affected the strength and elastic modulus of the
fibers to a greater extent than their 1-week exposure. This fact cannot be solely related to
the plasticization effect of absorbed moisture, but it is associated with moisture-induced
structural degradation. The latter can, in turn, result in an additional moisture ingress
into the fibers and increase the negative impact on the strength. According to the data
of our previous study on moisture diffusion into the sheep wool (not shown here), the
“Fickian” saturation was achieved in 3 days and reached the value of about 23%. Thus,
RH98 fibers were assumed as fully saturated. In another study [13], it is reported that
ten minutes is a sufficient time for wool fibers to reach saturation in distilled water. The
moisture content of RH98-ext fibers was not evaluated in this study. At the same time, it
should be noted that neither short-term nor long-term exposure of the fibers to a humid
environment resulted in a noticeable change in their diameter (Section 4.1) and visual
appearance (Section 4.5). It is assumed that two counterbalancing processes are taking
place in moisture-saturated fibers. Absorbed moisture plays a role of a plasticizer and
facilitates movements of macromolecular chain segments of keratin, the main structural
part of sheep wool fibers. This results in increased failure strains. At the same time,
water ingress results in swelling and hydrolytic degradation, leading to the development
of additional defects in the fiber structure. Then, an opposite effect and decrease of the
ultimate strains are expected.
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Table 2. Mechanical characteristics and Weibull distribution parameters of the wool fibers.

Environment LE, mm Number
of Tests

<d> 1,
µm

<E>,
GPa

<σ>,
MPa <ε>, % m σ0

(R2, %) 2 mε
ε0

(R2, %)

Ref 10 20 37.63
(±4.50)

4.58
(±1.13)

178.0
(±37.2)

34.4
(±13.1) 4.80 311.6

(96%) 2.77 90.6
(94%)

30 42 38.14
(±5.72)

3.93
(±0.61)

142.8
(±30.3)

25.9
(±11.4) 5.62 283.1

(91%) 1.85 190.4
(93%)

50 25 37.14
(±4.66)

4.16
(±0.61)

105.8
(±31.7)

19.7
(±11.3) 3.59 353.43

(98%) 1.47 324.5
(96%)

RH98 10 25 37.29
(±4.55)

2.31
(±0.51)

136.0
(±28.3)

47.0
(±12.8) 5.33 226.9

(98%) 4.57 86.4
(95%)

30 30 41.68
(±5.39)

3.06
(±0.59)

124.1
(±23.8)

25.7
(±9.8) 5.99 236.2

(94%) 2.55 111.0
(95%)

50 25 36.97
(±3.86)

2.84
(±0.51)

110.3
(±26.7)

20.7
(±9.9) 4.65 279.3

(96%) 1.88 191.6
(95%)

RH98-ext 30 24 39.42
(±5.52)

2.23
(±0.53)

94.4
(±28.3)

30.6
(±8.6) 3.73 259.9

(98%) 3.66 86.6
(97%)

UV 10 26 35.97
(±3.80)

3.24
(±0.58)

104.5
(±26.8)

16.7
(±12.7) 3.95 207.1

(95%) 1.32 103.2
(94%)

30 23 40.05
(±8.10)

3.95
(±1.23)

82.4
(±33.9)

8.4
(±8.0) 2.56 353.2

(98%) 1.45 94.8
(79%)

50 25 34.83
(±5.00)

4.02
(±0.66)

88.8
(±16.9)

6.1
(±5.2) 6.06 182.2

(95%) 1.72 65.8
(77%)

UV-RH98 30 26 40.09
(±5.89)

2.95
(±0.76)

66.6
(±22.1)

9.0
(±7.0) 3.05 228.7

(98%) 1.66 77.9
(89%)

1 The mean diameter is the average diameter of N fibers, while the diameter for each fiber is the average value
from 5 measuring points along the fiber length. 2 R2 is the correlation coefficient in the Weibull plots.

The mechanical properties of natural fibers are well known to be strongly dependent
on their diameter [13,21,24]. Figure 6 demonstrates the elastic modulus and strength as
functions of diameters of the reference and aged wool fibers of the gauge length LE = 30 mm.
Each point on the graphs corresponds to the data from one test of a fiber with an average
within-fiber diameter, d. A decreasing trend is observed for the elastic modulus: fibers
of greater diameters possess lower stiffness in each sample group (Figure 6a). Similar
trends were reported for flax [21] and “Valle del Belice” sheep wool [13] fibers. Strength
exhibits high variability from fiber to fiber, although with no clear trend on their diameter
(Figure 6b). Environmental aging decreased the mechanical characteristics of the fibers but
did not affect the overall trends of their changes with diameter variations.

Polymers 2022, 14, x FOR PEER REVIEW 9 of 18 
 

 

 30 30 41.68 
(±5.39) 

3.06 
(±0.59) 

124.1 
(±23.8) 

25.7 (±9.8) 5.99 236.2 
(94%) 

2.55 111.0 
(95%) 

 50 25 36.97 
(±3.86) 

2.84 
(±0.51) 

110.3 
(±26.7) 

20.7 (±9.9) 4.65 279.3 
(96%) 

1.88 191.6 
(95%) 

RH98-ext 30 24 39.42 
(±5.52) 

2.23 
(±0.53) 

94.4 
(±28.3) 

30.6 (±8.6) 3.73 259.9 
(98%) 

3.66 86.6 
(97%) 

UV 10 26 35.97 
(±3.80) 

3.24 
(±0.58) 

104.5 
(±26.8) 

16.7 
(±12.7) 

3.95 207.1 
(95%) 

1.32 103.2 
(94%) 

 30 23 40.05 
(±8.10) 

3.95 
(±1.23) 

82.4 
(±33.9) 8.4 (±8.0) 2.56 353.2 

(98%) 1.45 94.8 
(79%) 

 50 25 
34.83 

(±5.00) 
4.02 

(±0.66) 
88.8 

(±16.9) 6.1 (±5.2) 6.06 
182.2 
(95%) 1.72 

65.8 
(77%) 

UV-RH98 30 26 
40.09 

(±5.89) 
2.95 

(±0.76) 
66.6 

(±22.1) 9.0 (±7.0) 3.05 
228.7 
(98%) 1.66 

77.9 
(89%) 

1 The mean diameter is the average diameter of N fibers, while the diameter for each fiber is the 
average value from 5 measuring points along the fiber length. 2 R2 is the correlation coefficient in 
the Weibull plots. 

The mechanical properties of natural fibers are well known to be strongly dependent 
on their diameter [13,21,24]. Figure 6 demonstrates the elastic modulus and strength as 
functions of diameters of the reference and aged wool fibers of the gauge length LE = 30 
mm. Each point on the graphs corresponds to the data from one test of a fiber with an 
average within-fiber diameter, d. A decreasing trend is observed for the elastic modulus: 
fibers of greater diameters possess lower stiffness in each sample group (Figure 6a). 
Similar trends were reported for flax [21] and “Valle del Belice” sheep wool [13] fibers. 
Strength exhibits high variability from fiber to fiber, although with no clear trend on their 
diameter (Figure 6b). Environmental aging decreased the mechanical characteristics of the 
fibers but did not affect the overall trends of their changes with diameter variations. 

 

Figure 6. Elastic modulus (a) and strength (b) as functions of the diameter of the reference and aged 
wool fibers; LE = 30 mm. 

According to literature data, the strength of fibers is assumed to be inversely 
proportional to their diameter [24]. However, this is not the case for the wool fibers under 
study. Figure 7a demonstrates the average strength, <σ>, as a function of the average fiber 
diameter, <d>, for all groups of samples. The strength values are within the data scatter 
range and do not indicate any specific relationship between <σ> and <d>. It is also known 
from the literature that the variability of diameters, expressed through the coefficient of 
variation 𝐶𝑉ௗ, increases with the length of fibers [22,23]. The linear log–log dependence 
between these two parameters gives the parameter 𝛼 in Equation (3), which represents 

0

1

2

3

4

5

6

7

0 10 20 30 40 50 60 70

E,
 G

Pa

d, μm

Ref
RH98
UV
RH98-ext
UV-RH98

a)

0

50

100

150

200

250

0 10 20 30 40 50 60 70

σ,
 M

Pa

d, μm

Ref
RH98
UV
RH98-ext
UV-RH98

b)

Figure 6. Elastic modulus (a) and strength (b) as functions of the diameter of the reference and aged
wool fibers; LE = 30 mm.
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According to literature data, the strength of fibers is assumed to be inversely pro-
portional to their diameter [24]. However, this is not the case for the wool fibers under
study. Figure 7a demonstrates the average strength, <σ>, as a function of the average fiber
diameter, <d>, for all groups of samples. The strength values are within the data scatter
range and do not indicate any specific relationship between <σ> and <d>. It is also known
from the literature that the variability of diameters, expressed through the coefficient of
variation CVd, increases with the length of fibers [22,23]. The linear log–log dependence
between these two parameters gives the parameter α in Equation (3), which represents the
slope of the line [25,32]. Figure 7b shows ln(CVd) versus ln(L) dependence for the wool
fibers under study. Contrary to the premises, no clear trend between these two parameters
is observed. Thus, effects from diameter variation among fibers are ignored in further data
analysis, and α = 1 in Equations (3)–(7).
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Figure 7. Average fiber strength as a function of fiber diameter (a) and relationship between the
coefficient of variation of diameter and fiber length (b).

The axial strength and stiffness of fibers are determined by their internal structure;
thus, these mechanical characteristics are usually correlated [18,21]. In addition, this
relationship, although with some deviations, remains valid after the environmental aging
of a material [37]. Figure 8 shows the strength versus the elastic modulus for all tested
samples, i.e., for the reference and aged wool fibers of different gauge lengths. One point
on the graph represents the data of a tensile test of a specific fiber. Despite noticeable data
scatter, a definite trend is observed: fibers with a higher elastic modulus possess higher
strength. Environmental aging results in a decrease of both mechanical characteristics.
Longer fibers possess lower σ and E values within each group of aged samples (Figure 8
and Table 2).
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Figure 8. Strength versus the elastic modulus for wool fibers of different lengths (LE) from different
environments.

4.3. Weibull Strength Distribution Analysis

Based on Equation (4), modified Weibull linear plots of ln(− ln(1− P))− α ln(L) vs.
ln σ of the reference fibers at different gauge lengths are shown in Figure 9. Similar plots
were obtained for environmentally aged fibers. Due to weak correlations between the
ultimate properties and diameter of fibers (Figure 7), α was assumed to be equal to unity
in all calculations. The correlation coefficients, R2, are mostly in the range of 95%–98%
(Table 2), indicating a reasonable degree of linearity between the linear regression of the
fiber strength and experimental data.
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Figure 9. Weibull plots for fiber strength at different gauge lengths.

The strength distribution of the reference and environmentally aged fibers is shown
in Figure 10. The data confirm the applicability of the Weibull distribution for the wool
fiber tensile strength analysis both in the reference state and after their aging. An increase
in the gauge length of fibers, as well as their exposure to a humid environment and UV
irradiation, resulted in a horizontal shift of P(σ) curves to lower σ values. Some deviations
from the Weibull distribution can be associated with the weakest fibers and is related to
their damage during the sample preparation process. The Weibull parameters m and σ0 of
the reference and aged fibers are listed in Table 2.
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Figure 10. Strength distribution of the reference fibers of different gauge lengths (a) and fibers from
different environments with LE = 30 mm (b). Lines are calculations by Equation (3).

Figure 11a represents the dependence of the average strength on the gauge length of
fibers and related predictions using Equation (5). The Weibull distribution parameters used
for calculations are shown near the curves. These values are of the same order but different
from those obtained by linear regression of the Weibull plots, and are listed in Table 2.
Similar notes were made in other studies considering flax fiber strength distribution [21,26].
At the same time, changes in σ0 caused by fiber aging and determined by fitting Equation
(5) correlate well with changes in the average strength (Section 4.2 and Table 2); the σ0
of RH98 and UV samples is 14% and 44% lower than that of the reference fibers with a
σ0 = 360 MPa. The scale parameter σ0, related to the characteristic strength of the fibers,
reduces due to the increased number of flaws caused by aging effects and fiber degradation.

The Weibull shape parameter, m, of the reference wool fibers takes the values from
3.6 to 5.6 (Table 2) that correlate well with data for various natural fibers reported else-
where [21,23,25,33]. Weak correlations between the parameter m and the gauge length of
fibers were established within each group of samples, although the literature data often
reveal that m decreases as the fiber length increases, i.e., longer gauge length results in
greater strength scatter [23,25,30]. An increasing trend is noticed for m determined by
fitting the average strength data by Equation (5). In this formulation and data presentation,
according to Figure 11a, a higher m is associated with a lower dependence, <σ>, vs. LE.
Thus, aging, particularly UV irradiation, resulted in the mitigation of the gauge length
effect on the strength of the wool fibers. This fact indicates a leveling of the number of
defects per fiber length after their exposure to harsh environments.
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Figure 11. Strength (a) and failure strain (b) as functions of the gauge length of fibers from different
environments. Solid lines are calculations by Equations (5) and (7), respectively; α = 1.

4.4. Weibull Failure Strain Distribution Analysis

Failure strain distribution analysis is similar to that done for the strength and described
in Section 4.3. The modified Weibull plots ln(− ln(1− P))− α ln(L) vs. ln ε for the reference
and aged fibers (RH98 and UV-RH98) of a 30 mm gauge length are shown in Figure 12.
Similar plots were obtained for all groups of fibers. Weibull parameters mε and ε0 according
to Equation (6) are listed in Table 2. Due to weak correlations between the ultimate
properties and diameter of the fibers, as mentioned above, it is assumed α = 1.
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Figure 12. Weibull plots for failure strain of fibers in the reference and aged states at LE = 30 mm.

Figure 13 demonstrates the failure strain distribution of the reference and aged fibers.
Overall, the data confirm the applicability of the two-parameter Weibull distribution for
the failure strain analysis of wool fibers. However, the linear regression of the failure
strain is characterized by lower correlation coefficients (R2 = 77–95%) compared to those
obtained at the strength analysis (Table 2). mε values are in the range of 1.3–4.6, which are
also noticeably lower than m. These facts indicate a higher data dispersion for the failure
strain compared to the strength, which can also be noticed by comparing the fitting data in
Figures 10 and 13. Similar to the strength data, an increase in the gauge length of fibers
resulted in a horizontal shift of P(ε) curves to lower ε values (Figure 10a). The same effect
is observed for UV-aged fibers and the opposite shift to a higher ε for moistened fibers.
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Figure 13. Failure strain distribution of the reference fibers of different gauge lengths (a) and fibers
from different environments with an LE = 30 mm (b). Lines are calculations by Equation (5).

The average failure strain dependencies on the gauge length of the fibers for the
reference and aged fibers are shown in Figure 11b. The data are finely fitted by Equation (7),
with parameters shown near the curves. The characteristic failure strain, ε0, of the UV-aged
fibers has the lowest value, 35%, which is 65% lower than that for the reference fibers.
Due to plasticized effect of moisture, RH98 fibers possess higher deformations that appear
in higher (up to 23%) ε0 compared to the unaged counterparts. These results correlate
well with changes in the average failure strain (Table 2). Analogously to the discussions
in Figure 11a for the strength data, a higher mε for UV-aged fibers is associated with a
smoothened shape of the dependence <ε> vs. LE. In other words, the gauge length effect on
the failure strain of the fibers is mitigated after UV exposure. An opposite trend is observed
for the moisture-saturated fibers.

4.5. Optical Microscopy and SEM Investigations

Optical micrographs of the reference wool fibers are shown in Figure 14. SEM pictures
of the reference and UV-aged wool fibers are shown in Figure 15. Wool fibers are non-
uniform and have a unique surface structure of overlapping scales called cuticle cells. A
scaly surface of the fiber contributes to the wool’s ability to felt and enhance adhesion when
used as a reinforcement in composites.

442



Polymers 2022, 14, 2651Polymers 2022, 14, x FOR PEER REVIEW 15 of 18 
 

 

  
Figure 14. Optical micrographs of the reference wool fibers: original (a) and with a fluorescence 
filter set (b). 

  

Figure 15. SEM images of the reference (a) and UV-aged wool fiber (b). 

Fibers conditioned under a humid environment did not show any noticeable changes 
in their visual appearance that could be observed by an optical microscope. SEM is not 
efficient for the analysis of surface changes of moisture-saturated wool fibers since 
moisture is desorbed during sample preparation and investigation, and it greatly affects 
the quality of images. UV irradiation damaged the wool fibers and appears on their loose 
and non-smooth surface. This resulted in the brittleness of the fibers. In addition, 
yellowing of UV-aged fibers was noticed. Although yellowing is hardly to be 
distinguished when considering single fibers, this is well seen by the eye for wool balls 
(Figure 16). Further investigations are needed for quantified color analysis of wool 
yellowing. Despite degradation effects, diameters of all fibers before and after aging 
remained within the distribution range (Section 4.1). 

 
Figure 16. Photo of wool balls of the reference (left) and UV-aged (right) fibers. 

The wool cuticle is very resistant, which is due to the high degree of disulfide and 
isopeptide cross-linking. In the majority of cases, the amino acids in the cuticle are altered 
to a greater extent than in the cortex, as the outer layers of fibers receive more exposure to 
radiation. Since the cuticle protects the cortex, damage to this region usually occurs after 

Figure 14. Optical micrographs of the reference wool fibers: original (a) and with a fluorescence filter
set (b).

Polymers 2022, 14, x FOR PEER REVIEW 15 of 18 
 

 

  
Figure 14. Optical micrographs of the reference wool fibers: original (a) and with a fluorescence 
filter set (b). 

  

Figure 15. SEM images of the reference (a) and UV-aged wool fiber (b). 

Fibers conditioned under a humid environment did not show any noticeable changes 
in their visual appearance that could be observed by an optical microscope. SEM is not 
efficient for the analysis of surface changes of moisture-saturated wool fibers since 
moisture is desorbed during sample preparation and investigation, and it greatly affects 
the quality of images. UV irradiation damaged the wool fibers and appears on their loose 
and non-smooth surface. This resulted in the brittleness of the fibers. In addition, 
yellowing of UV-aged fibers was noticed. Although yellowing is hardly to be 
distinguished when considering single fibers, this is well seen by the eye for wool balls 
(Figure 16). Further investigations are needed for quantified color analysis of wool 
yellowing. Despite degradation effects, diameters of all fibers before and after aging 
remained within the distribution range (Section 4.1). 

 
Figure 16. Photo of wool balls of the reference (left) and UV-aged (right) fibers. 

The wool cuticle is very resistant, which is due to the high degree of disulfide and 
isopeptide cross-linking. In the majority of cases, the amino acids in the cuticle are altered 
to a greater extent than in the cortex, as the outer layers of fibers receive more exposure to 
radiation. Since the cuticle protects the cortex, damage to this region usually occurs after 

Figure 15. SEM images of the reference (a) and UV-aged wool fiber (b).

Fibers conditioned under a humid environment did not show any noticeable changes
in their visual appearance that could be observed by an optical microscope. SEM is
not efficient for the analysis of surface changes of moisture-saturated wool fibers since
moisture is desorbed during sample preparation and investigation, and it greatly affects
the quality of images. UV irradiation damaged the wool fibers and appears on their
loose and non-smooth surface. This resulted in the brittleness of the fibers. In addition,
yellowing of UV-aged fibers was noticed. Although yellowing is hardly to be distinguished
when considering single fibers, this is well seen by the eye for wool balls (Figure 16).
Further investigations are needed for quantified color analysis of wool yellowing. Despite
degradation effects, diameters of all fibers before and after aging remained within the
distribution range (Section 4.1).
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Figure 16. Photo of wool balls of the reference (left) and UV-aged (right) fibers.

The wool cuticle is very resistant, which is due to the high degree of disulfide and
isopeptide cross-linking. In the majority of cases, the amino acids in the cuticle are altered
to a greater extent than in the cortex, as the outer layers of fibers receive more exposure to
radiation. Since the cuticle protects the cortex, damage to this region usually occurs after
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extensive damage to the hair cuticle. These defects cause cystine degradation, but the exact
mechanism is not precisely known [38].

The literature shows that photodegradation of cystine occurs via the C-S fission
pathway and is unlike the chemical oxidation of cystine, which occurs mainly via the S-S
fission pathway. Melanin provides a form of photochemical protection for hair proteins by
absorbing and filtering falling radiation and then transferring this energy as heat. Its high
absorption capacity can be attributed to an extensive system of conjugated carbonyl groups
and double bonds. It not only traps a large part of the radiation but also immobilizes many
of the free radicals, preventing the transfer of these free radicals into the keratin matrix.
However, protecting the fiber proteins from light breaks down or bleaches the pigments.
UV irradiation causes the formation of oxyradicals such as superoxide (O2•−) and hydroxyl
(OH•). These compounds have a single unpaired electron in the outer orbital, which gives
them a very strong ability to react, especially with molecules with a double bond structure,
such as unsaturated lipids. These changes are believed to be caused by UV light-induced
oxidation of sulfur-containing molecules in the fiber cortex [39].

In peptides and proteins, in particular, the hydrolytic reaction breaks the amide bond
of the peptide and protein with a water molecule. This process results in the conversion of
asparagine (Asn) to aspartic acid (Asp) (deamidation), the formation of protein fragments
(peptide bond cleavage), or the cyclization of adjacent amino acid residues such as Arg-
Pro and Lys-Pro [40]. Further investigations are needed to comprehend the degradation
phenomena caused by environmental aging. Some results of the structural characterization
of wool fibers will be highlighted in the next study.

5. Conclusions

Latvian dark-headed sheep wool fibers, those that are virgin, and those after environ-
mental aging, were tested. The results of single fiber tensile tests showed a noticeable gauge
length effect on the mechanical characteristics of the fibers. The strength and failure strain
of long (50 mm) fibers are about 40% lower than those for short (10 mm) fibers. The elastic
modulus decreased, but strength showed weak correlations with the growing diameter
of fibers of each group. Environmental aging significantly affected the wool’s mechanical
performance. Aged fibers possessed lower strength and stiffness compared to their pristine
counterparts. Long-term conditioning of fibers under a humid environment resulted in a
decrease of the strength and elastic modulus of 34% and 43%, respectively. UV-aged fibers
possessed up to a twofold reduction in the ultimate mechanical characteristics. The most
severe degradation effect was observed under the coupled influence of moisture and UV
irradiation.

Weibull distribution was utilized for statistical data analysis. The strength and failure
strain was estimated by the two-parameter Weibull model, and their gauge length depen-
dences were well-fitted by the model. The dispersion of the results is compatible with the
nature of fibers and allows characterization of its mechanical behavior with reasonable
confidence. Moisture-saturated and UV-aged fibers are characterized by less extensive
strength dependencies on the fiber length. Environmental aging resulted in a horizontal
shift of the strength and failure strain distributions to lower values.

The obtained results can be useful for material designers and engineers in selecting
appropriate eco-friendly components for specific applications and predicting their environ-
mental durability. Comprehensive characterization of wool fibers will promote their use in
novel technical applications, contributing in this way to the effective use of local natural
resources and waste management.
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Abstract: The short life cycle and recalcitrant nature of petroleum-based plastics have been associated
with plastic waste accumulation due to their composition rather than worldwide overproduction. The
drive to replace single-use products has sparked a considerable amount of research work to discover
sustainable options for petroleum-based plastics. Bioplastics open up a new horizon in plastics
manufacturing operations and industrial sectors because of their low environmental impact, superior
biodegradability, and contribution to sustainable goals. Their mechanical properties regarding tensile,
flexural, hardness, and impact strength vary substantially. Various attempts have been made to
augment their mechanical characteristics and capacities by incorporating reinforcement materials,
such as inorganic and lignocellulosic fibres. This review summarizes the research on the properties of
bioplastics modified by fibre reinforcement, with a focus on mechanical performance. The mechanical
properties of reinforced bioplastics are significantly driven by parameters such as filler type, filler
percentage, and aspect ratio. Fibre treatment aims to promote fibre–matrix adhesion by changing their
physical, chemical, thermal, and mechanical properties. A general overview of how different filler
treatments affect the mechanical properties of the composite is also presented. Lastly, the application
of natural fibre-reinforced bioplastics in the automobile, construction, and packaging industries
is discussed.

Keywords: mechanical properties; physical treatment; chemical treatment; biological treatment

1. Introduction of Bioplastics

Plastics represent a broad category of polymer composites that constitute polymers
as a building block. Polymeric materials can be divided into either thermoplastic (which
softens when heated and stiffens again when cooled) or thermosetting polymers (which do
not soften when they have been moulded). Most thermoplastic and thermosetting materials
in present industrial use are petroleum-derived and non-renewable, posing a limitation
to the polymer industry [1,2]. As a result, plastic waste has been primarily portrayed
as a plastic composition issue rather than a global overproduction problem. Thankfully,
plastics can be more sustainable through the convergence of technology improvements and
consumer preferences, making them more achievable than ever. Bioplastic is the foundation
of the principle of sustainable development, from exploiting more renewable content and
recycling materials, to lowering manufacturing energy and returning material to nature at
the end of its life. They reduce the pollutants induced by petroleum-derived plastics that
remain solid for centuries, signalling a new era of packing technology and industry. The
demand for bioplastics has gone through the roof in both industry and research. This is
because people are worried about pollution in the environment more than ever, and local
and international groups are passing stricter laws to protect the environment.
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Bioplastics are a type of plastic material that is bio-based, biodegradable, or both,
depending on the source from which they were created. To put it another way, the term
bioplastic also refers to petroleum-based plastics that are biodegradable. It can be any
combination of bio-based (partially, completely, or non-biobased), biodegradable, or com-
postable, provided that it is not both non-bio-based and non-biodegradable. “Bio-based” is
termed as products created from biological material derived from biomass such as plants,
bacteria, algae, etc. [1,3]. For instance, in conventional plastics (i.e., petroleum-derived
and non-biodegradable), the traditional petrochemical resin is replaced by biopolymers
extracted from animals or plants, while synthetic glass or carbon fibres are substituted
by natural fibres like jute, bamboo, flax, and hemp [4–7]. The word “biodegradability”
refers to a broad range of enzymatic and/or chemical reactions mediated by bacteria or
biological organisms, the efficiencies of which are governed by the conditions in which
these polymers biodegrade [8]. Microorganisms, industrial or home composting as an end-
of-life option, as well as anaerobic digestion, may also decompose bioplastics, encouraging
a more sustainable circular economy [9]. The substitution of petroleum-based feedstock
with renewable feedstock provides an extra benefit as it relies less on fossil fuel as the
carbon source. Nevertheless, it does not imply that the need for fossil fuels is eliminated.
With this, the amount of greenhouse gas emissions associated with bioplastic production
is reduced. Because the carbon dioxide (CO2) taken from the air during photosynthesis
compensates for the CO2 released during biodegradation, it can be carbon neutral or even
carbon negative [10,11].

With emerging innovation, it is now possible to design more sustainable plastics
with distinct physical and aesthetic properties to compete with conventional plastics like
polystyrene (PS), polypropylene (PP), and polyethylene terephthalate (PET). New bio-based
materials have the increasingly popular ability to minimise environmental concerns while
addressing the existing polymer and composite demand [1]. Bioplastic can be tailored to
behave similarly to traditional plastics in the manufacturing phase but also excel from a
performance standpoint. Currently, bioplastics account for only a relatively low proportion
of global plastics production [10]. The cost of bioplastics is the main concern for the future
extent of implementation as commercial manufacturing processes are expensive [8]. In this
context, manufacturing costs can be cut down by integrating organic waste and residues,
thus lowering the number of biodegradable polymers required to make bioplastics [2].
Metabolic and genetic engineering advancements have led to microbial and plant strains
that may considerably boost yields and production capacities while being cost-effective [12].
When these considerations are paired with the conservation of scarce fossil fuels and the
increment of environmental consciousness, it is foreseeable that the market dominance for
bioplastics may develop in the future and replace petroleum-based single-use products,
such as containers, straws, cups, and cutlery.

2. Types of Bioplastics and Process of Moulding Different Types of Bioplastics

Bioplastics, unlike conventional plastics, are mostly derived from renewable raw
materials, including vegetable fats, oils, whey, starch, cellulose, and chitosan [1,3,10]. They
are classified into two groups based on their backbone chemical composition: bio-based
plastics and biodegradable plastics.

Bio-based plastics can be either biodegradable or non-biodegradable. Aliphatic
polyesters like poly(lactic acid) (PLA), polyhydroxyalkanoates (PHA), starch, and cel-
lulose are examples of both bio-based and biodegradable plastics. PLA is a thermoplas-
tic biodegradable polyester that is produced through the polymerisation of bio-derived
monomers, such as corn, potato, sugarcane, etc. It is recognised as one of the most popular
“green” polymers in the polymer market, extensively used in food packaging applications
and the biomedical sector [13]. In addition, PHA is an aliphatic bioplastic synthesised natu-
rally by bacteria through the fermentation of lipids and sugar [14]. Besides utilising natural
resources such as glucose, starch, and edible oils as the substrate for PHA production,
several academics have investigated the potential of employing industrial, agricultural, and
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food waste, along with wastewater [12,15–17]. Starch is a biodegradable polysaccharide
polymer that is widely used in food packaging applications owing to its abundance, low
material cost, and food safety [18]. To be treated as a deformable thermoplastic polymer, a
plasticiser (urea, glycerol, or sorbitol) with the addition of water to produce thermoplastic
starch (TPS) under elevated temperature. TPS can then be extruded to make foam and solid
moulded objects [19]. Cellulose, a polysaccharide composed of β-D-glucose subunits, is
another biodegradable polymer [11].

As previously mentioned, the fact that they are bio-based does not imply that they are
inherently biodegradable; that is, they contain renewable or fossil-fuel-based carbon [1]. For
example, bio-polyethylene terephthalate (bio-PET), polyethylene-2,5-furandicarboxylate
(PEF), and bio-polyethylene (bio-PE) are chemically identical to fossil-based PET and
polyethylene (PE) [20]. This plastic type accounts for more than 42% of global bioplastic
production capacities [3]. Polyamides (PA) represent another example of non-biodegradable
bioplastics with high mechanical strength used in medical implants [21]. Over the years,
attention has turned to PEF, a new polymer expected to hit the global market by 2023. PEF
is like PET, but it is made entirely of bio-based materials and has better barrier properties,
making it a great choice for bottles of drinks [10].

Aside from that, there are hydrocarbon thermoplastics that can be produced from
renewable resources to replace a portion of the monomer, one of which is poly(1-butene)
(PB). Cui et al. [22] synthesised isotactic poly(1-butene) (iPB) from eugenol, which is a
phenol compound that can be extracted from different types of plant oil, such as clove oil,
laurel oil, and camphor oil. The monomer of 1-butene and eugenol were copolymerized
in the presence of Ziegler-Natta as a catalyst. The results indicated that the introduction
of eugenol in the synthesis of poly(1-butene) has improved the thermal stability of the
product and prevented the thermo-oxidative reaction of the polymer chain.

To specify whether the material is biodegradable or compostable, specific standards
and protocols are required, which are standardised by the International Organization for
Standardization (ISO), the American Society for Testing and Materials (ASTM Interna-
tional), government institutions, and other associations [1,23]. Their biodegradability is
primarily determined by their physical and chemical structures but also by the environ-
mental conditions in which they are placed [10,23]. Biodegradable polymers are typically
derived from biological sources, but they can also be derived from petroleum resources.
Biodegradable but non-biologically derived polymers include poly(butylene adipate-co-
terephthalate) (PBAT), polycaprolactone (PCL), polyvinyl alcohol (PVA), and polybutylene
succinate (PBS) [13].

There are different approaches for producing green composites, including injection
moulding (IM), compression moulding (CM), extrusion, calendaring, thermoforming, and
resin transfer moulding (RTM) [24–26]. Broadly, the selection of the processing techniques
is a trade-off between the processing time, production cost, and final product design, shape,
and size. The technique chosen affects the fibre dispersion, orientation, and aspect ratio,
hence defining the mechanical properties [7,27]. Additionally, the processing conditions,
such as temperature, pressure, and speed, vary from one technique to another. Factors,
such as fibre length, content, type, and moisture content, can also affect the manufacturing
process. For instance, there is a possibility that fibre would be thermally degraded if the
temperature used is too high; therefore, it is preferable for those matrices that have melting
points lower than the degradation temperature [26]. In view of this, it is essential to use the
right methods and parameters to get the best results when making composites.

Injection moulding is a closed moulding process, which involves injecting a material
into a mould under elevated temperatures and pressure. This technique is suitable for
fabricating metal, glass, thermoplastic or thermosetting materials into assorted sizes and
shapes of plastic products within a short time with high precision [21,28,29]. This process
necessitates the use of an IM machine (equipped with a hopper, plunger, a heating unit,
and a clamping system), raw plastic material, and a mould or die. The cycle starts with the
injection stage, followed by the holding and plasticising stages, and finally the ejection of
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the moulded component. During the injection stage, the injection moulding compound
(IMC) is introduced into the injection chamber via the feed hopper. After that, IMC will be
conveyed by a screw-type plunger into a heated barrel, which transforms it into liquid form.
It is then mechanically transferred into the closed mould cavity to cool and acquire the
desired shape. During the holding and plasticising stages, the mould is kept at a constant
temperature and pressure so that the melt can solidify rapidly after it is filled. Once the
compound is hardened, the mould plates will open and eject the finished part via ejector
pins. A new cycle can be started at this stage [28–30]. Regrettably, the significant expense
of producing the mould is frequently a hurdle to IM technology. This method works best
for the large-scale mass production of identical products [31].

Compression moulding is a traditional manufacturing technique that involves pressing
thermoset and thermoplastic materials in the form of granules, sheets, or prepregs between
two matched metal dies with huge presses [30]. The short cycle time and high production
rate of CM make it ideal for applications in the automobile industry [7,27]. The common
intermediate materials are sheet moulding compound (SMC), bulk moulding compound
(BMC) prepregs, and glass mat thermoplastics (GMT). SMC and BMC are applicable to
thermoset matrices, whereas GMT is normally used for thermoplastic matrices. CM can
also be divided into two types, namely cold and hot CM. In cold CM, only pressure is
applied, as it requires only room temperature for the curing process, whereas both heat
and pressure are necessary for the latter [32]. The mould is preheated before transferring
the heat to the composite and starting the curing process. Plastic materials are placed in
between two preheated moulds, which are then pressed against each other and take the
shape of the mould cavity with great dimensional accuracy. The process is carried out at a
high temperature and pressure, depending on the requirements of the composite, for a set
period until the moulding material is shaped [29,33]. It is also critical to keep the pressing
time under control. Otherwise, there is a risk of cracking, scorching, or warping [28]. The
advantages of the CM include a short cycle time and the potential to mould large, complex
parts in a variety of forms and sizes. It helps to reduce waste material, which gives it a
significant benefit when working with high-cost materials. In addition, it is one of the least
expensive moulding techniques when compared to other production processes such as IM
and RTM [31].

In extrusion, a thermoplastic resin is heated and plasticised through the action of the
barrel of the extruder and the rotating screws. It is then extruded and driven out of the
chamber via a die to form different cross-section products. This method has been adapted
to fabricate short-fibre composites and may be utilised to make an IM precursor [30]. There
are two types of extruder machines: single-screw and twin-screw. The former provides
consistent mixing and distribution depending on the material’s viscosity, whereas the latter
is mostly preferred with short fibres to achieve more intense mixing [34]. A twin-screw
system is applicable in the field of compounding and polymer blending, which gives better
mechanical performance than a single-screw extruder [26]. Thermoforming is a unique
method of transforming thermoplastic plastic sheets into functional plastic products. The
sheet material is clamped and heated until it softens. Under the action of an external force
(vacuum or air pressure), the softened sheet is forced against the shape of the mould. After
cooling and shaping, the product is finished. Food packaging is the most prevalent use for
thermoformed containers, trays, cups, and jars [11,35].

3. Mechanical Properties of Different Types of Bioplastics

There are various mechanical assessments performed to comprehend the compos-
ite with indicators including tensile, flexural, impact, and hardness tests. The study of
mechanical characterisations from different tests reveals the mechanical behaviour of a
polymer composite and provides information on the composite’s suitability for its in-
tended purpose [7,36]. The design criteria and specific application of the composite may
be accessed by comparing multiple properties [37].
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3.1. Tensile Properties

Tensile testing is among the most basic and intensively studied mechanical testing
methods for polymeric materials, owing to its simplicity of testing and ease of interpretation
of the results. It is often termed “tension testing” and is used to evaluate the stress-strain
behaviour under tension [7]. During tensile testing, a tensile force (pulling force) is exerted
on the material, and the specimens’ response to the applied force (stress) is quantified.
The samples are subjected to controlled tension until failure occurs. A stress-strain curve
can be developed through this test to obtain the tensile strength, modulus of elasticity
(Young’s modulus), and elongation at break of the samples assessed [38]. The tensile
strength indicates the highest stress that the specimen could sustain before it broke, as well
as how much it stretches before it breaks [39].

3.2. Flexural Properties

The flexural test, also called the transverse beam test, is used to measure flexural
strength and flexural modulus. It is a basic parameter to determine the feasibility of
composite materials for structural applications [36]. Flexural properties are the outcome of
the simultaneous effect of tensile, compressive, and shear stresses in the materials. Under
flexural loading, a rectangular cross-section specimen is loaded in either a three-point
bending or four-point bending mode [7]. The interfacial connection between fibre and
matrix, and the extent of tension transfer between fibre and matrix, governed the flexural
properties [5]. The flexural strength indicates the maximum breaking stress at failure,
whereas the flexural modulus reflects the ratio of applied stress to deflection, computed
from the starting slope of the stress-strain deflection curve [7,39,40]. These two values tell
us the sample’s resistance to flexure or bending forces.

3.3. Impact Properties

The impact test is used to evaluate structural materials’ impact strength, toughness,
and notch sensitivity, measured either by Charpy or Izod impact tests. The impact strength
reflected the material’s capacity to tolerate high-rate loading [7,39]. Toughness is a measure
of the total energy absorbed per unit volume of material up to the point of rupture. Its
value is quantified by measuring the total area under the stress-strain curve. Tough and
brittle materials have high and low work-to-fracture values, respectively. Most polymer
materials require an impact test because it concerns product performance, safety, liability,
and service life [21,36,41].

3.4. Hardness

The hardness of a material signifies how resistant it is to abrasion, indentation, scratch-
ing, and plastic deformation under compressive load. These properties outline the mate-
rial’s wear and tear [42]. The surface hardness value can be determined by the Rockwell,
Vickers, Brinell, and Shore hardness testers [43,44]. A greater hardness value suggests
that the material is tougher and more resistant to penetration by other materials. From an
engineering standpoint, a material’s hardness is a benefit because it makes it less likely to
wear down due to friction or erosion by water, oil, or steam [36].

4. Reinforcement Materials for Bioplastics

Bioplastics in the biocomposite category can be reinforced with reinforcing agents like
inorganic fillers and natural fibres to increase their mechanical strength [1,3]. Fillers are of-
ten inexpensive, making the filler-reinforced biocomposites more economical. Importantly,
these biocomposites unlock a new channel for the creation of innovative polymeric mate-
rials with more fascinating features [45]. In composite materials, a polymer matrix holds
the fibres together, transfers the load to them, and distributes the load evenly. The fibres,
on the other hand, serve as the primary load-bearing component because of their superior
strength and modulus [46]. Figure 1 presents a schematic diagram of the filler–matrix
interface, in which stress acting on the matrix is conveyed to the filler via the interface. For
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the composite to perform effectively, both phases must be well-bonded. When stress is
transmitted, fibre–matrix adhesion is localised to the interphase region, which is a three-
dimensional area between the phases, as illustrated in Figure 1b. With the formation of
a “bridge” in the interface region, the efficiency of stress transmission can be enhanced.
Likewise, the structure and properties of the interface are considered since they have a
direct influence on the physical and mechanical characteristics of composite materials [47].
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4.1. Inorganic Filler

Synthetic man-made fibres created by chemical synthesis are further categorised as
organic or inorganic based on their composition. Glass fibre (GF), carbon fibre (CF), metal
fibre, and ceramic fibre belong to the category of inorganic synthetic fibres [48]. These
fibres are made from materials such as silica, alumina, aluminium silicate, zirconia, boron,
boron carbide, boron nitride, graphite, silicon boride, silicon carbide (SiC), silicon nitride
(SiN), etc. Inorganic fibre composites have been used to make lightweight structural
materials with excellent strength and modulus values that can be tuned to specific loading
requirements. They are heat-resistant, more robust, stiff, and have a higher melting point
than conventional fibres [49].

Among these fibres, glass and carbon fibre are the most commonly used, with signifi-
cant advances in plastic reinforcement applications. GF was the first continuous inorganic
fibre, invented around 80 years ago [50]. They are abundant, available at cheap rates, and
easy to use. GFs come in a variety of structures, including rambling, chopped strands,
threads, fabrics, and mats, serving distinct functions for GFRP composite formation [31].
Numerous types of GFs are commonly used in polymer composites, depending on the
raw materials employed and their quantities. Examples of GFs are A-Glass, C-Glass,
D-Glass, E-Glass, R-Glass, etc. E-glass is the most universally used fibre in polymer
composites [49,51,52]. GFs are usually employed in electronics, marine, aviation, and
automotive applications. They have superior strength and durability, as well as thermal
stability, impact resistance, electric insulators, and incombustibility.

Carbon fibres are fibres containing at least 92% carbon by weight, which first emerged
in the market in the 1960s. The outstanding mechanical strength, stiffness, modulus of
elasticity, high-temperature tolerance, and chemically inertness accurately describe these
fibres [49]. Furthermore, alkaline materials and ultraviolet (UV) light do not affect CFs.
These properties have made them very appealing in numerous engineering industries,
including aerospace, civil engineering, sports, marine transportation, and the automobile
industry. The main weakness of CFs is their high capital cost when compared to GFs, plastic
fibres, or naturally occurring fibres. Moreover, their impact properties are comparatively
weaker than those of GFs, but they are stiff and strong like steel [31].

4.2. Lignocellulosic Materials

The use of lignocellulosic fibre reinforcement has dominated research in recent years.
A plant-derived natural fibre is known as lignocellulosic fibre (LCF). These are composed
of cellulose, hemicellulose, lignin, pectin, waxes, and other water-soluble substances. The
composition and percentages of these components differ depending on the type of biomass.
Hence, they exhibit diverse mechanical behaviour [46]. Given their abundance, low density,
non-abrasive, high specific mechanical strength, and modulus, these fibres are suitable for
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composite materials where the ideal property is centrally weight reduction. In addition
to the enhancement of the properties of biopolymer composites, LCFs have also been
reported to improve biodegradation at the end-use [53]. For modern uses, LCF-reinforced
composites are better than synthetic fibre-reinforced composites for two reasons: they are
cheaper and better for the environment.

The major framework component of lignocellulosic biomass is cellulose, which is
a long-chain polysaccharide composed of D-glucopyranose units interlinked with β-1,4-
glucosidic bonds [54]. Cellulose exists in both crystalline and amorphous regions, with
crystalline cellulose consisting of chains with an orderly molecular arrangement and amor-
phous cellulose consisting of random arrangements [55]. Crystalline cellulose imparts
strength and stability to the fibre. Because of the strong intramolecular hydrogen bonding,
the hydroxyl groups (OH) within crystalline cellulose molecules are impermeable to chemi-
cals, even water molecules. On the other hand, amorphous cellulose is soluble and more
susceptible to enzyme degradation. The OH group in this region forms hydrogen bonds,
allows water molecules to pass through, and gives polar fibres [46,56].

In contrast to cellulose, hemicellulose is a short-branched heteropolymer that exists
in plants as an amorphous form, connected to cellulose microfibrils via hydrogen bond-
ing, providing structural support to the fibre [57]. Hydrophilic hemicellulose is more
prone to alkali and acid degradation [27]. Structurally, amorphous lignin synthesised by
phenylpropane units that are arranged in a complex three-dimensional network structure is
non-water-soluble and optically inactive. Lignin, coupled with cellulose and hemicellulose,
provides additional strength to the hemicellulose–cellulose network [58,59].

4.3. Bacterial Cellulose

In addition to plant-based biomass, bacterial cellulose has become in demand due
to its purity (without lignin, hemicellulose, and pectin as compared to plant cellulose),
high aspect ratio, and high crystallinity [60]. Owing to its non-toxicity and mechanical
stability characteristics, bacterial cellulose has received high demand for biomedical medical
applications [61]. Wang et al. [62] have proven that bacterial cellulose could be used as
a reinforcement to improve the mechanical properties of the composites as compared
to the neat thermoplastic matrix. This improvement could be further enhanced when
the bacterial cellulose was esterified, where a better bacterial cellulose distribution was
indicated due to better interface compatibility [63]. Hence, based on the performance of
bacterial cellulose-reinforced thermoplastic, it is believed to be an effective reinforcement
for bioplastic.

5. Mechanical Properties of Reinforced Bioplastics

In the past decades, it has been a research hotspot to optimise the characteristics of
polymers by integrating fillers, and research articles have been published to update the
forefront of polymer-based composites for structural applications [4,37]. In this section, the
focus is given to the mechanical behaviour of biocomposite materials. These mechanical
studies are pivotal factors in correlating the changes to the bioplastic following reinforce-
ment by fillers since their outcomes are highly related to the distribution and orientation
of fillers within the matrix [28]. Figure 2 depicts the effect of the filler distribution in the
composite system. The presence of uniformly distributed filler in the matrix allows the
load to pass through without cracking or delamination. In contrast, poor filler dispersion
and agglomeration create stress concentration points within the composite (Figure 2b).
When the composite is loaded, cracks may initiate and propagate, resulting in a reduced
load-bearing capacity in the fractured composites [46]. As previously stated, it is primarily
driven by filler–matrix adhesion. The stress load can be effectively conveyed across the
interface by strongly bound particles. In reverse, filler–matrix debonding causes physical
discontinuities that cannot withstand mechanical forces [40,64]. The homogeneity of the
filler in a composite system is also dependent on the mixing technique employed. The most
popular mixing technique for preparing a reinforced thermoplastic composite is extrusion
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using a twin-screw extruder. The process parameters of a twin-screw extruder, i.e., the
design of the screw and the co-rotating mechanism, determine the homogeneity level of a
thermoplastic mixture [11,27]. Hence, the filler agglomeration issue can be resolved if a
good mixing technique is used in which the stress concentration point formation can be
avoided and the distribution of the load can be dispersed well, as depicted in Figure 2a.
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In the composite system, the interaction between the thermoplastic and the filler can
be classified into physical and chemical interactions. Mechanical interlocking is a form of
physical force that holds two components of different interfaces together [65], whereas the
formation of chemical bonding via functional groups between filler particles and matrix
is classified as chemical interaction [43]. Without physical interaction, the filler may slip
from the matrix when loaded, resulting in reduced stress transfer efficiency and lower
composite strength. The composite strength can be further enhanced with the formation of
chemical linkages between the filler and the matrix. For example, the functional group of
isocyanates in the polyurethane matrix interacts with the OH groups of lignocellulosic filler
for urethane linkage formation. This linkage may serve as a bridge where the load may be
transferred efficiently from the matrix to the filler. With this, the strength of a composite
can be enhanced [66].

Jiménez et al. [67] created a biocomposite using natural fibre reinforcement from
sugarcane bagasse (SB) and a biodegradable starch-based matrix, Mater-bi® (PTA). SB
fibres are prepared in the form of sawdust (WF), mechanical (MP), thermomechanical
(TMP), and chemical-thermomechanical (CTMP) pulps. After incorporating 30% w/w of
bagasse into the matrix, it turned out that the PTA/WF composite had a lower tensile
strength than the neat PTA matrix. The major explanation for the decrease in tensile
strength is that sawdust particles with a low aspect ratio are not perfectly adhered to
the PTA matrix and have reduced reinforcing capabilities. The particles acted more as
filler than as reinforcement. Conversely, all of the remaining fibres with higher aspect
ratios behaved as reinforcements and produced composites with higher tensile strength.
Moustafa et al. [53] identified the effect of reinforcement on the mechanical properties of
the resulting composites. They incorporated coffee grounds (CG) into the PBAT matrix
at varying levels of content, ranging from 10% to 50% in the presence or absence of PEG
plasticiser. For PBAT/CG composites without PEG, large cavities are found in the rough
fracture surface, translating into poor interfacial bonding between CG particles and the
matrix. The tensile stress–strain curve demonstrated a significant loss in the mechanical
properties as filler loading increased. In contrast, the PBAT/CG50 biocomposites had the
highest elastic modulus values (777 MPa) of all the samples. However, the plasticization
effect on the same PBAT/CG50 biocomposites made the values drop to 111 MPa.

Totaro et al. [68] highlighted the excellent mechanical properties of bioplastics by
creating composites with silver skin coffee (SSK) as a filler and PLA and PBS as matrices.
The incorporation of coffee by-product increased the value of the elastic modulus for both
polymers, confirming optimum dispersion and wettability of the filler in the corresponding
matrix. Aydemir and Gardner [24] explored the influence of cellulose nanofibrils (CNF) on
the mechanical properties and discovered that the presence of CNF provides a mechanical
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property enhancement of 4–18% in the PHB/PLA blends. The introduction of filler to
starch-based systems was investigated by Collazo-Bigliardi et al. [19]. They prepared coffee
and rice husk cellulose fibres reinforced glycerol plasticised TPS films at 1, 5, and 10 wt%.
For all composites, including both fillers, there was a strong tendency for the stiffness
of the samples to increase. The obtained elastic modulus value reflects that even 1 wt%
of filler enhanced the modulus of composites by approximately 60%, independent of the
fibre type. Such an improvement might be attributed to the high purity of cellulose in the
generated fibres, reflecting a higher degree of crystallinity of the material, which benefited
the bonding between fibres and starch. Interestingly, adding 1 wt% of coffee fibre to TPS
film did not change its ability to stretch, but adding the remaining 5 wt% and 10 wt% of
both fillers made composites that were less stretchy.

Baek et al. [69] discovered that incorporating fibres into polymer matrices generates
unstable interfaces and that the fibre’s positive reinforcing effect is underutilised. The
tensile strength of the green composites with PLA is negatively affected by the addition
of natural fillers like bamboo flour (BF) and CG due to weak interface and obstructing
stress concentration. A similar polymer matrix and filler combination were used by Kumar
and Tumu [70], incorporating 5 wt% bamboo powder (BP) into the PLA matrix. When
compared to neat PLA, the tensile properties of PLA/BP composites were reduced because
of inadequate bamboo fibre dispersion and poor interfacial compatibility between the
reinforced BP and matrix. When the adhesion is weak, the fibre does not play its role
as a reinforcing material. Based on the data presented above, it can be assumed that
the reinforcement of bamboo fillers weakens the mechanical properties of PLA/bamboo
filler composites.

6. Factors Affecting the Mechanical Properties of Reinforced Bioplastics

The structure and final properties of composite materials, notably their mechanical
properties, are dependent upon the reinforcement and the polymer matrix, and the inter-
action between the two constituents [26,71]. The type of filler, aspect ratio, filler loading,
orientation, and many more are all important considerations. All these factors can be
tuned to yield an optimum combination of mechanical strength and stiffness for future
applications [52]. The contributions of surface treatments to the tensile, flexural, and im-
pact properties of composites made from reinforced fibres will be discussed in the rest of
this paper.

6.1. Types of Fillers

Strengthening polymers with fibres in varying ratios opens a world of options for
developing materials with different attributes. These benefits have inevitably resulted
in its widespread use in polymer applications, as it is observed that final properties are
not feasible with a single polymer alone [43]. Fillers are widely used to improve the
processability and mechanical properties of polymeric materials while at the same time
lowering the material costs [47]. For reinforced composites, the dominant factor that
governs their properties is the filler type and its properties. The behaviour of fillers should
be studied to understand their actual contribution to the composite before incorporating
them into the composite material [5,58]. Along with that, high-performance composite
applications can only be met if there is a homogeneous dispersion of reinforcement inside
the matrix and proper bonding between them to allow appropriate stress transmission from
fibre to the matrix and vice versa. In other words, both components must be physically
and chemically compatible [7,72,73]. In LCFs, mechanical properties vary subject to the
composition and structure of fibres, which are listed as the following factors: fibre diameter,
spiral angle of fibrils, degree of crystallinity, size of crystalline fibres and non-crystalline
region, and chain orientation [7]. Moreover, the chemical composition of fibre represented
by the percentage of cellulose, hemicellulose, lignin, and wax differs from plant to plant
and throughout distinct areas of the same plant. Cellulose showed higher stiffening abilities
than hemicellulose, while lignin is typically used as a coupling bonding agent between
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cellulose and hemicellulose. Therefore, the high cellulose content in the fibre explains the
increase in mechanical strength [59]. Other factors to consider are the plant’s growing
conditions, such as its topography, climate, and age [46,74].

6.2. Aspect Ratio

The aspect ratio of fibre is a valid indicator of the reinforcing abilities of a certain
fibre [11]. It is the length-to-diameter ratio of a fibre. This ratio depends on the extrusion
process that breaks or shortens the fibre bundles. In general, when the aspect ratio increases,
the stress may be transferred more effectively since there are more surface areas available
for interaction. Interfaces are ruled by interfacial bonding, which is a key issue in composite
science because it determines how stress can be transferred between the matrix and the
fibres, compromising the mechanical characteristics of the whole material [34].

In a short-fibre composite, the tensile load applied is transferred to the fibre through
shear loading at the interface. The tensile stress is zero at the fibre ends and increases along
with the fibre length. Therefore, the ideal fibre length should be larger than the critical
length (Lc) in order to properly convey the load during tensile loading [26]. When the fibre
length is less than the critical length, debonding and pull-out of fibres will occur, indicating
poor interfacial bonding in fibre-reinforced composite systems [75]. The value of the critical
length can be determined as follows:

Lc = σfD/2τ

where σf is the tensile strength of fibre, D is the diameter of the fibre, and τ is the fi-
bre/matrix interfacial shear strength (IFSS) [7].

It is worth emphasising that the real reinforcing ability of fibre corresponds to the
aspect ratio. Fibre with aspect ratios greater than 10 behaves as reinforcements, allow-
ing preferential dispersion and distribution, which positively influences the mechanical
behaviour due to particle alignment. On the other hand, lower aspect ratio fibres have
less reinforcing capability and can even cause mechanical failure [67]. In the study of
García-García et al. [40], the addition of spent coffee ground (SCG) particles (aspect ratios
lower than 2) resulted in a deterioration in flexural strength. This is because no particle
alignment can be accomplished during manufacturing. Karaduman et al. [76] reported
that enzymatically treated jute fibre-reinforced polyester composites had a decrease in fibre
diameter, which increases the aspect ratio. It created a large effective contact surface for
resin impregnation and achieved great relevance to the final properties of the composites.
When the fillers are compatible and have the right aspect ratio, they can intensify the
material and allow it to be used in composites [5,11].

6.3. Percentage of Filler

The relative proportions of the filler materials in the formulation dictate the mechanical
properties of the composites [68,77]. Various studies were undertaken on the effects of filler
on the mechanical properties of biocomposites with different filler contents, and it can be
said that aggregation phenomena are more evident for specimens at high filler loading [24].
In the study of calcium phosphate (CaP) and magnesium phosphate (MgP) nanoparticles’
impact on pure PLA by Sahu et al. [77], the tensile strength of PLA nanocomposites
increases linearly with the inclusion of CaP concentration up to 15 wt%, with a subsequence
decrease in tensile strength at 20 wt% of fibre concentration. According to their team,
this increase in tensile strength is related to the presence of a tensile stress-carrying filler
in the polymer matrix. Similarly, the tensile strength of PLA/MgP composites confirms
that beyond 2% MgP concentration, minimal improvement is observed. This behaviour is
attributed to the presence of agglomerates on the surface at a concentration of 20% CaP
nanoparticles and above 2% concentration of MgP nanoparticles, as observed by scanning
electron micrographs. Ragoubi et al. [78] discovered that Young’s modulus and deformation
at break of PLA/miscanthus composites decreased at a higher ratio of filler. Indeed, signs of
aggregation are present and heterogeneous dispersion of filler in the polymer matrix occurs,
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precluding the transmittance of stress from fibre to matrix. The results of X-ray tomography
also showed that at this ratio, composites have larger holes and higher porosity. Due to
the intrinsic stiffness of miscanthus fibres, the increment in reinforcing content reduces
deformation at break significantly. The material becomes less plastic. This weak structure
of the blend reversed the mechanical strength of PLA/miscanthus composites. Using coffee
grounds and PBAT composites, Moustafa et al. [53] obtained equivalent results.

In summary, the mechanical properties of fibre-reinforced composites are found to
improve linearly with increasing fibre content up to a certain optimum value. Further
addition of fibre above that limit adversely affects the mechanical strength due to increased
porosity and the formation of agglomerates. Likewise, there is insufficient resin to properly
wet all of the fibres, preventing good filler dispersion within the matrix and limiting the
two from sharing stress. Such an effect can be related to the degradation of mechanical
properties [7]. Hence, future research should concentrate on the effect of filler loadings
on the mechanical properties of composites, as composites with uniformly distributed
particles yield a higher load capacity.

6.4. Types of Treatment for Reinforcement Materials

Researchers encountered several problems when fabricating biocomposites reinforced
with natural fibres, most notably the hydrophilic nature of natural fibres, thermal instability
of natural fibres, and a weak interface between the reinforcing phase and matrix phase,
particularly for a matrix with hydrophobic behaviour [27,44,58,79]. Fibres and polymer ma-
trices have distinct chemical structures. Fibre dispersion is dependent on compatibility [80].
The compatibility issues caused by the hydrophilic fibre and hydrophobic polymer matrix
restrict the future application of composites, especially in an outdoor environment [7].
This is because the OH groups in the amorphous region of the fibre create new hydrogen
bonds with water molecules from the atmosphere, resulting in extremely high moisture
absorption. Consequently, fibre swells within the matrix, creating a poor linkage to the
matrix that drives stress concentrated at the interface. In addition, micro-cracking also
occurs between the swollen fibres and matrix, leading to dimensional instability with a
detrimental effect on the mechanical performance of the resulting composite [7,51,81]. This
confirms the need to remove hydrophilic OH groups and surface particles from the fibre
surface via the surface modification process. To circumvent the heterogeneous interfacial
problem, various fibre surface treatments have been proposed, namely physical, chemical,
and biological treatments.

6.4.1. Physical Treatment

Physical treatment is aimed at increasing the mechanical bonding of the polymers
by modifying the fibres’ structural and surface properties without changing the chemical
composition of the fibre extensively [7,51]. In other words, a stronger mechanical connection
between the fibre and the matrix typically improves the interface. Physical approaches
include mechanical comminution (chipping, grinding, milling) and electric discharge
(plasma, corona, ultraviolet (UV) radiation, electron radiation) [6,58]. The objective of
chipping and grinding is to disperse the particle size and facilitate the treatment process.
This process is followed by milling methods, which can be ball milling, two-roll milling,
hammer milling, etc., to become fine powder [54]. In the end, the crystallinity of the fibre
is reduced, which affects the degree of polymerisation. The hydrolysis rate and mass
transfer characteristics can be improved due to the reduction in crystallinity and particle
size, respectively. The grinding conditions and intensity influence the final particle size of
fibres, which in turn determines the energy requirement for mechanical comminution. This
implies that mechanical processes are energy-intensive to achieve a high fermentable sugar
yield, which is not economically feasible [82,83].

Plasma treatment is considered an environmentally friendly method for surface treat-
ment using no chemical solvent. The plasma flows modified the fibre surface through
ablation, etching, crosslinking, and surface activation. The fibre surface strength is en-
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hanced after crosslinking the surface with free radicals [84,85]. Plasma etching generates
hydrophobic surfaces by providing the desired roughness to the surface for physical ad-
hesion and introducing new functional groups for higher polarity fibre surfaces [73,79].
The functional groups establish strong covalent bonds with the matrix, generating surface
crosslinking to boost surface energy. In the end, the crosslinking process contributed sub-
stantially to an increase in mechanical strength [11]. The surface hydrophobicity can be
altered by adopting different plasma parameters of exposure, i.e., nature of gas, exposure
time, and applied power [85].

Another method of atmospheric plasma technique is corona treatment, which uses
electric current to transmit changes in fibre properties and surface energy. Using corona
discharge, chemical (surface oxidation) and physical (etching) effects are generated on
treated fibres. Air plasma species bombardment increases surface roughness and coarseness,
contributing to improved interactions between fillers and matrices [78,86]. To summarise,
physical treatment is a non-polluting process with a short processing time and no specific
conditions. During the treatment, a huge amount of material may be applied on a large
scale, which benefits the manufacturing production of PF [58]. The fibre surface can be
modified without affecting its integrity [79].

6.4.2. Chemical Treatment

Chemical treatment, which alters the chemical composition, surface topography, and
morphology of natural fibres, is the most widely used method for strengthening fibre-matrix
adhesion [5]. This treatment is described as the formation of a covalent bond between
some reactive constituents of LCFs and chemical reagents, with or without the use of a
catalyst [7]. The integration of hydrophilic fibre and hydrophobic matrix induces fibre
swelling within the matrix and weakens bonding strength at the interface [56]. Chemical
modifications destroy the fibre’s hydroxyl groups and substitute them with hydrophobic
chemical bonding. The seduction in the water absorption capability of the fibre is caused
by the degradation of the OH group. In this context, fibre with lower hydrophilicity and a
matrix with reduced cracking benefit the overall mechanical properties [87].

Acidic or alkaline treatments are the most commonly used and easiest treatments.
These treatments usually focus on the fibre surface, where the soluble contents in fibres are
dissolved using an acid (HCL) or alkali (NaOH) solution for hours, “washing” the surface
from an uneven distribution layer of non-cellulosic components (lignin, hemicellulose,
pectin, and impurities) that cover the fibre surface. These components are undesirable
and may hinder the formation of physical, chemical, or both linkages between the matrix
and the fibre (Figure 3). Alkali-treated fibres increased the ratio of exposed cellulose and
experienced mass loss due to partial or complete elimination of non-cellulosic components,
the majority of which are amorphous [45]. An easier fibrillation process is promoted
after separating the fibre bundles into finer fibrils using a chemical solution to provide
a larger surface area for interaction with the matrix [88,89]. Without impurities, fibre
surfaces become rougher, providing additional sites for the polymer to anchor. Finally,
potential mechanical anchorage and extra load-bearing capabilities at the interface can be
accomplished as the fibres are surrounded by the matrix [79,90].
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Coupling agents like silane, maleic anhydride, permanganates, and acetic acid function
as the bonding agents to “bridge” the hydrophilic fibre and hydrophobic polymer through
covalent bonding, hydrogen bonding, or polymer chain entanglement [90]. Chemically
treated fibre has high moisture resistance properties via the removal of an OH group coating
on the fibre surface. Grafting with compatibilisers (maleic anhydride) (MA) is a useful
approach that allows the functional surface of fibre and matrix to interact efficiently. MA
connects with OH groups in the fibre via covalent bonding and removes them from the fibre.
The hydrophilic nature is reduced after a long polymer chain coating on the fibre surface.
A maleated coupling agent creates a carbon–carbon connection between the OH groups of
the fibre and the anhydride groups of MA. This covalent bond makes a bridge interface
for efficient interlocking [43,56]. Silane treatment involves hydrolysis of alkoxy groups on
silane to form silanol (Si-OH). During the condensation process, one end of silanol interacts
with the OH group of cellulose (Si-O-cellulose), while the other end interacts with the
functional group in a matrix (Si-matrix), forming a siloxane bridge between them. The
number of OH groups of cellulose is reduced in the fibre cells, increasing the surface’s
hydrophobicity and ameliorating the interface’s strength [6,26,91]. Acetylation substitutes
the OH groups in fibres with acetyl groups, rendering the fibre surface more hydrophobic
and rougher, providing stability to the composites [59]. Certainly, chemically treating
fibre has significant benefits. However, there are some drawbacks. The well-recognised
weakness is that these treatments provoke environmental issues attributable to the use
of hazardous chemicals, inappropriate handling of chemical waste, and the generation of
difficult-to-dispose-of by-products. This issue adds extra cost to the production process,
making this treatment less widely adopted in manufacturing inexpensive products [44,92].

6.4.3. Biological Treatment

Given the environmental benefits, there has been an increasing interest in biological
treatment. This treatment makes use of biological agents, either the microorganisms or
enzymes secreted by the microorganisms, to fragment complex molecules of biomass into
their constituents and change the structure and chemical composition of the fibre so that
the treated fibre is more amenable to enzyme digestion [76]. Generally, this treatment is
performed using different fungal species like white-, brown-, or soft-rot fungi and bacteria.
White and soft-rot fungi specifically focus on both lignin and cellulose, whereas brown
rot fungi depolymerise cellulose and hemicellulose. The specific extracellular enzymes
secreted by these microorganisms increase the rate of enzymatic hydrolysis of the substrate
through lignin degradation. White-rot fungi are reported to be the most efficient among
these microorganisms, with Phanerochaete chrysosporium serving as the model strain for
lignin breakdown [93]. Figure 4 illustrates the possible mechanical interlocking between
filler and matrix in a composite system. The waxy layer coating the external surface is
primarily responsible for the smooth native fibre surface [87]. Fungi produce hyphae
during treatment, which create fine holes (pits) on the surface and provide roughness
to the interface. It is believed that some of the filler components could be removed. A
rougher fibre surface provides additional anchoring points, increasing the likelihood of
mechanically interlocking with the matrix. Consequently, a high level of filler/matrix
adhesion and good mechanical behaviour of the composite compared to the one with a
smoother surface are expected [44,91,92,94].

Microorganisms are accountable for lignocellulosic materials degradation and dem-
ineralisation owing to the production of two types of extracellular enzymatic systems:
the oxidative ligninolytic system, which acts on the phenyl rings in lignin, and the hy-
drolytic system, which attacks the cellulose and hemicellulose to liberate fermentable
sugars [82]. Three major enzymes participate in the oxidative ligninolytic system: lignin
peroxidase (LiP), manganese peroxidase (MnP), and laccase. The H2O2-dependent oxida-
tion of lignin is catalysed by the LiP and MnP enzymes, while the demethylation of lignin
components is catalysed by laccase, a copper-containing enzyme [93]. However, not all of
these enzymes are secreted by fungal cultures. Bacterial laccase has also been identified in
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Azospirillum lipoferum, Bacillus subtilis, and other organisms, but they are thought to have
a minimal lignin degradation capability. Other than fungal treatment methods, several
industrial enzymes, such as xylanase, cellulase, laccase, and pectinase, play a vital role in
enzymatic hydrolysis. Non-cellulosic compounds conceal the external fibre surface and
develop poor surface wetting, which impacts the interfacial adhesion between fibre and
matrix [5,95]. Therefore, the enzyme catalyses biochemical reactions by binding a substrate
at the active site specifically. Xylanase breaks down the hemicellulose, cellulase removes
cellulose, laccase degrades the lignin structure, and pectinase is responsible for pectin
degradation [76,96]. The modified fibre is less hydrophilic and has more exposed cellulosic
fibrils, which improves wettability and mechanical interlocking between the fibre and
matrix [87,97].
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Unlike physical and chemical treatment methods, biological treatment involves mild
operating conditions and lower energy input and does not require acids, alkalis, or any
reactive species. This process does not generate inhibitory substances or undesirable
products. Another reason for embracing biological treatment is its cost-effectiveness, as
no chemicals are employed and post-treatment washing and/or detoxification are not
required [80,95]. However, there is a need to monitor the growth of microorganisms
regularly and prolong treatment time for effective delignification, which restricts the
industrial application of this method. Thus, the key parameters, such as the type of
microorganisms involved, inoculum concentration, treatment time, pH, and temperature,
should have optimum values to improve the techno-economic performance of the biological
treatment. Despite that, biologically treating natural fibres is an innovative and emerging
trend, considering the enzymes used are readily accessible and economical, and because
the enzymes can be recycled, they produce little or no waste [71].

7. Effect of Filler Treatment on the Mechanical Properties

Prior to their incorporation into polymeric matrices, the morphological characteristics
of fibre surfaces should be modified to minimise the shortcoming that comprises weak
fibre-matrix interfacial attachment [91]. As previously discussed, the primary goal of
surface treatment of filler is to achieve a high degree of fibre-matrix interlocking and
stress transferability of the composites. Overall, the fibre surface treatment affects the
physical, chemical, thermal, and mechanical properties of fibres and the resulting composite.
The characterisation of mechanical properties, such as tensile strength, flexural strength,
impact strength, and interfacial shear strength is studied to find out the effectiveness of
various surface treatments on the performance of the resulting composite materials. The
biocomposite after the application of different surface treatments to the fillers is summarised
in Table 1.

460



Polymers 2022, 14, 3737

Table 1. A summary of various surface treatments applied to fillers and their effects on the composite
mechanical properties.

Treatment Type Method Filler Matrix Fabrication
Method

Mechanical
Performance References

Plasma
treatment Jute fibre PLA Injection

moulding

Plasma polymerised jute fibre composites
exhibited an increment in tensile strength,

Young’s modulus, and flexural strength up to
28, 17, and 20%, respectively. The IFSS of
plasma polymerised jute fibre composites

exhibited a significant increase of 90% more
than untreated fibre, with a value of 6.84 MPa.

[79]

Physical treatment Plasma
treatment Coir fibre TPS Compression

moulding

Oxygen plasma with stronger etching was
more influential in all conditions compared to

air plasma, with the composite’s tensile
strength and elastic modulus increased by up

to 300% and 2000%, respectively.

[73]

Corona
treatment

Miscanthus
fibre PLA

Extrusion-
compression

moulding

Lower fibre content (20% and 30%) increased
Young’s modulus more than the greater fibre

content (40%).
[78]

Corona
treatment

Date palm
fibre PLA

Extrusion-
compression

moulding

Significant improvement in tensile strength
and Young’s modulus with 30%

reinforcement of treated palm fibres in PLA,
achieving the highest elastic modulus

compared to untreated reinforcements and
the PLA matrix.

[86]

Electron beam
irradiation

Bamboo
powder PLA Injection

moulding

The PLA/EBP5/ES 5phr composite
demonstrated a 12% increase in notched

impact strength over pure PLA.
[70]

Chemical treatment

NaOH alkali
treatment Alfa fibre PLA Injection

moulding

The tensile strength and Young’s modulus of
the composite were strengthened by 17% and

45%, respectively, when 20 wt%
NaOH-treated alfa fibres were included.

[89]

NaOH alkali
treatment Rice husk TPS Compression

moulding

The composites developed from
alkaline-treated RH at a 20 wt% concentration
gave the highest tensile strength by a factor of

220%.

[88]

Acetylation Sugarcane
fibre TPS Extrusion

The addition of AcSF to the composite
mixture increased the product’s tensile

strength while decreasing its water affinity.
[98]

Acetylation
and

silanisation

Grape
stalk

powder
PBS Injection

moulding

Treated biocomposites showed better tensile
properties than the control polymer.

Acetylated GS powder gave the maximum
improvement in Young’s modulus from 616

MPa to 732 MPa.

[59]

Maleic
anhydride,

NaOH
alkali, and
salinisation

Palm fibre
(Macaíba) PCL Injection

moulding

PCL composites with 15% and 20% MA
treated MF showed the highest elastic
modulus among all the samples. MA

treatment presented the best mechanical
performance, whereas NaOH treatment

resulted in the worst.

[99]

Silanisation Coffee
husk PBAT Melt extrusion

The addition of 40 wt% silane-treated CH
increased the composite’s mechanical

properties (tensile strength, Young’s modulus,
and elongation at break) as compared to the

40 wt% untreated CH-reinforced PBAT
composite.

[72]

Silanisation Silicon
carbide PBAT/PC Solution casting and

melt extrusion

The PBAT/PC composite with T-SiC showed
a substantial enhancement in tensile strength
and Young’s modulus, with a reasonable drop

in ductility.

[100]

Maleic acid
and

silanisation

Coconut
shell

powder
PLA Compression

moulding

The treated composite’s tensile strength and
Young’s modulus increased after the CS

surface-treated with maleic acid and 3-APE
coupling agent but had lower elongation at

break.

[101]

NaOH alkali
treatment Jute fibre PLA Injection

moulding

Jute fibres treated with 5% NaOH
concentration have good interaction with the
PLA matrix, resulting in an improvement in

tensile strength.

[79]
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Table 1. Cont.

Treatment Type Method Filler Matrix Fabrication
Method

Mechanical
Performance References

Biological treatment

Xylanase and
pectinase
enzymatic
treatments

Alfa fibre PLA Injection
moulding

The tensile strength of PLA/xylanase and
PLA/pectinase composite samples is

increased by ≈22% and ≈27%, respectively,
when compared to that of unmodified

samples.

[89]

Xylanase and
pectinase
enzymatic
treatments

Date palm
fibre PBS Injection

moulding

The combined action of two enzymes
(xylanase and pectinase) gave the highest
tensile modulus of reinforced composites

(1600 MPa).

[45]

Pectinase,
laccase, and

cellulase
enzymatic
treatments

Bamboo
fibre PHBV Injection

moulding

The values of tensile strength, impact
strength, flexural strength, and flexural

modulus were greatest for pectinase-treated
bamboo fibre/PHBV composite.

[102]

Cellulase
enzymatic
treatment

Ramie
fibre PBS Compression

moulding

The tensile and flexural strength of treated
fibre reinforced biocomposites increased as

the fibre concentration increased (0.5% to 1%).
[103]

7.1. Physical Treatment

Natural fibres have been physically modified to promote fibre-resin adhesion in
fibre-reinforced composites, including plasma, corona discharge, and electron beam treat-
ments [58]. Physical modification raises the IFSS of neat fibres with the polymer matrix,
which was previously low before surface treatment. Gibeop et al. [79] studied the mechani-
cal properties of jute fibre/PLA biocomposites by treating them with helium and acrylic
acid as carrier gas and monomer, respectively, with a plasma power of 3 kV and 20 kHz
for different exposure times (30, 60, and 120 s). Plasma polymerised fibre composites
outperformed alkali-treated composites in terms of tensile strength, Young’s modulus, and
flexural strength by up to 28, 17, and 20%, respectively. Added to that, plasma-treated jute
fibre composites aided in a pronounced improvement in the IFSS, which was determined
by a micro-droplet test. The increment in IFSS value of 90% more than the untreated jute
fibre/PLA composite was attributed to a rougher fibre surface indicated by an increased
surface friction coefficient value. This is subjected to the heat and etching effect on the
outer layer of fibre, which leaves more non-polar lignin on the surface. These results
provide a great contact between jute fibres and the PLA matrix, which could be visualised
by SEM micrographs. The significant improvement in the mechanical performance of the
resulting composites suggests that plasma surface modification is capable of increasing the
connectivity between hydrophobic matrix and hydrophilic fibre.

In a study performed on plasma treatment, de Farias et al. [73] treated coir fibres with
oxygen and air before incorporating them into the TPS matrix. Their study demonstrated
that plasma treatment (80 W, 7.2 min) was effective in improving both the tensile strength
and elastic modulus of the composites when either oxygen or air was used. When compared
to air plasma, oxygen plasma was more influential in all conditions, with the composite’s
tensile strength and elastic modulus achieved by up to 300% and 2000%, respectively.
Stronger oxygen plasma etching removed more surface lignin, exposed the crystalline
cellulose, and increased surface roughness and compatibility factor. The roughened surface
points to fibre–matrix interlocking, which has a pronounced effect on the load transfer
between them. The authors also pointed out that there was a correlation between plasma
power and the resulting properties of the composites. Given this, these variables should be
chosen wisely to reap the benefits of plasma treatment.

Miscanthus fibre was subjected to corona treatment at a discharge frequency of 50 Hz
and a voltage of 15 kV for 15 min [78]. The fibres were blended with PLA granules
containing 20–40 wt% fibre content, and the mixture was then extrusion-compression
moulded to produce PLA/miscanthus composites. They experimented with both untreated
and corona-treated fibres. Tensile measurements were used to determine the effect of fibres
on the mechanical properties of PLA and composites. The effectiveness of corona-treated
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miscanthus fibres can be seen in the improvement of mechanical properties, including
elastic modulus, stress, and strength at yield, in resultant composites when compared
to PLA and composites containing unmodified fibre. Low fibre content (20% and 30%)
showed better enhancement in Young’s modulus than the higher one (40%) because good
fibre dispersion is conducive to better stress transmission from matrix to fibre. The chemical
(surface oxidation) and physical (etching) effects of corona treatment on fibres could explain
the improvement in interfacial compatibility between PLA matrix and miscanthus fibres,
observed using X-ray photoelectron spectroscopy (XPS) and SEM. At higher ratios of treated
fibre, the composites display larger voids and higher porosity, while Young’s modulus
remained unchanged compared to composites with non-treated fibres. Amirou et al. [86]
conducted another corona discharge treatment on date palm fibre (DPF) and PLA using the
same corona discharge frequency and treatment time as the previous author. Extrusion-
compression moulding techniques were used to create fibre mixtures with varying fibre
content ranging from 30–40%. Before treatment, the inclusion of DPF did not show any
improvement in the tensile strength, indicating inadequate adhesion between fibres and
the PLA matrix. Through the corona treatment, there was a considerable improvement
in tensile strength and Young’s modulus, with the highest elastic modulus (2951 MPa)
reached by 30% reinforcement of palm fibres in polylactic acid compared to untreated
reinforcements (2708 MPa) and the PLA matrix (2396 MPa). This is attributed to the
mechanical anchorage related to an etching effect caused by the bombardment of the air
plasma species on the fibre surface. Indeed, the specimen surface became rougher and
coarser. In both studies, it was found that higher mechanical anchorage helped improve
the interfacial contact and compatibility between the two phases.

Kumar and Tumu [70] have utilised electron beam (E-beam) irradiation at various
doses (30, 60, and 90 kGy) to achieve better interfacial adhesion of BP and PLA. E-beam
irradiated bamboo powder (EBP) was melt blended with PLA at 5 wt% and 10 wt%
concentrations, as well as the coupling agent epoxide silane (3-Glycidoxypropyltrimethoxy
silane) (ES). They have asserted that the PLA/EBP5/ES 5phr with 5 wt% EBP and 5phr
ES has better tensile properties than other PLA/BP composites. This could be because
trapped free radicals in the EBP initiated the interaction with carboxylic terminal groups of
PLA and epoxide groups of epoxide silane, forming PLA-g-ES copolymers. Because the
silane alkoxy groups of PLA-g-ES are extremely reactive to the hydroxyl groups of bamboo
powder, the copolymers function as an interface between the PLA matrix and the fillers to
improve their miscibility. Besides, the composites have shown a noticeable improvement
of 12% in the notched impact strength compared to pure PLA and rougher morphology
with ideal distortions, indicating more impact energy was absorbed. The author points out
that the incorporation of a higher percentage of EBP (10 wt%) leads to a decrement in the
tensile properties because interfacial compatibility between matrix and filler decreases at a
higher bamboo fibre content. Heterogeneous phase morphology, as corroborated by the
SEM micrographs, which reflect a lack of adhesion between matrix and filler, may have
contributed to lower mechanical properties. They also studied the effects of irradiation
dose and concluded that a high-dose electron beam will generate excess free radicals that
disrupt the intermolecular hydrogen bonding among the cellulose molecules.

7.2. Chemical Treatment

Most previous research identified that alkali-treated fibre improved the mechanical
properties of the resulting polymer composite [51,88,89]. Boonsuk et al. [88] performed
alkali treatment on rice husk (RH) using a high alkali concentration (11 wt% NaOH) and
added it to the thermoplastic cassava starch (TPS) matrix at loadings of 5–20 wt%. The
mechanical properties of untreated and alkali-treated RH/TPS biocomposite were studied
and compared. The findings revealed that the addition of 20 wt% alkaline-treated RH/TPS
biocomposites gave the highest tensile strength by 220% compared to the neat TPS but
decreased elongation at break. The rough surfaces of treated RH and loss of hemicellulose
after NaOH treatment recorded improved interface interaction and more effective fibre-
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matrix load transmission. Alkali treatment creates a smoother inner surface, splits fibres
into fibrils (fibrillation), and makes OH-rich fibrils more accessible. After hemicellulose
and lignin are removed, new hydrogen bonds can form between cellulose chains. Thus,
from the above-reported finding, it can be extrapolated that the composites with high fibre
content resulted in better tensile strength. In another study, alkali-treated alfa fibres were
employed as reinforcement in PLA resin, and composites were prepared using IM with a
fibre content of 20 wt% [89]. When 20 wt% NaOH-treated alfa fibres were included, the
composite’s tensile strength and Young’s modulus were strengthened by 17% and 45%,
respectively. At the surface of the fibres, it was seen that the fibre bundles were opening up
and the cementing components (hemicellulose, lignin, waxes, and oils) were disappearing.
This made the surface rougher and caused a high degree of fibrillation.

Aside from alkali treatment, acetylation is a popular fibre treatment method. Fitch-
Vargas et al. [98] investigated thermoplastics made from acetylated corn starch composites
reinforced with acetylated sugarcane fibre (AcSF). The AcSF-reinforced starch-based com-
posite was prepared by extrusion. Through chemical modification and interactions between
fibre-matrix, mechanical interlocking between the two phases was improved, as evidenced
by an improvement in mechanical properties with AcSF of up to 12%. The water affinity
property was reduced by the presence of hydrophobic acetyl groups in the biocomposite.
Nanni et al. [59] applied two types of fibre surface treatments on grape stalk (GS) powder.
Acetylation and silanisation, which were later reinforced in the PBS matrix. Acetylation
reduced the polarity of GS and made its rougher and spongier, increasing the possibility of
mechanically interlocking with polymer chains during melt compounding. AcGS had the
best mechanical performance of all the samples tested, with Young’s modulus increases
from 616 MPa to 732 MPa. This trend is clarified by the degradation of hemicellulose under
the harsh conditions of the acetylation process and is well interconnected between GS and
the PBS matrix, supported by FTIR and SEM-FEG analysis. Moreover, acetylation worked
well to minimise the moisture uptake of treated GS, showing that the surface of treated GS
became less hydrophilic.

An investigation was carried out on the chemical treatments using (3-methacryloxypropyl)
trimethoxysilane, MA, and NaOH on palm fibre (Macaíba fibre) (MF), which was subse-
quently melt extruded with polycaprolactone (PCL) [99]. Following that, the biocomposite
with an MF concentration varying from 10–20% was then thermally, spectroscopically,
mechanically, and morphologically characterised. For elastic modulus upon the addition
of 10% treated fibre, silane treatment gave the best response among the treated samples
and a neat PCL matrix, but NaOH treatment gave the lowest value, possibly due to excess
delignification which weakens MF. Interestingly, biocomposites with 15% and 20% MA
treated MF showed the highest elastic modulus among all the samples, most probably
due to greater interaction between constituent components, namely PCL, fibre, and MA.
Chemically treated biocomposites outperformed untreated ones in terms of flexural modu-
lus. These enhancements are associated with enlarged contact points between fibre and
matrix as a result of defibrillation. MA treatment also improved flexural modulus, which is
thought to be related to the “anchoring” of succinic anhydride groups on the fibre surface
and benefits the polar interaction between PCL and MF. Conversely, chemically treated MF
biocomposites demonstrated lower impact strength than untreated MF biocomposites. This
is owing to oil action in natural MF. The presence of oil in the pulp increases plasticization
mechanisms, resulting in higher impact strength. The application of chemical treatment on
MF and increased MF content lowers biocomposite elongation due to improved chemical
interaction between MF and PCL, which restrains macromolecular movements, resulting
in more stiff and brittle materials. Through the gathered findings in their work, the authors
concluded that MA had the best mechanical performance and NaOH had the worst.

The creation of an interconnected network from silane treatment reduces the swelling
property of fibre as a result of stable covalent bonds between fibre and matrix [104]. Lule
and Kim [72] discussed coffee husk’s (CH) mechanical properties against silanisation with
a silane agent, 3-Glycidoxypropyl trimethoxysilane (GPTMS). When 40 wt% silane-treated
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CH is reinforced in the PBAT matrix compared to the 40 wt% untreated CH-reinforced
composite, mechanical parameters such as tensile strength, Young’s modulus, and elonga-
tion at break are significantly improved. SEM micrographs also showed continuous phase
morphologies with no gaps between their interfaces, achieving good interfacial interactions
with the polymer matrix, which promoted greater physical and mechanical characteristics
of the composites. Figure 5 outlines the stress transfer efficiency between filler and matrix.
The absence of a gap between filler and matrix is attributed to the possible interaction,
such as the development of covalent bonds. As a result, the stress transfer efficiency from
matrix to filler is expected to be higher than that without interaction (Figure 5b). The stress
could not be transferred due to the gap between filler and matrix, as depicted in Figure 5a.
This demonstrated that silane treatment aided stress transmission between CH and the
PBAT matrix by preventing the formation of voids and gaps. The same author studied the
incorporation of surface-treated silicon carbide (T-SiC) particles in PBAT and polycarbonate
(PC) matrices, which led to a substantial enhancement in tensile strength and Young’s mod-
ulus, with a reasonable drop in ductility owing to greater SiC loadings [100]. According
to Tanjung et al. [101], the inclusion of maleic acid-treated and silanated CS filler in the
composite mixture has remarkably increased the PLA/CS composite’s tensile strength and
Young’s modulus but reduced its elongation at break when compared to the untreated
biocomposite. Wang et al. [105] studied the use of herb residue as a reinforcement material
for PB. They found that the introduction of herb residue to PB improved its thermal stability,
and this phenomenon was more obvious when the herb residue was treated with a silane
coupling agent. This was attributed to the improvement of interfacial properties between
the matrix and herb residue. The hydrophilicity of the reinforcement material decreased
after it was treated with a silane coupling agent, and the compatibility between the treated
reinforcement material and PB was improved [106].
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The key operating parameters affecting the treatment, such as concentration of acid
or alkali solutions, soaking time, and temperature, need to be optimised to have the
most desired mechanical and physical properties. Increasing alkali concentrations have
been linked to improved mechanical characteristics. However, exceeding the optimal
concentration of chemical reagents may cause fibre degradation and have a detrimental
impact on the tensile strength of composites. Gibeop et al. [79] revealed that alkali treatment
with 3% NaOH concentration does not get rid of the amorphous material, with fibre pulling
out holes in the PLA matrix, as shown by SEM images. On the other hand, jute fibres that
have been treated with 5% NaOH concentration have good contact with the matrix, which
makes the tensile strength better.
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7.3. Biological Treatment

Biological treatment of fibres outcompetes chemical treatment without harsh chem-
icals or elevated temperatures. This treatment optimises the fibre surface for composite
applications by using microorganisms, such as bacteria and fungi. These modifying agents
are promising in developing composites with good mechanical properties that are both
green and environmentally friendly. Enzymatic treatment is now gaining popularity,
thanks to the high selectivity and specificity of enzymatic action that only targets the
undesirable constituents without disrupting the structural modification of the important
components [51,97].

Werchefani et al. [89] examined the impact of hemicellulases (cellulase-free xylanase)
and pectinases on the alfa fibre surface, based on the hypothesis that hemicellulose and
pectic components are accountable for moisture absorption and mechanical improvement.
Their research demonstrated that these enzymes are excellent at improving the mechan-
ical characteristics and water resistance of PLA composites. According to their findings,
pectinase treatment was more effective than xylanase for eliminating undesirable materials,
roughening the fibre surface, splitting alfa fibres into finer fibres, and enlarging surface
accessibility for good polymer/filler interactions. As a result, an enhancement of tensile
modulus and tensile strength was noticed when compared to that of unmodified samples.
By getting rid of hemicellulosic and pectic components, enzyme treatments also make the
surface less polar, which makes it less likely to absorb water.

The effects of three different enzymes (pectinase, laccase, and cellulase) on the re-
inforcing capability of bamboo fibres (BF) in poly(hydroxybutyrate-co-valerate) (PHBV)
were studied by Zhuo et al. [102]. Melt blending of fibres and resin was followed by IM
to fabricate the composites. All composites improved in mechanical properties following
enzymatic treatment. However, the improvement was not significant. Pectinase had the
best modifying impact of the three enzymes. The tensile strength, impact strength, flexural
strength, and flexural modulus of PHBV composites with pectinase-treated BF increased
by 4%, 7.1%, 6.2%, and 6.3%, respectively. They concluded that two factors contribute to
the improvement of mechanical characteristics. The first is the surface roughness of BF,
which is more favourable for stress transfer in composites. Second, the reduced polarity
of BF after the removal of the OH group, lignin, and free cellulose on the surface. This
feature is preferred for better compatibility with weakly polar PHBV and hence improves
the interfacial compatibility of BF/PHBV composites. Werchefani et al. [89] reached the
same conclusion: composites treated with pectinase had the best mechanical properties
and the least amount of water absorption.

The combination treatment of xylanase and pectinase was conducted on DPF-reinforced
PBS composites [45]. The highest tensile modulus (1600 MPa) was achieved with 20% of
treated fibre reinforced composite, which was due to the synergistic effect of the two
enzymes that impart the highest cellulose-rich fibre while degrading the amorphous com-
ponents. The simultaneous action of both enzymes exposed more individual fibre bundles
and cellulose microfibrils and reduced fibre diameters, which are believed to achieve
the best mechanical properties. The efficacy of combined enzyme treatment was demon-
strated by the depolymerisation of lignin, pectin, and hemicellulose during treatment
with xylanase and pectinase, which verified an increase in the stiffness of the composites.
Treated DPF has proven beneficial in a variety of applications where these mechanical
properties are demanded. The study proved the combination of enzyme treatment benefits
not only from the treatment efficiency but also from lowering the operational time. An-
other biological treatment using bacterial cellulase enzymes was applied to ramie fibres
by Thakur and Kalia [103]. They used bacterial cellulases from two different bacterial
strains (Brevibacillus parabrevis and Streptomyces albaduncus) to modify the surface properties
of the PBS/ramie fibre biocomposites. The authors found that the ramie fibre surface is
free from gums and polysaccharide layers and was cleaned and restructured to become
more compatible with the hydrophobic PBS matrix. Therefore, there was better interlock-
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ing between the two phases, which helped the biocomposite to demonstrate satisfactory
mechanical performance.

8. Advantages and Disadvantages of Reinforced Bioplastics and Its Treatment

Natural fibres derived from agricultural wastes serve as an ecological and cost-effective
alternative to typical petroleum-based materials, since they substantially reduce the de-
pendency on fossil fuels and greenhouse gas emissions. Depending on the plant source,
the physical and mechanical characteristics of fibres can vary in terms of density, tensile
strength, Young’s modulus and elongation at break (Table 2) [26,27,107,108]. As shown in
Table 3, these fibres have significantly higher strength and stiffness values than bioplastics
and conventional plastics [3,14,109–111]. Given the properties of natural fibre, it is preferred
to reinforce polymers with high-strength natural fibres to produce natural fibre-reinforced
bioplastics (NFRP). The addition of fibres derived from renewable and infinite resources
reduced the overall cost of the composite material while improving the waste management
techniques in a sustainable manner.

Table 2. Properties of commonly used natural fibres to reinforce bioplastics.

Property/Natural Fibre Bagasse Bamboo Cotton Coir Jute Ramie Oil Palm

Density (g/cm3) 1.25 0.6–1.1 1.5–1.6 1.2–1.5 1.3–1.5 1.5 0.7–1.55

Tensile strength (MPa) 222–290 140–800 287–800 140–180 200–773 400–938 248

Young’s modulus (GPa) 17 11–17 5.5–13 4–6 10–55 61.4–128 3.2

Elongation at break (%) 1.1 1.4 7–8 30 1.5–1.8 3.6–3.8 25

Table 3. Properties of bioplastics and conventional plastics.

Property/Polymer PLA PHA PBS PP PET PS

Density (g/cm3) 1.24 1.25 1.26 0.91 1.3–1.4 1.05

Tensile strength (MPa) 37–66 20–40 30–35 15–27 55–79 24–60

Flexural modulus (MPa) 2392–4930 1280–3668 - 850–1050 1000–2300 2100–3000

Young’s modulus (GPa) 2.7 2.95 0.27 0.95–1.77 2–4 3.4

Elongation at break (%) 0.5–9.2 1.4–5.5 8–13 100–600 15–165 1.6–2.5

Potential avenues for improving reinforced bioplastic properties for a variety of appli-
cations are being explored. Fibre treatment is a novel approach for improving interfacial
adhesion between fibre and matrix. Bioplastics that contain surface-treated fibre as a
reinforcing agent increase fibre–matrix binding. The modification with NaOH alkaline
solution, for example, splits the fibre bundles into finer fibres. The smaller fibres were
impregnated with polymer material, enhancing the interface between the fibres and the
matrix. The opening of fibre bundles and partial removal of cementing constituents results
in rougher fibre surfaces, which facilitates matrix penetration into fibres. This suggests that
the fibre-resin integration can have a significant impact on the stress transmission at the
interface via mechanical interlocking [89]. Without the mechanical locking or formation of
linkages within this region, the efficiency of the stress transfer mechanism is thought to be
low, and the composite could not withstand the load when loaded. This phenomenon will
be worsened if the reinforcement material does not disperse well throughout the composite,
causing uneven load distribution [46].

Higher compatibility between fibres and matrix was expected with the inclusion of
reinforcement, and the reinforced bioplastics demonstrated superior mechanical perfor-
mance with modified fibre compared to composites made with untreated fibre [70,73,79,86].
Reinforcing surface-treated fibres allows the mechanical performance to be improved with-
out deconstruction. The high specificity of enzymatic treatment allows them to target the
non-cellulosic fibre components while retaining the natural structure of cellulosic fibres [42].
Added to that, treating fibre with the combined action of two enzymes contributes to
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a more fibrillose structure and enhanced stiffness of the reinforced bioplastic [45]. The
enzyme-treated fibre-reinforced bioplastics have the lowest moisture absorption properties
after eliminating the hydrophilic components on the fibre surface. The ability to resist
moisture is beneficial in the preparation of composites for construction, automotive, and
packaging applications [89].

Disadvantageously, some studies found a considerable decline in the elongation at
break upon reinforcement of surface-treated fibres [45,59,99]. This is most likely owing
to the reinforcing action of treated fibres, which limits the molecular movements, leading
to stiffer and less flexible bioplastics [89,99]. However, as the fibre loading increased,
the Young’s modulus decreased. This may be associated with the formation of aggre-
gates at higher fibre content, leading to stress concentration zones and lower mechanical
properties [78,86]. Another drawback of surface-treated bioplastics is the treatment pa-
rameters, which often deteriorate the mechanical performance of bioplastics when used
in excess, as they damage the fibre surface [73,112,113]. As a result, optimal parameters
and conditions should be carefully chosen to achieve the desired level of modification and
boost the treatment efficiency.

9. Applications of Reinforced Bioplastics

Over decades, natural fibres have proved their excellence in substituting costly carbon
and glass fibres. They have high specific tensile properties and lower density than synthetic
fibres, making them lighter and more fuel efficient [43]. NFRP shows promise in a variety
of areas, including automotives, aerospace, construction, consumer goods, protective equip-
ment, packaging, and so forth. Because of their sensitivity to environmental degradation,
NFRPs are currently limited to non-load-bearing interior components in civil engineering
and automotive parts [91,114].

NFRPs have several advantages over conventional composites in the automotive
industry, including increased acoustic insulation and mechanical properties, lower weight
and manufacturing cost, recyclability, renewability, and eco-efficiency. They can be used to
make door panels, seat cushions, armrests, and headrests [27,64]. Lighter composite parts
used in vehicles to replace metal and heavier materials can lower transport weight, hence
indirectly boosting fuel efficiency [115]. Werchefani et al. [89] fabricated biopolymer com-
posites reinforced with alfa fibres from PLA. Mechanical testing shows that the composites
have the required properties for interior automotive parts where composite strength is a
necessity for performance.

By capitalising on its lower density, tool wear, and cost, natural fibre has surpassed
synthetic fibre in many applications and is ideally suited for use as a reinforcement in poly-
mer composites or cement matrices [58]. Indeed, natural fibre can be used to manufacture
windows, doors, window frames, roof tiles, ceilings, and floor mats in the construction in-
dustry [27]. Sisal fibre and coir fibre have also been explored as roofing components instead
of asbestos, which is carcinogenic [91,107]. Traditional composites have substantial pollu-
tion and disposal difficulties at the end of their useful life. As a result, there is a stronger
desire to employ green products in order to leave a smaller environmental footprint.

When it comes to food applications, gas barrier properties (water vapour and oxygen
permeability) are significant features to access the viability of materials because they affect
the deterioration of moisture-sensitive products and their shelf-life [116]. In the PLA/PBS
matrix, the presence of both cellulose nanocrystals (CNC) and surfactant-modified cellulose
nanocrystals (s-CNC) provoked an improvement in oxygen and water vapour barrier
properties [117]. In a prior study undertaken by Papadopoulou et al. [118], cocoa bean shells
(CBS) as natural active additives in PLA composites were shown to represent a promising
possibility for developing active food and biodegradable packaging materials by conferring
antioxidant activity to the composites. Melt compounded PBAT/torrefied CG composites
exhibited improved hydrophobicity, increased water contact angle values, and significant
enhancement in the thermomechanical properties. Because of its high hydrophobicity, the
biopolymer composite has the potential to be used in food packaging [119].

468



Polymers 2022, 14, 3737

10. Conclusions

Bioplastics represent a new plastic generation, paving the way toward sustainability,
renewability, and biodegradability. Their mechanical behaviour can be measured in terms
of tensile, flexural, impact, and hardness. Reinforcing agents are added to bioplastics
to strengthen their mechanical properties and expand their fields of application. For
biocomposites, the choice of filler type, aspect ratio, filler loading, and surface treatment
applied greatly influenced the final mechanical properties. To tailor the performance
of final composites, uniform dispersion of reinforcement inside the matrix and a strong
degree of interaction between them are required in composite materials. The hydrophilic
fibre is modified for further compatibility enhancement with the hydrophobic behaviour
of the polymer matrix. Treated fibres have a rough surface texture, which is critical for
penetration into the matrix, enabling maximum stress transfer across the interface and a
better mechanical interlocking system. Subject to the treatment strategies, most studies
showed a better increment in fibre hydrophobicity, interfacial adhesion between fibre
and matrix, and superior mechanical properties. The conditions and parameters used for
surface treatments can cause changes in structure, morphology, and mechanical properties,
consequently affecting the fibre-reinforced composites. Hence, proper fibre modifications
enable better stimulation of their properties for usage as reinforcements in composites.
A polymer composite with desired qualities that perfectly meets the requirements for a
particular application can be fabricated by manipulating the fibre content, orientation, size,
or manufacturing processes. Fibre-reinforced biocomposites find use in a variety of fields
based on the qualities required. Further research on performance is needed to enlarge the
domain of applications of biopolymer composites.
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Abstract: Driven by the motive of minimizing the transportation costs of raw materials to manufac-
ture wood–plastic composites (WPCs), Part I and the current Part II of this paper series explore the
utilization of an alternative wood feedstock, i.e., pellets. Part I of this study reported on the character-
istics of wood flour and wood pellets manufactured from secondary processing mill residues. Part II
reports on the physical and mechanical properties of polypropylene (PP)-based WPCs made using
the two different wood feedstocks, i.e., wood flour and wood pellets. WPCs were made from 40-mesh
wood flour and wood pellets from four different wood species (white cedar, white pine, spruce-fir
and red maple) in the presence and absence of the coupling agent maleic anhydride polypropylene
(MAPP). With MAPP, the weight percentage of wood filler was 20%, PP 78%, MAPP 2% and without
MAPP, formulation by weight percentage of wood filler was 20% and PP 80%. Fluorescent images
showed wood particles’ distribution in the PP polymer matrix was similar for both wood flour and
ground wood pellets. Dispersion of particles was higher with ground wood pellets in the PP matrix.
On average, the density of composite products from wood pellets was higher, tensile strength, tensile
modulus and impact strength were lower than the composites made from wood flour. Flexural
properties of the control composites made with pellets were higher and with MAPP were lower than
the composites made from wood flour. However, the overall mechanical property differences were
low (0.5–10%) depending on the particular WPC formulations. Statistical analysis also showed there
was no significant differences in the material property values of the composites made from wood
flour and wood pellets. In some situations, WPC properties were better using wood pellets rather
than using wood flour. We expect if the material properties of WPCs from wood flour versus wood
pellets are similar and with a greater reduction in transportation costs for wood pellet feedstocks,
this would be beneficial to WPC manufacturers and consumers.

Keywords: wood flour; wood pellets; wood–plastic composites; transportation costs; physical
properties; mechanical properties

1. Introduction

With global awareness in addressing environmental impacts and minimizing the emis-
sion of harmful pollutants, the wood composites industry is seeking more environmentally
friendly materials for their products. With the utilization of recycled plastics and waste
wood-based fillers, wood plastic composites (WPCs) manufacturing can be considered a
green technology [1]. The concept of WPCs is not new where its modern application began
in the 1970s and since the 1990s, the popularity of WPCs in North America has increased
in decking and railing production [2]. WPCs are any composite products manufactured
using plant (wood or non-wood) fibers, thermoplastic or thermoset resins and a small
number of additives. WPCs offer the advantages of enhancing mechanical properties with
higher strength and stiffness, decreases in density and abrasion compared to inorganic filler
composites [3–5] and compared to solid wood, higher water and decay resistance, better
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acoustic performance, reduced weight, lower production costs and biodegradability [6,7].
They have wide applications in the automotive, and construction industrial sectors.

In general, the processes followed in manufacturing WPCs are: extrusion, injection
molding, and compression molding or thermoforming (pressing) [2]. Similarly, the newer
production technologies are additive manufacturing processes based on extrusion processes
and with laser sintering [2,8–11]. WPC compounding can be performed in an extruder
(single-screw extruder, twin-screw extruder, conical twin-screw extruder or a combination
type extruder) or high-speed mixers of the Henschel type. A Henschel mixer is a high
intensity vertical mixer (causing the materials to move freely regardless of their size,
density, friction coefficient, etc.) or melt type (used for making master batches with wax
or materials with wax-like properties. Additive manufacturing or 3D printing consists of
three general steps: usage of computer-aided design (CAD) to model the part, processing
the model in 3D space through the slicing software, and with the G-codes printing and
production of the part [12]. On an industrial scale, industries that manufacture WPCs
either compound all the raw materials, i.e., wood filler, polymers, additives themselves or
purchase pre-compounded WPC pellets. In 2019, the global market size of WPCs was USD
$4.77 billion out of which North America (major application in decking) stood highest in
market share with USD $2.12 billion [13]. Zion Market Research [14] has predicted that
the WPCs global market in 2022 to reach to USD $8.76 billion in 2022. The expected mean
annual growth rate is 12.3% between 2017 and 2022.

Thermosetting plastics cannot be melted repeatedly once cured whereas thermo-
plastics can be repeatedly melted. Thermosetting resins include epoxy and phenolics
whereas polyethylene (PE), polypropylene (PP), polyvinyl chloride (PVC) and polystyrene
(PS) are the thermoplastic resins. PP has advantages of cost-effectiveness, lower material
weight, better processability, resistance to extreme environmental conditions and reusabil-
ity. Further, PP-based composites have applications in automotive, packaging and building
materials [15]. Additives such as colorants, coupling agents, stabilizers, blowing agents,
reinforcing agents, foaming agents and lubricants can be used based on the target area of
application. In North America, commercial WPCs are mostly manufactured from wood
shavings, sawdust or wood chips produced from industrial processes [5,16–18]. Different
wood species can be used to manufacture WPCs. To effectively utilize the wood-based
fillers in the thermoplastics, a basic knowledge in morphological and chemical characteris-
tics is vital [19]. Depending on the woody material, different properties of the composite
material can be obtained. However, from a commercial standpoint, usually materials
that are conveniently available from the supply side are utilized rather than based on
the characteristics of the fibers [20]. In Southeast Asia, hemp, ramie, kenaf and so on are
mostly used as fillers as they are abundant there. However, in the US, species mostly
utilized as fillers are the softwoods such as white pine, spruce, hemlock; and hardwood
such as aspen. In general, the size of wood flour for manufacturing WPCs ranges from
1 mm–100 µm (18 mesh–140 mesh) [20]. However, the particle size of wood flour most
preferable for composite products is in the range of 180–425 µm (40–80 mesh size) [21].
Larger filler sizes offer an advantage in terms of cost of pulverization and higher filler
content in composite but with the disadvantage of lack of water resistance and difficulties
in fabrication during injection molding. Similarly, smaller filler sizes offer the advantages in
terms of mechanical properties and durability but disadvantages in terms of comminution
costs and filler contents. The risk of a dust explosion increases for fine powders as well [20].

Equally important is another aspect focusing on the logistics and supply chain of the
product, which is often a major factor deciding the final cost of the end product. Most of
the time the manufacturers of WPCs purchase the raw material of wood flour from the
wood mills that can manufacture wood flour or other authorized manufacturers of wood
flour. As of now, there is no advancement in technology that can compress fluffy wood
flour to ship over long distances. Wood flour because of its lower bulk density has a larger
volume and standard truck trailers are not able to reach the maximum weight load limits
(40 tons). The low density and higher volume of the wood flour make longer distance

476



Polymers 2021, 13, 2769

transportation disadvantageous in terms of cost. Being a fluffy material, its shipment costs
over longer distances exceed the actual material price. The higher price in purchasing raw
material consequently has a negative impact on the production, distribution, trade, and/or
retail sale on manufacturing the WPCs. Motivated by this problem, the current study aims
at exploring the utilization of a compacted wood flour, i.e., wood pellets to manufacture
WPCs. Then, the physical and mechanical properties of the resulting composite products
are studied. Wood pellets are easier to transport and handle as well. Production of wood
pellets might have slightly more costs than wood flour. However, a comparative analysis of
bulk density of wood flour (190–220 kg/m3) and wood pellets (700–750 kg/m3) reveals that
roughly three and half times more wood pellets can be transported in a truck trailer than
wood flour by weight. This suggests it is economical to transport wood pellets over longer
distances. Very limited articles such as [22] have reported the application of wood pellets to
manufacture WPCs. However, no research has focused on transportation of raw materials
for WPCs manufacturing in a cost-effective way. The first part of this study presented the
results on the characterization of the properties of wood flour and wood pellets produced
from secondary processing mill residues [23]. Wood flour and wood pellets were made
from four different wood species: Northern White Cedar (Thuja occidentalis, Eastern White
Pine (Pinus strobus), Eastern Spruce-Balsam Fir (Picea rubens-Abies balsamea) and Red Maple
(Acer rubrum).

In this paper, discussion on WPCs manufactured utilizing wood filler as flour and
pellets separately in a PP polymer matrix are presented. Utilizing wood pellets is a novel
concept in the commercial manufacturing process of WPCs. Thus, a study of WPCs’
physical and mechanical properties through the application of wood flour and wood
pellets separately as raw material source of wood feedstock are highlighted in this study.

2. Materials and Methods
2.1. Materials

For the manufacturing of WPCs, the raw material based on wood, i.e., wood flour
and wood pellets were prepared in the laboratory using local mill processing residues in
Maine, USA. Part I of this paper series [23] has detailed information on equipment used
and processing parameters followed during manufacturing of wood flour and wood pellets.
The mill residues were clean (free from barks, adhesives, metals, etc.) and low in moisture
content. They were grinded in a hammermill (Bliss Industries LLC, Ponca City, OK, USA)
using a screen size of 0.5 mm. The produced wood flour was classified into different mesh
sizes. Wood pellets made from 40-mesh wood flour was utilized as a wood feedstock in
the manufacturing of WPCs. A pellet mill (Lawson Mills Biomass Solutions Ltd., North
Wiltshire, PE, Canada) with a quarter inch thickness die was used for the production of
wood pellets. Wood flour ground in hammermill had a relatively low moisture content.
The low moisture of wood flour caused hindrance in the binding of particles to form pellets.
Thus, water was added and mixed manually with the wood flour and the moisture content
was maintained between 10–15% depending on the wood species. Under high temperature
and pressure, pellets were formed from the wood flour. It should be noted that for each
of the four wood species, the 40-mesh sized wood flour and the wood pellets pelletized
from the 40 mesh-sized wood flour were utilized separately in the composite product
manufacturing. Figure 1 below shows the 40-mesh wood flour and wood pellets made
with 40-mesh flour for each of the wood species. Each scale bar is 2 cm in length. Similarly,
Polypropylene (PP) was purchased from ExxonMobil Chemical Company ((Houston, TX,
USA) with the melt flow index (MFI) of 20 g/min at 230 ◦C and a density of 0.900 g/cm3.
This nucleated, medium MFI rate homopolymer is suitable for general injection molding
purposes. The coupling agent maleic anhydride polypropylene (MAPP) was purchased
from the SI Group Inc. (Schenectady, NY, USA) with a MFI rate of 115 g/10 min at 190 ◦C
and density of 0.6 g/cm3. The application of MAPP offers advantage as a compatibilizer
and adhesion promoter and thus improving the mechanical properties [24].
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Figure 1. Wood flour and wood pellets used as wood feedstock in WPCs (a) Cedar, (b) Pine, (c)
Spruce-fir, (d) Maple. (Image source for wood pellets: [23]).

2.2. Manufacturing Process of WPCs

PP-based WPCs using wood fillers of wood flour and pellets separately were manufac-
tured. For each of the wood species, 40-mesh wood flour and wood pellets pelletized from
40-mesh wood flour were utilized. As mentioned in the Introduction section, composites
from 40–80 mesh wood fibers show better material properties. Similarly, the decking
manufacturers mostly prefer using 40-mesh wood flour. Hence, wood feedstock of 40-mesh
flour was utilized in this study. Initially, the wood flour and wood pellets of different wood
species were dried in oven at 103 ± 2 ◦C for at least 24 h. The moisture content of the
wood feedstocks were ensured to be below 1% during the manufacturing process. For
each of the wood species, there were four different formulations with different percentages
of wood filler, PP and MAPP additives by weight. A total of 16 different formulations
were formulated to study the properties of WPCs. Table 1 below shows the four types
of formulations for each of the wood species with the weight percentages of different
raw materials:
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Table 1. Four different raw materials’ formulations of WPCs for each wood species.

Raw Materials 1st Formulation 2nd Formulation 3rd Formulation 4th Formulation

Wood flour 20% 0% 20% 0%
Ground wood pellets 0% 20% 0% 20%

PP 80% 80% 78% 78%
MAPP 0% 0% 2% 2%

Danyadi et al. [25] have reported larger wood content in the composite product leads
to particle aggregation causing the lower strength of the WPCs so the wood filler of 20%
was used. Similarly, Lu et al. [26] found the maximum values of tensile and flexural
strength at 15% and 35% of wood particles by weight respectively.

For producing the WPCs using wood pellets, the wood pellets before extruding
were ground into powder using a knife grinder (C.W. Brabender Instruments, Inc., South
Hackensack, NJ, USA) using a screen size of 7.96 mm. It should be noted that the wood
pellets discussed in this study represents the ground wood pellets using a knife grinder.
The 2nd and 4th formulations, as mentioned in Table 1, were applicable on utilizing the
wood pellets as feedstock for each of the wood species. After grinding the wood pellets,
each component was first mixed manually for the equal mixing of the raw materials.
A Brabender Twin Screw Extruder (Messrs. C.W. Brabender Instruments Inc., South
Hackensack, NJ, USA) with a diameter of 20 mm, screw length L/D 40, flight depth
of 3.75 mm, and screw speed of 150 min−1 was used for the extrusion process. The
temperature profile of the extruder was set at 200 ◦C for the heating zones. The frequency
of feeder was 15 Hz. Each formulation was fed to the extruders’ feed throat. When the
materials start to pass along the barrel, the plastic materials start to melt and results in
compounding of the raw materials. The compounded materials are forced through a
die to make strands of the composites. When the materials were falling from the feeder
at a constant rate, the feed rate of the different formulations was also measured during
extrusion. For this, the raw materials mixture from each formulation were collected in a
small container and weighed after one minute. The WPC filaments after allowing them to
cool were pelletized in the similar knife grinder (C.W. Brabender Instruments, Inc., South
Hackensack, NJ, USA) used in grinding wood pellets using a screen size of 7.96 mm. Once
the WPC pellets were ground, the pellets were then dried in oven at 103 ± 2 ◦C for at least
24 h before injection molding. Samples were injection molded using a Mini-Jector Injection
Molder Model #55E (Miniature Plastic Molding, Solon, OH, USA) with a ram pressure of
17 MPa at 200 ◦C. They were then left in the molds for 10 s to cool. Molds used provided
the samples with dimensions as specified in ASTM D638-14 (Type I) and ASTM D790-17
for testing of the properties. Before testing, the samples were conditioned for at least 40 h
at 23 ◦C ± 2 ◦C and 50% ± 10% RH. For producing the WPCs using wood flour, the first
step followed when using wood pellets filler, i.e., grinding of wood pellets using a knife
grinder was not applicable. Besides this step, the other similar processes were followed.
The 1st and 3rd formulations seen in Table 1 were applicable on utilizing the wood flour as
wood feedstock for each of the wood species.

2.3. Testing of Physical and Mechanical Properties of WPCs

A Zeiss NVision 40 scanning electron microscope (SEM) (Carl Zeiss Microscopy, LLC,
White Plains, NY, USA) and a capacity of up to 1.2 nm resolution was utilized to study
the distribution of materials in the WPC samples. A Rotary Microtome (Warner-Lambert
Technologies Inc., Buffalo, NY, USA) was used to make the flat and smooth cross-sections
of the WPC samples. Coating of the samples was done with an Au/Pd conductive layer
of 4 nm thickness before the SEM observations. The images were magnified 100×, with a
surface area of 100 µm in a high vacuum 2.24 × 10−6 Torr, and the electron source voltage
was 3 kV. The samples were also observed under a fluorescent microscope to observe
the distribution more clearly. An Olympus BH2 fluorescent microscope (Olympus Scien-
tific Solutions Americas Corp., Waltham, MA, USA) with a wide blue fluorescent filter:
450–480 nm excitation, mirror 500 nm, barrier filter 515 nm and a CHIU technical Corpora-
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tion M-100 100W mercury illuminator was used. Samples for fluorescent microscopy were
the thin wood polymer films prepared from the same rotary microtome used in making
samples for the SEM. SHUR/Mount (Triangle Biomedical Sciences Inc., Durham, NC, USA)
was used as a mounting medium and the samples were mounted properly on the coverslip.
Thus, the WPC samples for observation in SEM were flat and smooth cross-sections and
for fluorescent microscope were the thin films. Both the microscopes used a Zeiss Axiocam
ERc 5 s camera and Zen Blue software (1.1.1.0, Carl Zeiss Microscopy, LLC, White Plains,
NY, USA). Image J software (National Institutes of Health and the Laboratory for Optical
and Computational Instrumentation, Madison, WI, USA) was run to study the wood fillers’
particle dispersion in the polymer matrix. The area of each particle was calculated using
the Image J software. Since the particles had variation in area, the number of particles for
each area range (on every 50 square microns) was differentiated.

The American Society of Testing and Materials (ASTM) Standard D792-20 Standard
Test Methods for Density and Specific Gravity (relative density) of Plastics by Displacement
(ASTM International, West Conshohocken, PA, USA) was followed for determining the
density of each sample after injection-molding. For each sample, five specimens were
considered for the density testing. The temperature of the water was maintained at
23 ◦C ± 2 ◦C. Any bubbles observed were removed. Density was derived from the specific
gravity calculation. The formulas to calculate specific gravity and density are:

Specific gravity =
a

(a + w − b)
(1)

where, a is the apparent mass of specimen, without wire or sinker, in air, b is the apparent
mass of specimen (and of sinker, if used) completely immersed and of the partially im-
mersed wire in liquid, and w is the apparent mass of totally immersed sinker (if used) and
of partially immersed wire.

Density = Specific gravity · 997.5 (2)

where, 997.5 is the density of water at 23 ◦C.
ASTM D 638-14 Standard Test Method for Tensile Properties of Plastics (ASTM Inter-

national, West Conshohocken, PA, USA) was followed to determine the tensile properties
of the WPCs. Tests were performed at room temperature of 23 ± 2 ◦C and 50 ± 10% RH. A
universal testing machine Instron 5966 (Instron, Norwood, MA, USA) with a 10 kN load
cell was used. A mounted extensometer in the Instron measured the elongation of the
samples. The tensile test speed was set at 50 mm/min for breaking the specimen within
5 min. For each sample, 15 replicates were tested to report the average value.

ASTM D 790-17 Standard Test Methods for Flexural Properties of Unreinforced and
Reinforced Plastics and Electrical Insulating Materials (ASTM International, West Con-
shohocken, PA, USA) was followed for measuring the flexural strength and modulus of
elasticity. The room temperature of 23 ± 2 ◦C and 50 ± 10% RH was maintained for the
testing. A universal testing machine Instron 5966 (Instron, Norwood, MA, USA) with a
10 kN load cell was used. The support span length was 52.8 mm with an average depth of
the beam of 3.3 mm. The outer fiber strain rate was 0.01/min and the crosshead motion
rate was 1.5 mm/min. For each sample, 15 replicates were tested and the average value
was reported.

ASTM D 256-10 Standard Test Methods for Determining the Izod Pendulum Impact
Resistance of Plastics (ASTM international, West Conshohocken, PA, USA) was followed
to determine the impact strength of the samples. A Ceast Izod Pendulum Impact Tester
(Ceast U.S.A., Inc., Charlotte, NC, USA) with hammer energy of 2.75 J was used for impact
testing. Before testing, the samples were prepared following the recommended dimensions
in the standard. The recommend length of the specimens was 63.5 ± 2 mm and depth of
notch 10.16 ± 0.05 mm with the angle of the notch 45 ± 1◦. Notches were prepared using a
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milling machine and the appropriate length was cut on a band saw. Fifteen replicates for
each sample were tested to report the average value.

2.4. Statistical Analysis

A three-way Analysis of Variance (ANOVA) with a significance level of 0.05 was
used for testing of the statistical significance in the means of the variables. The statistical
association of type of wood filler, presence or absence of MAPP, and wood species with the
density, tensile properties, flexural properties and impact properties of the WPC samples
was analyzed. Here, type of wood filler, presence or absence of MAPP, and wood species
are the three independent input variables and their two-way or three-way interaction on
the output variables was studied. The dependent output variables are the physical and
mechanical properties determined in the study.

3. Results and Discussions

For the WPCs manufactured using wood pellets and flour, the SEM images did not
show significant differences in dispersion or distribution or uniformity of particles in the
matrix of polymer. Lee et al. [27] mentioned that the quantitative determination of the
fibers organization in the WPC profiles is difficult using SEM images. Thus, fluorescent
images were also taken to study these parameters. Figure 2 below shows the fluorescent
images of WPCs manufactured from four different species using wood flour and wood
pellets in the presence of MAPP. Fluorescent images of WPCs for four different wood
species with wood flour and wood pellets separately in controlled formulation are shown
in Figure A1 of Appendix A. In the fluorescent images, the wood fillers can be clearly
observed. The black portion represents the polymer matrix alone or the polymer matrix
with MAPP. PP and MAPP could not be separated in the fluorescent images. These images
showed that the particles are more uniform in size for wood flour utilized WPCs than the
pellet samples. Similarly, the distribution of particles is similar for both WPCs made with
flour and pellets but the dispersion was higher for those manufactured with pellets than
flour. This could be attributable to the grinding action of the knife grinder to the pellets
that created particles with less uniformity than the sieved 40-mesh wood flour. Analysis
was done on the dimensions of wood pellet and wood flour particles in the polymer matrix.
The major axis, i.e., length of the wood pellets particles ranged from finer particles of
4 microns to the larger particles of 427 microns and the minor axis, i.e., width ranged from
2 to 220 microns. The size range had a greater deviation. For the wood flour particles, the
major axis ranged from finer sizes of 4 microns to larger 295 microns and the minor axis
from 2 to 180 microns with lesser variation than the former case. Likewise, the average
aspect ratio of the 40-mesh wood flour particles on the polymer matrix for cedar was
2.2, pine 2.1, spruce-fir 2.4 and of maple 2.3. For the ground wood pellets, the average
aspect ratio of cedar was 2, pine was 2.2, spruce-fir 2.1 and the maple 2. The biggest wood
particles appear more or less rectangle in shape whereas the smallest particles are more
irregular in shape [28]. Because of high temperature and shear forces, wood fiber length is
reduced but not the width during compounding and molding [29,30]. On comparing the
hardwoods and softwoods, it can be clearly observed that the distribution and dispersion
of particles is higher in softwoods than the hardwood maple. This might be because of the
softwood fibers being flexible and hardwood fibers stiffer. Hardwood fibers are shorter
(about 1 mm) and softwood fibers are longer than the hardwoods (about 3–8 mm). The
discrepancies between hardwood and softwood fibers in terms of density, morphology
and aspect ratio influences the dispersion of the fibers and consequently, the reinforcing
for the polymer [31]. The color of WPC samples for each wood species was different
correlating with the color of mill residues, wood flour and wood pellets. During the melt
processing, the orientation and dispersion of fibers in the polymer is affected as well [30].
Mechanical behavior of the composites are greatly influenced by the consistency of the
lignocellulosic materials concentration in the polymer [32,33]. Thus, on comparing the
physical properties of wood pellets after pelletizing and then grounding operation with
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the original wood flour, the ground pellets had greater variation in sizes and were more
bulky. The particle size variation of the ground pellets was smaller attributable to the usage
of uniform size of the wood flour [34]. As the particles are smaller, the circularity of the
particle sizes increases [35]. The same authors also suggested drier pellets produce finer
particles. Studies have been conducted related to the particle shape of the ground pellets.
Some authors have suggested the mill type influences [36] whereas others have suggested
the material properties affect the particles’ shape [37]. Jet mills produce particles with the
highest aspect ratio. Likewise, in a dry condition, the chemical constituents of wood such
as cellulose, hemicellulose and lignin usually do not change until reaching a temperature
of around 200 ◦C [38]. However, surface energy of the particles might be reduced due to
the thermal friction encountered by the particles during the milling operation. Grinding
can change the surface properties of particles [39].

In this study, pellets were produced from the wood flour without any mechanical
treatments. Durable pellets can be produced from the steam explosion mechanism of the
raw materials [40]. Thermal pretreatment of the raw materials by torrefaction produce
pellets with lower in properties such as density, hardness and energy yield, but higher in
hydrophobicity [41]. The production factors such as additives, die temperature, pressure
and raw materials can affect the properties of wood pellets [42]. With these changes in
properties of pellets changes the material properties of WPCs. Butylina et al. [22] observed
the physical and mechanical properties of PP-wood fibers produced from commercially
manufactured wood pellets in between the values of wood flour and heat-treated wood
fibers. Further detailed research on understanding the properties of wood pellets under
different treatments and then its impact on composites manufacturing through different
production and grinding treatments are suggested.

The feed rate of the raw materials under different formulations is shown in Table
2. Either in control or MAPP formulations, the feed rate using pellets was approximately
1.5 times greater than the feed rate using wood flour mixed with PP alone or with MAPP.
This effect is slightly higher for formulations with MAPP than the controls as the weight
of MAPP used was slightly more than the PP used. MAPP also acts as a processing aid,
i.e., like a lubricant thus contributing to an enhanced production rate. Pellets after being
processed in a grinder were bulkier than the wood flour fibers. These results suggest
that time and energy are reduced for the processing of WPC pellets in an extruder using
wood pellets rather than wood flour. Nevertheless, this is a case during extrusion only.
The additional steps of pelletizing the wood flour and grinding operations still needs
to be considered. The ground pellets possessed increased fragmentation in the polymer
after the grinding.
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Table 2. Feed rate (g/min) from the feeder of twin-screw extruder.

Wood Species
Controlled Condition MAPP Condition

Flour + PP Pellets + PP Flour + PP + MAPP Pellets + PP + MAPP

White Cedar 26.40 40.81 26.42 40.84
White Pine 22.03 39.62 22.05 39.65
Spruce-Fir 24.51 39.17 24.53 39.20
Red Maple 31.03 43.50 31.05 43.53

1 g of PP = 1.04 g of MAPP.

The two graphs in Figure 3 below show the dispersion of particles in WPCs based on
area of the particles. From both the graphs, it can be observed for both wood flour and
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wood pellets feedstock WPCs, most of the particles falls below 50 square microns followed
by 50–100 square microns. However, the WPCs made from pellets have a steeper curve
than that of utilizing wood flour. This suggests that within the same range of particles
area, a higher number of the pellet particles fall than the flour particles. This then, affects
the dispersion of particles in the polymer. A similar trend was observed through the
visualization of fluorescent images in Figure 2. From the images, it can be inferred that
WPCs made from wood pellets had better particles’ dispersion than WPCs made from the
wood flour. However, proper dispersion and distribution is always challenging for small
particles in the polymer matrix [25,43]. The clustering of the particles usually can occur
with particles having a smaller particle size and higher surface energy [44].
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Figure 3. Area of wood particles in the polymer matrix (a) wood flour and (b) wood pellets.

The average density of PP is 900 kg/m3. Figure 4 below shows the density of WPC
samples of wood flour and pellets in different formulations. For all sample formulations,
the density observed was higher than 900 kg/m3. For all cases, WPCs made from wood
pellets with MAPP showed a higher density. The increase in density of WPCs made with
wood pellets is because of ground wood pellets being denser than the wood flour used.
Matuana and Stark [45] suggested that the compression of cell walls in the wood causes
increase in density of the WPCs than the pure plastics. From our results, it can be indicated
that the cell walls of pellets squeezed more than the flour. Similarly, in a microscopic level,
the cell wall density of hardwoods and softwoods is almost similar that does not create
significant differences in the density of composites. Results of three-way ANOVA showed
that the p-value on the one-, or two- or three-way interaction of each variable (wood
filler type, wood species, and additives condition) was greater than 0.05 in all conditions
except the one-way interaction of wood filler. In the case of density, presence or absence of
MAPP and wood species type or their interaction with the wood filler, does not make a
notable difference. However, as explained before, filler type alone shows some significant
differences as WPCs with pellets have a higher density than those with wood flour. On
average, the density of WPCs for the wood flour controls was lower by 0.5% than the pellet
formulations. Here, the density was 0.6% and 0.3% lower for the wood flour controls than
the pellets for softwoods and hardwood, respectively. Likewise, in the wood flour–MAPP
formulations, the average density was 0.6% lower than with pellet–MAPP formulations
which was lower by 0.6% and 0.8% for softwoods and hardwoods respectively.
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Figure 4. Density of WPCs.

The interplay of wood feedstock and the polymer impacts the mechanical properties
of WPCs. The processes used in manufacturing WPCs also impact the composite products’
mechanical behavior [46]. The physical and mechanical properties depend on the nature of
wood filler such as the size and distribution of particles, the orientation of fibers, wood
species and wood filler contents. Softwood pulps augment the tensile and flexural prop-
erties of WPCs as compared to the hardwood pulps [31]. However, Berger and Stark [47]
reported PP composites from hardwoods performed better than the softwoods. Either with
wood flour or pellets, the tensile and flexural properties of the samples containing MAPP
were better than the PP controls. This is obvious as MAPP increases the adhesion between
polymer and wood. Tensile flexural and impact properties are improved attributable to
MAPP in composite of wood flour and PP [48].

Figure 5 conveys the results of tensile strength and modulus of the WPCs under
different formulations. Similarly, values of the tensile strength at yield and break and %
elongation at yield and break are tabulated in Table 3.
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Table 3. Tensile strength and % elongation at yield and break for different formulations of WPCs. 

Wood Species Formulations 
Tensile Strength at 
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Flour–Control 14.35 0.82 14.82 0.49 2.77 0.40 10.62 1.10 
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Pellets–MAPP 17.81 0.65 17.60 0.50 3.13 0.26 9.31 0.53 

White Pine 

Flour–Control 15.43 1.38 14.82 0.64 3.32 0.32 12.72 1.16 
Pellets–Control 16.23 0.88 15.14 0.48 3.07 0.29 11.27 0.82 
Flour–MAPP 18.96 1.19 17.60 0.61 3.16 0.21 9.66 0.66 

Pellets–MAPP 18.69 0.76 16.89 0.74 3.33 0.47 9.43 0.75 
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Flour–Control 17.74 1.02 16.72 0.52 3.28 0.52 9.73 0.90 
Pellets–Control 15.95 0.85 15.85 0.42 3.03 0.30 11.06 0.73 
Flour–MAPP 19.35 1.48 18.84 0.56 3.25 0.28 9.37 0.69 

Pellets–MAPP 18.77 1.74 18.34 0.48 4.05 1.09 10.50 1.10 

Red Maple 
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Figure 5. Graphs of (a) Tensile strength of WPCs and (b) Tensile modulus of WPCs.
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Table 3. Tensile strength and % elongation at yield and break for different formulations of WPCs.

Wood Species Formulations
Tensile Strength at

Yield (MPa)
Tensile Strength at

Break (MPa)
% Elongation at

Yield
% Elongation at

Break

Mean S.D. Mean S.D. Mean S.D. Mean S.D.

White Cedar

Flour–Control 14.35 0.82 14.82 0.49 2.77 0.40 10.62 1.10
Pellets–Control 16.56 0.73 16.12 0.32 2.54 0.18 9.35 0.56
Flour–MAPP 20.22 0.97 18.32 0.47 3.48 0.30 9.21 0.64

Pellets–MAPP 17.81 0.65 17.60 0.50 3.13 0.26 9.31 0.53

White Pine

Flour–Control 15.43 1.38 14.82 0.64 3.32 0.32 12.72 1.16
Pellets–Control 16.23 0.88 15.14 0.48 3.07 0.29 11.27 0.82
Flour–MAPP 18.96 1.19 17.60 0.61 3.16 0.21 9.66 0.66

Pellets–MAPP 18.69 0.76 16.89 0.74 3.33 0.47 9.43 0.75

Spruce-Fir

Flour–Control 17.74 1.02 16.72 0.52 3.28 0.52 9.73 0.90
Pellets–Control 15.95 0.85 15.85 0.42 3.03 0.30 11.06 0.73
Flour–MAPP 19.35 1.48 18.84 0.56 3.25 0.28 9.37 0.69

Pellets–MAPP 18.77 1.74 18.34 0.48 4.05 1.09 10.50 1.10

Red Maple

Flour–Control 16.48 1.12 16.47 0.64 2.76 0.31 9.16 0.53
Pellets–Control 15.14 0.82 15.27 0.47 3.11 0.59 10.28 0.90
Flour–MAPP 18.64 0.53 18.20 0.44 3.42 0.83 10.16 1.01

Pellets–MAPP 17.37 1.32 17.18 0.39 2.49 0.61 8.69 1.01

Results of the three-way ANOVA showed the three variables alone, i.e., wood filler,
additive and wood species or their two-way or three-way interactions indicate some statisti-
cal differences in the tensile properties. There was minute statistical difference in the tensile
values attributable to the two-way interaction of wood species and the MAPP additive.
Tensile properties with or without MAPP did not vary much among the different wood
species. Similarly, tensile modulus was not influenced much based on the wood filler type
and the three-way effect of filler type, species and MAPP additive. The graph in Figure
5 shows, WPCs manufactured using pellets or flour had no significant difference in the
tensile values of the composite products. Either for the MAPP or control formulations,
the wood pellet samples show similar or significantly lower differences in the tensile
properties. On average, the tensile strength of the wood flour controls was 0.6% higher
than the pellet controls. Tensile strength of the wood flour controls was lower by 1.7%
for the softwoods and higher by 7.7% for the hardwood compared to the pellet controls.
Similarly, the average tensile strength of the wood flour–MAPP samples was 3.9% higher
than pellet MAPP samples. The softwoods and hardwood showed increases of 3.4% and
5.5% respectively for the wood flour–MAPP samples compared to pellet–MAPP samples.
The average Modulus of Elasticity (MOE) for the wood flour controls was 3.8% higher than
the pellet controls. In this case, the MOE of the wood flour control formulation compared
to pellet controls were lower by 0.4% for the softwoods and higher by 16.4% for the hard-
wood sample. The average MOE of the wood flour–MAPP was higher by 10.2% than the
pellet–MAPP formulation. The MOE was higher by 8.5% and 15.4% for softwoods and
hardwood respectively for the wood flour–MAPP compared to the pellet–MAPP samples.
These results show that the tensile property values differ based on the wood species. Rogers
and Simonsen [49] suggested the type of wood species can influence the parameters such
as: roughness, feasibility to grinding, and porosity which might regulate the bonding
with WPCs. Compared to the other species, the spruce-fir WPCs exhibited the maximum
tensile properties for all formulations. This is attributable to the higher fragmentation of
fibers in the PP matrix. Spruce-fir fibers possess the highest aspect ratio among the wood
species examined. Higher aspect ratio is crucial in influencing the mechanical performance
of the WPCs than the length of the particle [16,17,50–53]. Damage to the wood fiber is
induced by the grinding process [54]. WPCs made of hardwood, i.e., maple pellets have
the lowest MOE values among the wood species made from pellets. Neagu et al. [55]
reported the correlation between lignin content and stiffness of the composite materials
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where they observed maximum stiffness for softwood kraft fibers. These results also show
similarities in the findings as maple pellets have less lignin content compared to the other
softwood pellets.

Table 3 lists the tensile strength at yield and break and % elongation at yield and
break for different formulations of the composites. The values show WPCs manufactured
using pellets and wood flour did not have significant differences and any differences were
small. Spruce-fir WPCs showed maximum strength compared to the other wood fillers on
average. Likewise, the elasticity of the composites is indicated by the elongation at break.
The percentage elongation at yield is in the range of 2–4% and a break in the range of
8–12% for the WPC samples. Between the pellets and wood flour WPCs, the values indicate
minor differences. Compared to the maple and cedar, pine and spruce-fir have greater %
elongation at yield and break. The tensile strength and modulus, and % elongation of the
WPCs have a positive relation with the finer size of the particles [56,57].

In Figure 6, the flexural properties of WPCs made with wood flour and pellets in the
presence or absence of MAPP are presented. From the three-way ANOVA, it was observed
for the flexural properties the variables alone or their two-way or three-way interactions
contribute to some significant differences in the bending properties except the one-way
interaction of wood filler type. The wood filler either the wood flour or pellets did not
influence the flexural strength. MOE was affected by the filler type by small statistical
difference. MOE was not influenced by two-way effect of wood species and MAPP additive
where, the MOE values with and without MAPP were similar among the different species.
The average flexural strength for wood flour controls was lower by 1.3% than the pellet
controls. Flexural strength of the wood flour controls was lower by 4% for softwoods and
higher by 6.7% for the hardwood formulation compared to the pellet controls. Similarly, the
average bending strength of wood flour–MAPP samples was 4.2% higher than the pellet
MAPP samples. The softwoods and hardwood contributed to increase in bending strength
by 4.1% and 4.35% respectively on flour–MAPP condition than the pellet MAPP samples.
The average bending MOE for the flour–control case was 1.3% lower than the pellet-control
case. In this scenario, the MOE for the flour–control formulation contrary to pellet-control
formulation was lower by 7.5% for softwoods and higher by 17.5% for the hardwood. The
average bending MOE for formulation with flour–MAPP was higher by 8.4% than the
pellet–MAPP formulation. The MOE was higher by 8.7% and 7.6% for softwoods and
hardwood respectively in flour–MAPP case than the pellet–MAPP case. Looking at the
graphs of the bending tests in Figure 6, a similar trend to flexural properties existed for
formulations with or without additives and with wood flour or pellets. Wood flour or wood
pellets WPCs had similar or significantly fewer differences in flexural properties. In some
cases, bending properties of WPCs made with pellets were higher than WPCs with wood
flour. Wood species had a different impact to the bending properties than to the tensile
properties. Compared to the rest of the wood species, red maple exhibited the maximum
flexural strength using MAPP for both flour and pellets followed by spruce-fir. However,
Pilarski and Matuana [58] mentioned flexural properties of WPCs produced from rigid
PVC and HDPE matrices showed better performance for softwoods than the hardwoods.
Higher values of tensile and flexural properties was shown by jack pine and black spruce
than the white cedar for HDPE composite [59]. Similarly, the flexural modulus of elasticity
of WPCs with red maple pellets was lower for both controls and MAPP formulations than
the other species. This might be attributable to the correlation between lignin content and
stiffness as concluded by Neagu et al. [55].
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Figure 6. Graphs of (a) Flexural strength of WPCs and (b) Flexural modulus of WPCs.

Typically, the presence of wood fibers in the body of WPCs causes crack initiation
and subsequent failure. The graph in Figure 7 show the impact properties of the different
WPC samples. Unlike to the tensile and flexural properties, the presence of MAPP did
not contribute to a higher impact strength than in the control formulations. Compared to
the tensile and flexural properties, the impact strength values for different wood species
had a greater variance from the mean value. On average, WPCs of red maple showed
better impact strength than the other wood species. The study conducted by Bledzki and
Faruk [60], on the effect of wood filler geometry on the physico-mechanical properties of
PP/wood composites, reported hardwood flour reinforced PP composites had a better
impact strength than the other PP composites of different fillers (softwood fiber, long
wood fiber and wood chips). However, higher impact strength of PP based composites
for ponderosa pine was greater than the hardwoods: oak and maple [47]. The composite
samples made with fine wood particles have poorer impact strength than with coarse-
wood particles [61]. In our study, the softwood particles were finer than the hardwood.
Because of this, on average WPCs from softwoods had a lower impact strength than the
hardwood. Similar to the tensile and flexural values, there was not a difference in the
impact values due to the filler type. The average impact strength for the wood flour
controls was 8.3% higher than the pellet samples. At flour–controls, it was higher by
14.3% for softwoods and lower by 9.6% for hardwood than the pellet-controls formulation.
For the wood flour–MAPP formulations, the impact strength value was 2.3% higher than
the pellet MAPP formulations. For softwoods it was higher by 3.7% and for hardwood
lower by 1.8% at flour–MAPP formulation than pellet–MAPP formulation. Results of the
three-way ANOVA on flexural properties showed the variables alone or their two-way or
three-way interactions contribute to some significant differences in the impact properties.
The statistical analysis also revealed that the interaction of wood filler and MAPP additive
did not influence the impact strength with a greater difference. It means in each WPC
formulation with presence or absence of MAPP, the impact strength for each filler type did
not have much variation.
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Future research work on using wood pellets as a wood feedstock in different polymers,
different formulations, changing the properties of wood pellets during manufacturing, etc.
are recommended to understand more about the material for its efficient application.

4. Conclusions

The following conclusions are highlighted from the present study:

• The physical and mechanical properties of WPCs made from either the wood flour or
wood pellets were similar.

• Distribution of feedstock was similar for both wood flour and pellet formulated WPCs.
However, dispersion was greater for WPCs with pellets than with wood flour.

• MAPP improved the physical and mechanical properties of WPCs for each wood
feedstock and wood species.

• On average, WPC samples of spruce-fir species possessed the best properties.
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Abstract: Pandanus amaryllifolius is a member of Pandanaceae family and is abundant in south-
east Asian countries including Malaysia, Thailand, Indonesia and India. In this study, Pandanus
amaryllifolius fibres were extracted via a water retting extraction process and were investigated as
potential fibre reinforcement in polymer composite. Several tests were carried out to investigate
the characterization of Pandanus amaryllifolius fibre such as chemical composition analysis which
revealed Pandanus amaryllifolius fibre’s cellulose, hemicellulose and lignin content of 48.79%, 19.95%
and 18.64% respectively. Material functional groups were analysed by using Fourier transform
infrared (FTIR) spectroscopy and X-ray diffraction analysis confirming the presence of cellulose
and amorphous substances in the fibre. The morphology of extracted Pandanus amaryllifolius fibre
was studied using a scanning electron microscope (SEM). Further mechanical behaviour of fibre
was investigated using a single fibre test with 5 kN cell load and tensile strength was found to
be 45.61 ± 16.09 MPa for an average fibre diameter of 368.57 ± 50.47 µm. Meanwhile, moisture
content analysis indicated a 6.00% moisture absorption rate of Pandanus amaryllifolius fibre. The
thermogravimetric analysis justified the thermal stability of Pandanus amaryllifolius fibre up to 210 ◦C,
which is within polymerization process temperature conditions. Overall, the finding shows that
Pandanus amaryllifolius fibre may be used as alternative reinforcement particularly for a bio-based
polymer matrix.

Keywords: Pandanus amaryllifolius fibre; natural fibres; composite

1. Introduction

Changes from the dominant usage of synthetic fibre to natural fibre indicate the rise
of awareness among people around the world regarding the negative environmental
impact that synthetic fibre brings which may damage human health. Synthetic polymers
production utilized a large amount of energy which produces environmental pollutants
during the production and recycling of synthetic composites [1]. The implementation
of natural fibre-reinforced polymer (NFRP) composites has become an emerging trend
driven by stringent environmental legislation that focuses on the development of more eco-
friendly materials as an alternative to substitute synthetic composites. The incorporation
of natural fibres in composite has presented many improvements in terms of favourable
tensile properties, reduced health hazards, acceptable insulating properties, low density
and decreased energy consumption [2]. Furthermore, cellulosic material has been widely
utilized in many applications such as cellulose nanofibers in food packaging, drug delivery
and biomedicine applications; chitosan widely used in biosensors and tissue engineering,
membrane separation and treatment of water applications; and hybrid of bacterial cellulose
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and chitin nanofibers have produced nanocomposite film that provides an excellent barrier
to act as the antioxidant and antibacterial film [3]. Besides that, many studies have been
conducted with regards to the incorporation of natural fibre in composite applications
which have proven that natural fibre has remarkable advantages and is a promising method
to replace synthetic polymer [4–9].

Natural fibres can be simply defined as fibres that are not synthetic or man-made.
They can be sourced from plants, animals or minerals where would be the common clas-
sification of natural fibres. In general, most common natural fibres come from plants
and are composed of cellulose, thus making the fibre hydrophilic due to the presence of
poly(1,4-β-D-anhydroglucopyranose) units which contain hydroxyl groups that enable
them to form strong hydrogen bonds [10,11]. They are also called lignocellulosic fibres since
their cellulose fibrils are embedded in the lignin matrix [12]. However, natural fibres prop-
erties and structural parameters differ among plants depending on the species, growing
environment, topographical location and preparation sample fibre method. The plant cell
wall is composed of cellulose, hemicellulose and lignin where cellulose is the fundamental
composition of the fibre. [12]. Cellulose is an organic polysaccharide that is composed of
thousands of D-glucose units resulting from condensation via β(1→4)-glycosidic bonds
which permit cellulose to have physical and chemical properties that demonstrate high
tensile strength, are environmentally friendly, non-toxic and totally renewable [13]. Hemi-
cellulose is known as a branching polysaccharide polymer made up of glucose and other
types of sugar groups including xylose, galactose, arabinos and mannose [11]. Lignin is
composed largely of phenylpropane and is the second most abundant component after
cellulose, responsible for cementing cellulose microfibrils as well as protecting cellulose
and hemicellulose contributes rigidity and also carries out water transport [4]. Both lignin
and hemicellulose are amorphous polymers and cellulose is a semicrystalline polymer.

Pandanus amaryllifolius is a tropical plant and a member of the Pandanaceae family. It
is reported that there are more than 600 known species from the Pandanaceae family [13].
Pandanus amaryllifolius is one of the species that is known as an endemic plant to Malaysia
and is famously called as pandan wangi. It is famous with regards to its unique fragrant
leaves which are widely used for flavouring in the cuisines of the Southeast Asia region.
Nevertheless, its species member called Pandanus tectorius has flowers that are scented
but not the leaves [14]. The distinct flavour aroma from pandan wangi species is due to
the presence of a high amount of 2-acetyl-1-pyrroline (2AP) [15]. Despite its unique aroma
and colouring, pandan wangi also has been used traditionally as medicine for decades and
is proven to enhance the immune system and anti-tumour agents [16]. Besides that, it is
also reported that Pandanus amaryllifolius extract is able to reduce blood glucose levels as
well as shows improvement in insulin resistance [17]. Table 1 shows Pandanus species and
applications based on reported journals.

Table 1. Pandan species and potential applications.

Type of Pandan Potential Application References

Pandanus ceylanicus Polymer composite [13]
Pandanus tectorius Natural fiber [18]

Pandanus utilis Low cost paper [19]
Pandanus amaryllifolius Polymer composite [20,21]

Pandanus tectorius Pharmaceutical, medicine [16]
Pandanus amaryllifolius Pharmaceutical, medicine [17]
Pandanus odoratissimus Traditional medicine [22]
Pandanus amaryllifolius Packaging application [23]

Since Pandanus amaryllifolius plant has various applications and benefits, final products
from extraction process or filtrate are taken out for further processes to leave Pandanus
amaryllifolius fibre residue as a by-product. The remaining Pandanus amaryllifolius residues
are usually unused and then discarded as waste. It is reported that about 1 kilogram of
dried powder of pandan wangi can yield pandan extract of about 250 g [16]. Thus, if a huge
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scale of Pandanus amaryllifolius extract is produced this will contribute to the larger amount
of pandan wangi waste that would be discarded. Moreover, since Pandanus amaryllifolius
fibre is a source of lignocellulose which is abundant, can be obtained at low cost and is
renewable, this would turn it into a suitable candidate for reinforcement agent in composite
material application. Hence, it would be waste if the by-product is not fully utilized yet it
has good potential to be recycled and able to produce to be another product.

A study reported by Adhamatika et al. [24], characterized physiochemical Pandanus
amaryllifolius leaves in an attempt to convert the leaves to powder form for a variety of
applications. Different parts of pandan leaves were taken; young and old leaves, and under-
gone three different drying methods; cabinet, vacuum and freeze-drying, prior turned into
pandan powder. Although the investigation of physiochemical was conducted, the study
has only focused on the non-cellulosic content in the pandan powder including ash content
(%), chlorophyll content (mg/g), phenolic content (mg/g) and antioxidant (ppm) and no
cellulosic information such as cellulose and hemicellulose content were demonstrated
and no mechanical test conducted as the leaves were all converted into powder. Thus,
the Pandanus amaryllifolius leaves characterization has not been well studied as source
of fibre composite. Another study reported by Ooi et al. [25], focused on the potential
development of new antiviral protein from purification and characterization of Pandanus
amaryllifolius leaves. It was observed that the composition of lectin, designated Pandanin,
possessed antiviral activities against human viruses namely herpes simplex virus type-1
(HSV-1). The extraction of lectin in the Pandanus amaryllifolius leaves was undertaken
through a saline extract that underwent a few processes such as monium sulfate precip-
itation, affinity chromatography and gel filtration. It is interesting to acknowledge on
the potential of Pandanin in Pandanus amaryllifolius could be a good candidate for a new
class of anti-HIV or other antiviral agents. Therefore, it is clear that the reports of both
Adhamatika et al. [24] and Ooi et al. [25] do not focus on the fibre characterization as
the potential of fibre reinforcement.

Although, there are several studies reported on the potential of Pandanus amaryllifolius
fibre as composite fillers application such as Pandanus amaryllifolius fibre in low-density
polyethylene (LDPE) composite [23] and in epoxy resin composite [26]. However, to
the best of our knowledge, there has been no research carried out on the characterization
of Pandanus amaryllifolius fibre that comprehensively focused on its physicochemical and
mechanical properties as a potential reinforcement agent. Hence, the study reported in
this article focuses on the extraction and characterization of the physical, chemical and
mechanical properties of Pandanus amaryllifolius fibre for possible utilization as fillers in
polymer reinforcement matrix.

2. Materials and Methods
2.1. Materials

The Pandanus amaryllifolius (pandan wangi) leaves collected from rural area of Bahau
(Negeri Sembilan, Malaysia) were used in this study. Pandanus amaryllifolius fibre (PAF)
were extracted from fresh leaves. Samples were characterized in short length fibre form as
shown in Figure 1h except for mechanical testing.

2.2. Pandanus amaryllifolius Fibre Extraction

The extraction of PAF involved in this study used the most common fibre extraction
technique known as water retting. This technique was carried out by introducing moisture
and chemical enzymatic reaction to extract the fibre in the pandan wangi leaves. Initially,
bundles of pandan wangi leaves were cleaned and chopped into 12 cm × 3 cm pieces.
Then the leaves were then placed in stagnant water to undergo water retting process for
8 weeks. Throughout the process, it was observed that the freshly collected pandan wangi
leaves were green in colour at the beginning and changed to yellow-brownish colour after
8 weeks of water retting. The retted leaves were washed in running water and the pandan
wangi fibres were removed by manual peeling. The extracted fibres were then cleaned
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and allowed to dry under direct sunlight for 1 day. After that, the extracted pandan wangi
fibres were further dried in the oven because drying under the sunlight is not enough to
remove all the moisture in extracted fibres. The fibres were then placed in the oven for
6 h at 80 ◦C. Some of the fibres were taken and ground using a disc mill to make the short
fibre form. Both ground (short fibres) and unground fibres were kept in the zip-locked bag
until further use. The images of different steps during the retting process are provided in
Figure 1 below.
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leaves cleaned and immersed in the water; (d) after 2 weeks; (e) skin degraded and removal of fi-
bres; (f) extracted fibres collected and dried under sunlight; (g) ungrounded fibres after being fur-
ther dried in oven; (h) ground (short fibres) PAF. 

2.3. Characterization 
2.3.1. Determination of Chemical Composition 

The Pandanus amaryllifolius fibres (PAF) chemical composition was evaluated via 
neutral detergent fibre (NDF), acid detergent fibre (ADF) and acid detergent lignin 
(ADL), as well as ash content analysis. Using Equations (1) and (2), the cellulose and 
hemicellulose percentages can be determined respectively: 

Cellulose = ADF − ADL (1)

Hemicellulose = NDF − ADF (2)

2.3.2. Fibre Length and Diameter 
PAF fibre length was measured from the extracted fibre obtained after water retting 

and drying. Meanwhile, fibre diameter was evaluated under an optical microscope, Zeiss 
(Axiovert 200; Carl Zeiss Light Microscopy, Göttigen, Germany) that measured 15 indi-
vidual fibre samples. The average diameter was randomly measured at three different 
positions of each image and the average value was determined. 

2.3.3. Moisture Content 
Five samples were prepared for the moisture content investigation. The weight of 

the samples before (Wi) was recorded prior to being heated in an oven for 24 h at 105 °C. 
The final weight after heating (Wf) was recorded after constant weight was obtained to 
ensure no moisture remained in the sample. The moisture content of the samples was 
determined using the following Equation (3): 

Moisture content (%) = ௐ௜ିௐ௙ௐ௜   × 100 (3)

2.3.4. Scanning Electron Microscope (SEM) 
Sample’s morphology was observed by using a scanning electron microscope (SEM) 

machine, model Zeiss Evo 18 Research, (Jena, Germany) with an acceleration voltage of 
10 kV. 

2.3.5. Mechanical Testing 
The ASTM D3379 (1998) guideline was adopted in the evaluation of the tensile 

properties of PAF by using an Instron universal testing machine (5556, Norwood, MA, 
USA) with 5 kN load cell capacity. Experimentation was performed with 30 mm gauge 
length and 1 mm/min crosshead speed. To ensure an adequate fibre fastening to the ten-

Figure 1. Pictorial view of fibre extraction (a) Pandanus amaryllifolius plant; (b) cut bulk of leaves;
(c) leaves cleaned and immersed in the water; (d) after 2 weeks; (e) skin degraded and removal
of fibres; (f) extracted fibres collected and dried under sunlight; (g) ungrounded fibres after being
further dried in oven; (h) ground (short fibres) PAF.
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2.3. Characterization
2.3.1. Determination of Chemical Composition

The Pandanus amaryllifolius fibres (PAF) chemical composition was evaluated via
neutral detergent fibre (NDF), acid detergent fibre (ADF) and acid detergent lignin (ADL),
as well as ash content analysis. Using Equations (1) and (2), the cellulose and hemicellulose
percentages can be determined respectively:

Cellulose = ADF − ADL (1)

Hemicellulose = NDF − ADF (2)

2.3.2. Fibre Length and Diameter

PAF fibre length was measured from the extracted fibre obtained after water retting
and drying. Meanwhile, fibre diameter was evaluated under an optical microscope, Zeiss
(Axiovert 200; Carl Zeiss Light Microscopy, Göttigen, Germany) that measured 15 indi-
vidual fibre samples. The average diameter was randomly measured at three different
positions of each image and the average value was determined.

2.3.3. Moisture Content

Five samples were prepared for the moisture content investigation. The weight of
the samples before (Wi) was recorded prior to being heated in an oven for 24 h at 105 ◦C.
The final weight after heating (Wf) was recorded after constant weight was obtained to
ensure no moisture remained in the sample. The moisture content of the samples was
determined using the following Equation (3):

Moisture content (%) =
Wi −W f

Wi
× 100 (3)

2.3.4. Scanning Electron Microscope (SEM)

Sample’s morphology was observed by using a scanning electron microscope (SEM)
machine, model Zeiss Evo 18 Research, (Jena, Germany) with an acceleration voltage
of 10 kV.

2.3.5. Mechanical Testing

The ASTM D3379 (1998) guideline was adopted in the evaluation of the tensile proper-
ties of PAF by using an Instron universal testing machine (5556, Norwood, MA, USA) with
5 kN load cell capacity. Experimentation was performed with 30 mm gauge length and
1 mm/min crosshead speed. To ensure an adequate fibre fastening to the tensile machine,
fibre was glued earlier to a rectangular structure of 20 mm in width and 50 cm in length as
shown in Figure 2a and testing assembly is shown as Figure 2b.
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2.3.6. Fourier-Transform Infrared (FTIR) Spectrometry

Fourier transform infrared (FT-IR) spectroscopy was used to investigate the inter-
molecular interaction and presence of functional group of PAF. Spectra of the material were
obtained using JASCO FTIR-6100 Spectrometer (Japan). FT-IR spectra of the sample was
collected in the range of 4000 to 500 cm−1 at resolution of 2 cm−1.

2.3.7. Thermogravimetric Analysis (TGA)

Thermogravimetric analysis (TGA) was carried out using a Mettler-Toledo AG ana-
lyzer (Greifensee, Switzerland). The test was performed in a temperature range between
30 and 600 ◦C in inert (nitrogen) atmosphere heating rate of 20 ◦C/min with a flowrate
20 mL/min. A sample of 5–10 mg of the composite was heated in an alumina crucible pan.
Before the thermal study, the samples were pre-conditioned for at least 48 h at 53%.

2.3.8. X-ray Diffraction (XRD) Analysis

The X-ray diffraction was conducted using a Rigaku D/max 2500 X-ray powder
diffractometer (Rigaku, Tokyo, Japan) with Cu radiation run at 40 kV and 30 mA with
0.15406 nm light wavelength. The scanning rate of 2◦ min−1 in the range of diffraction
angle 10◦ to 40◦ at room temperature was used to scan the samples. The crystallinity index
(CI) was computed using the subsequent Segal expression, Equation (4):

CI =
I002 − Iam

I002
× 100% (4)

where I002 and Iam represent peak intensities of the crystalline and amorphous fractions,
respectively. The crystallite size (CS) was determined using Scherrer’s formula as shown
in Equation (5),

CS =
kλ

β cosθ
× 100% (5)

where k = 0.89 (Scherrer’s constant), λ = 0.1541 nm is the radiation wavelength, β is
the peak’s full-width at half-maximum in radians, and θ is the corresponding Bragg angle.

3. Results and Discussion
3.1. Determination of Chemical Properties

Table 2 presents the chemical composition of Pandanus amaryllifolius fibre in compari-
son with other natural fibres. Mechanical properties and biodegradability of fibre depend
on its chemical composition [27]. From Table 2, Pandanus amaryllifolius fibre shows value of
cellulose content of 48.79% comparable to sugarcane fibre and Arenga pinnata fibre, 48%
and 43.88% respectively, and shows lower cellulose content than other natural fibres such
as Calotropis gigantea, Ficus religiosa, Coccinia grandis, bamboo, jute, sisal, kenaf and acacia
tortilis with cellulose content of 64.47%, 55.58%, 63.22%, 73.83%, 66%, 65%, 72% and 61.89%
respectively. Meanwhile, cassava bagasse, Pandanus tectorius and Tridax procumbens show
lower cellulose value of 27%, 37.3% and 32% respectively. High cellulose content in fibre
contributes to the enhancement of mechanical properties [11]. However, from the data
tabulated in Table 2, Pandanus amaryllifolius fibre exhibits considerably low cellulose content
that might be reflected in the low tensile value obtained in mechanical testing, besides
the influence of fibre diameter. This also might be attributed to the presence of a high
content of amorphous substances in Pandanus amaryllifolius fibre such as hemicellulose,
lignin, ash and waxes [28].
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Table 2. Comparative chemical composition of Pandanus amaryllifolius fibre and other natural fibres.

Fibre Cellulose
(%)

Hemicellulose
(%)

Lignin
(%)

Ash
(%) Ref.

Pandanus amaryllifolius 48.79 19.95 18.64 1.08 -
Cymbopogan citratus 37.56 29.29 11.14 4.28 [29]
Calotropis gigantea 64.47 9.64 13.56 3.13 [30]
Tridax procumbens 32.00 6.80 3.00 0.71 [31]

Ficus religiosa 55.58 13.86 10.13 4.86 [32]
Coccinia grandis 63.22 - 24.42 - [33]

Bamboo 73.83 12.49 10.5 - [34]
Sugarcane 48.00 14.60 12.10 12.10 [35]

Jute 66.00 17.00 12.50 - [36]
Sisal 65.00 12.00 9.90 - [36]

Kenaf 72.00 20.30 9.00 - [36]
Cassava bagasse 27.00 30.00 2.70 - [37]

Acacia tortilis 61.89 - 21.26 4.33 [27]
Arenga pinnata (sugar palm) 43.88 7.24 33.24 1.01 [38]

Pandanus tectorius 37.30 34.40 22.60 24.00 [11]

The biological role of hemicellulose is to strengthen plant cell walls by interaction
with cellulose. Pandanus amaryllifolius fibre hemicellulose content of 19.95% is comparable
to kenaf fibre, 20.3%, and jute fibre, 17%. It has relatively high hemicellulose content as
compared to all other natural fibres except for kenaf, cassava bagasse and Pandanus tectorius
with hemicellulose content of 20.3%, 30% and 34.4%, respectively. Besides that, the presence
of hydrophobic substances such as lignin makes it less susceptible to moisture as well as
providing better fibre stability and rigidity; however, it lowers the fibre tensile strength.
The lignin content in Pandanus amaryllifolius fibre was 18.64% making it comparable to
Acacia tortilis, 21.26% and Pandanus tectorius, 22.6%. It is also seen to have higher lignin
content than bamboo, sugarcane, jute, sisal, kenaf and cassava bagasse at 10.5%, 12.1%,
12.5%, 9.9%, 9% and 2.7% respectively. Ash content in Pandanus amaryllifolius fibre is
recorded at 1.08%, considered as among of the lowest in comparison to other natural fibres
tabulated in Table 2 which determines it has less susceptibility to moisture when applied
in a humid environment. The value is in good agreement with the result obtained from
moisture content testing.

All chemical compositions exhibited in every plant natural fibre have their main
functionality and role in maintaining the rigidity of the plant structure and they comple-
ment every constituent. However, it is worth noting that in filler composite application,
the amount of cellulose in fibre becomes the main criteria that might influence the mechan-
ical properties of the resulting composite.

3.2. Determination of Physical Properties

A total of 15 samples of Pandanus amaryllifolius fibre was picked randomly to deter-
mine the average fibre length. The extracted fibre were chosen in dried condition after
undergoing the drying process as presented in Figure 1g. The average ultimate fibre length
was found in this study to be 45.07 ± 4.81 mm long (coefficient of variation, CV = 0.11).
The coefficient of variation value shows the variability in the individual reading is small
meaning the sample is fairly homogenous. In general, fibre physical properties are varied
depending on the climate, environmental condition, age and origin of fibre [11]. Besides,
the Pandanus amaryllifolius fibres were collected from rural areas living alongside other
wild plants as displayed in Figure 1a. Physically, it can be observed that the collected fibre
is bigger and longer in size compared to Pandanus amaryllifolius fibres that are cultivated in
residential areas.

Table 3 presents the diameter and moisture content of Pandanus amaryllifolius fibre
compared to other natural fibres. Fibre diameter plays a vital role in determining fracture
surface area thus reflecting the tensile value of the material in determining mechanical
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properties of the fiber. Thus, the diameter measurement of Pandanus amaryllifolius fibre is
conducted under an optical microscope as displayed in Figure 3. Fibre average diameter
was found to be 368.57 ± 50.47 µm which is comparable to the diameter of Cissusquadran-
gularis root (350 µm) and Coccinia grandis (543 ± 75 µm).

Table 3. Comparative physical properties of Pandanus amaryllifolius fibre and other natural fibres.

Fibre Diameter (µm) Moisture (%) Ref.

Pandanus amaryllifolius 368.57 ± 50.47 6.00 ± 0.13 -
Cymbopogan citratus 326.67 ± 45.77 5.20 ± 2.28 [29]
Calotropis gigantea 32.70 7.27 [30]
Tridax procumbens 233.1 ± 9.9 11.20 [31]
Juncus effuses L. 280 ± 56 - [39]
Ficus Religiosa 25.62 9.33 [32]

Date palm rachis 88 ± 12 - [40]
Coccinia grandis 543 ± 75 9.14 [33]

Cissusquadrangularis root 350 7.30 [41]
Bamboo - 7.00 [34]

Acacia tortilis 480 6.47 [27]
Arenga pinnata (sugar palm) 212.01 ± 2.17 8.36 [38]

(Note: Coefficient of variations of fibre diameter for Pandanus amaryllifolius fibre, CVFD = 0.14).
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Figure 3. Optical microscopy image of the Pandanus amaryllifolius fibre.

Furthermore, moisture content of Pandanus amaryllifolius fibre was the lowest among
natural fibres as shown in Table 3. However, the moisture content of Pandanus amaryllifolius
fibre is seen to be the lowest among others and comparable to Acacia tortilis and bamboo
at 6.47% and 7.00%, respectively. Meanwhile, the moisture content of Tridax procumbens
fibre showed the highest which at 11.20%. Moisture content plays an important role
in selecting the best properties of polymer products such as plastic packaging applica-
tions. Thus, the lower moisture content is preferable as it reflects the hydrophobicity of
the fibre material.

3.3. Mechanical Testing

A total of 15 samples of fibre were chosen randomly to be tested under tensile test
at a gauge length of 30 mm before obtaining the mechanical properties of the Pandanus
amaryllifolius fibre. Figure 4 illustrates a typical stress-strain curve behaves quasi-linearly
presented an initial elastic region with a strong slope, (ε ≤ 1.5%), continued with non-
linear elastic region between 2% to 5% strain and reached final softening phase up to
8.3% maximum strain value. Besides, the elastic modulus was calculated from the elastic
region values raging between 0.5% and 1.5% as shown in Figure 4. In general, the fibre
demonstrated brittle properties due to the sudden drop in stress value in the stress-strain
curve which is in good agreement with other reported studies on natural fibres such as
Tridax procumbens [31], Juncus effsus L. [39] and Agave americana L. [42]. Typical yield point
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and breaking stress of Pandanus amaryllifolius fibre is labelled in Figure 4 and the elastic
region is found to be smaller than the plastic region which is similar to the stress-strain
curve obtained for Juncus effsus L. [39], Agave americana L. [42] and Vernonia eleagnifolia [43].
Unlike synthetic fibre, where the size and properties of the produced fibre can be controlled
during the manufacturing process before being applied, natural fibre exhibits variation in
diameter for every single fibre strand obtained. Therefore, the average value of mechanical
tensile properties is displayed in Table 4 with standard deviation to show the variability in
individual reading being small, and the material is fairly homogenous compared to tensile
results extracted from different research studies.
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Table 4. Comparison tensile properties of Pandanus amaryllifolius fibre with other natural fibre.

Fibre Tensile Strength,
σ (MPa)

Tensile Modulus,
E (GPa)

Elongation at
Break,
ε (%)

Ref.

Pandanus
amaryllifolius 45.61 ± 16.09 0.41 ± 0.18 8.17 ± 3.84 -

Cymbopogan citratus 43.81 ± 15.27 1.04 ± 0.33 0.84 ± 0.28 [29]
Tridax procumbens 25.75 0.94 ± 0.09 2.77 ± 0.27 [31]

Acacia tortilis 71.63 4.21 1.33 [27]
Juncus effuses L. 113 ± 36 4.38 ± 1.37 2.75 ± 0.6 [39]

Vernonia eleagnifolia 259.6 37.8 6.9 [43]
Ficus Religiosa 433.32 ± 44 5.42 ± 2.6 8.74 ± 1.8 [32]

Coccinia grandis 424.24 26.52 16.00 [33]
Date palm 530.5 21.9 3.6 [40]
Bamboo 583.0 25.5 2.1 [44]

Kenaf 393–773 26.5 1.6 [36]
Sisal 511–635 2.2–9.4 1.5 [36]

Kenaf 930.0 53.0 1.5 [36]

Sanyang et al. [12] found that the high cellulose content of fibre has a strong influence
on their mechanical properties and different parts of the plant contribute to the different
amounts of cellulose content from the fibre extracted. The study mentioned that sugar
palm fibre extracted from the frond part contained the highest cellulose content (66.49%) as
compared to bunch (61.76%) and trunk (40.56%) which leads to the highest fibre strength
being found at the frond part (421.4 MPa) rather than the bunch (365.1 MPa) and trunk
(198.3 MPa). Therefore, this could relate from data tabulated in Tables 2 and 4, since
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Pandanus amaryllifolius is a leaf plant and tensile strength obtained is considerably lower
than others which might be due to the cellulose content of fibre itself. A similar finding
has also been reported on the enhancement of mechanical properties as the cellulose
content increased after chemical treatment on fibre was conducted [27]. In general, from
Table 4, the average tensile strength, elastic modulus, and elongation value of Pandanus
amaryllifolius was found to be 45.61 ± 16.09 MPa, 0.41 ± 0.18 GPa, and 8.17 ± 3.84%,
respectively. The tensile value found in the present work is higher than Cymbopogan citratus,
43.81 ± 15.27 MPa [29] and Tridax procumbens, 25.75 MPa [31] which might be attributed
to higher cellulose content found in Pandanus amaryllifolius fibre (48.79%) as compared to
Cymbopogan citratus (37.56%) and Tridax procumbens (32.00%). Meanwhile, Dawit et al. [27]
reported better tensile strength of Acacia tortilis, 71.60 MPa than Pandanus amaryllifolius
which also could relate to higher cellulose content found at 61.89%.

In the meantime, elastic modulus calculated from this study demonstrated an almost
similar value to 0.94 ± 0.09 GPa obtained from fibre named Tridax procumbens as reported
by Vijay et al. [31] and slightly lower than 1.04 ± 0.33 GPa reported for Cymbopogan
citratus [29]. Moreover, Pandanus amaryllifolius fibre elongation at break is found to be
an almost similar value of 8.74 ± 1.8% to Ficus Religiosa fibre studied by Arul et al. [32]
while remaining higher than other fibres such as Cymbopogan citratus (0.84 ± 0.28%), Tridax
procumbens (2.77 ± 0.27%), Acacia tortilis (1.30%), Juncus effuses L. (2.75 ± 0.6%), Vernonia
eleagnifolia (6.9%) and date palm (3.6%). In general, although the overall mechanical
properties of Pandanus amaryllifolius fibre as tabulated in Table 4 is averagely lower than
other lignocellulosic fibres, it still can be considered as alternative reinforcement especially
for a bio-based polymer matrix which is typically use for low strength application such as
biodegradable packaging material.

3.4. Scanning Electron Microscope (SEM)

The SEM of PAF at magnification of 100× and 300× are shown in Figure 5a,b, re-
spectively. In general, the surface micrograph of PAF is not smooth and is uneven with
the deposition of other substances. From the presented longitudinal image at 100×magnif-
icent, it is observed that the fibre structure exhibits vertical alignments in the same direction
of the fibre axis. This is might be attributed to the structure of PAF that is composed of mi-
crofibrils, compactly aligned and bonded together by lignin, pectin and other non-cellulosic
materials [4]. When the image is zoomed in at 300× magnification, Figure 5b, the structure
of microfibrils can be seen and further prove the presence of lignin that is responsible for
cementing cellulose microfibrils and protecting the structure. Similar results were reported
by other authors [38,45]. Other than that, we also found shapes of regularly distributed
semi-rectangular trays exist together along with PAF surface lines. The phenomenon might
be exhibited in the deposition of amorphous substances including hemicellulose and lignin
and might also be impurities that present during the binding process [40]. Nevertheless,
the serration and uneven fibre surface somehow can help improve mechanical performance.
It helps in enhancing the fibre-matrix interface in polymeric composite material, locking
the fibre mechanically in the polymeric resin [45].

3.5. Fourier-Transform Infrared (FTIR) Spectrometry

The FTIR curve of Pandanus amaryllifolius fibre is displayed in Figure 6. The broad-
band and peak occurred at 3332 cm−1 reflecting water adsorption and the presence of
the hydroxyl (O–H) group in the fibre which also indicates the existence of cellulose, lignin
and water [45]. The presence of water in the fibre was revealed by moisture content tests.
Meanwhile, the absorbance peak in the 2919 cm−1 and 1732 cm−1 represents the stretching
of alkanes (C–H) and carboxyl group (C=O) of both cellulose and hemicellulose [38].
The presence of (C=C) stretch from aromatic lignin is observed at wave peaks of 1672 cm−1.
Besides that, the peak range of 1149–1414 cm−1 in the Pandanus amaryllifolius fibre spec-
trum is associated to the (C=O) stretching vibration of ester linkage of the carboxylic
group of ferulic and p-coumaric acids of hemicellulose and lignin [46]. Constituents of
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polysaccharide in cellulose confirm the stretching vibration of (C–O) and (O–H) that oc-
curred at the radiation of 1023 cm−1. FTIR analysis verified the existence of cellulose and
hemicellulose in the fibre’s structural composition.
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3.6. X-ray Diffraction Measurement

The diffraction pattern for Pandanus amaryllifolius fibre is shown in Figure 7 and
the presence of three peaks can be observed. The highest intensity peak is found at
2θ = 23.16◦, average density peak at 2θ = 16.78◦ and the lowest intensity peak occurred at
2θ = 34.69◦, which are denoted as the (002), (110) and (040) crystallographic planes, respec-
tively [40]. The highest peak intensity (002) corresponds to the presence of semi-crystalline
structure cellulose type I, associated to the parallel chain orientation with intra-sheet hy-
drogen bonds [47]. Meanwhile, the diffracted peak at intensity (110) proves the amorphous
fraction in Pandanus amaryllifolius fibre [41]. This result is in corroboration with chemical
and FTIR analysis results that confirm the presence of cellulose and amorphous substances.
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Figure 7. X-ray diffraction pattern of Pandanus amaryllifolius fibre.

High crystallinity values stipulate excellent mechanical properties of the fibre which
can be identified from the sharpness of the diffraction peak where the sharper diffrac-
tion peak indicates a high crystallinity degree of the structure that might be influenced
by the cellulose rigidity [48]. Segal’s peak equation Equation (4) is employed to find
the crystallinity index (CI) from the peaks found. The CI for Pandanus amaryllifolius fibre
are calculated found to be 37.09% and 4.95 nm. This CI value is comparable to Calotropis
gigantea (36.00%), higher than Tridax procumbens (34.46%) and Juncus effuses L. (33.40%), but
lower than Ficus religiosa (42.92), Pandanus tectorius (55.10%), Cissusquadrangularis root
(56.60%), pigeon pea plant (65.89%) and date palm rachis (69.77%).

Crystalline size (CS) for Pandanus amaryllifolius fibre is calculated using Segal’s Equa-
tion (5) and found to be 4.95 nm. This value is within crystallite range size reported for
other natural fibres such as Ficus religiosa (5.18 nm), Tridax procumbens (25.04 nm) and Juncus
effuses L. (3.60 nm). The crystalline property of Pandanus amaryllifolius fibre is compared
with the tested natural fibres shown in Table 5.

Table 5. Comparison table of crystalline properties of Pandanus amaryllifolius fibre with other
natural fibres.

Fiber C.I (%) C.S (nm) References

Pandanus amaryllifolius 37.09 4.95 -
Cymbopogan citratus 35.20 - [29]
Calotropis gigantea 36.00 - [30]
Tridax procumbens 34.46 25.04 [31]
Juncus effuses L. 33.40 3.60 [39]
Ficus Religiosa 42.92 5.18 [32]

Pandanus tectorius 55.10 - [11]
Cissusquadrangularis root 56.60 7.04 [41]

Pigeon pea plant 65.89 11.60 [49]
Date palm rachis 69.77 5.63 [40]

3.7. Thermogravimetric Analysis

Figure 8 shows thermogravimetric analysis for Pandanus amaryllifolius fibre, both TGA
and DTG curves were plotted as a function of temperature. This thermal analysis is used to
measure weight degradation as the material is heated. In general, three degradation phases
can be observed in Figure 8 which comprises small initial weight loss at the temperature
range of 30–120 ◦C, major weight loss as the temperature rises from 220–420 ◦C, and final
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stage degradation afterwards until the maximum temperature was reached. The first stage
with 7.84% weight loss corresponds to the evaporation of adsorbed moisture which is
attributed to the hydrophilic nature of lignocellulosic materials [11,40]. After that, thermal
stability is noted up to about 210 ◦C which reflects no appearance of significant peaks in
both TGA and DTG curves showing that the work is in good agreement [39]. Then, major
weight loss is observed, 67.70%, associated to the decomposition of glycosidic linkage
cellulose and hemicellulose substances at the temperature range of 220–420 ◦C [41]. It is
confirmed by the observation of the DTG peak curve at 370 ◦C which indicates the possible
thermal decomposition of cellulose I and completion of α-cellulose decomposition [33].
Lastly, the final stage of degradation is associated to the fragmentation of waxen substances
such as lignin and observed at temperatures 420–500 ◦C with small weight loss of 11.32%.
Last but not least, char residue is spotted at 13.14% at the highest temperature of 600 ◦C.
This char residue is mainly composed of carbon or carbonaceous material that cannot
be further degraded into smaller volatile fragments and will remain in the combustion
chamber until the process ends. It also might be attributed to the presence of inorganic
matter that yields chars and may form the basis of quantitative estimation. Boumediri
et al. [40] and Maache et al. [39] reported on char residue left at the end of combustion of
an amount of 3.64% for Juncus effuses L. fibre and 18.29% for date palm fibre, respectively.
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4. Conclusions

The Pandanus amaryllifolius fibres were successfully extracted from plants via a wa-
ter retting extraction process. The Pandanus amaryllifolius fibres were characterized for
physical, thermal, chemical and mechanical properties. The chemical composition analysis
revealed that Pandanus amaryllifolius fibre has cellulose, hemicellulose, and lignin content of
48.79%, 19.95% and 18.64%, respectively. FT-IR and XRD analysis confirmed the presence
of cellulose and amorphous substances in the fibre. The tensile strength of the fibre was
45.61 ± 16.09 MPa for an average fibre diameter of 368.57 ± 50.47 µm. Moisture content
analysis indicated 6.00% moisture content of Pandanus amaryllifolius fibre. The thermogravi-
metric analysis showed the thermal stability of Pandanus amaryllifolius fibre up to 210 ◦C,
which is within polymerization process temperature conditions. Overall, the finding shows
that Pandanus amaryllifolius fibre may be used as alternative reinforcement particularly for
a bio-based polymer matrix. Furthermore, utilization of Pandanus amaryllifolius fibre as
the reinforcing agent will lead to greater development of more biopolymer products since
this natural fibre can be reinforced with a synthetic and natural polymer matrix.
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Abstract: This article aimed to study the effects of chitosan fiber and a newly modifying agent, based
on organosolv lignin, on mechanical and thermal performances and the enzymatic degradation of
PLA/chitosan biocomposites. A newly modifying agent based on polyacrylic acid-grafted organo-
solv lignin (PAA-g-OSL) was synthesized via free radical copolymerization using t-butyl peroxide
as the initiator. The biocomposites were prepared using an internal mixer and the hot-pressed
method at various fiber loadings. The results demonstrate that the addition of chitosan fiber into
PLA biocomposites remarkably decreases tensile strength and elongation at break. However, it
improves the Young’s modulus. The modified biocomposites clearly demonstrat an improvement in
tensile strength by approximately 20%, with respect to the unmodified ones, upon the presence of
PAA-g-OSL. Moreover, the thermal stability of the modified biocomposites was enhanced signifi-
cantly, indicating the effectiveness of the thermal protective barrier of the lignin’s aromatic structure
belonging to the modifying agent during pyrolysis. In addition, a slower biodegradation rate was
exhibited by the modified biocomposites, relative to the unmodified ones, that confirms the positive
effects of their improved interfacial interaction, resulting in a decreased area that was degraded
through enzyme hydrolysis.

Keywords: polylactic acid; chitosan; organosolv lignin; modifying agent; biocomposites

1. Introduction

The manufacture of composite materials using ecologically friendly technologies is
of great of interest to many academic and industrial practitioners in the areas of polymer
science and engineering [1]. This trend is mainly driven by environmental considerations
regarding the negative impact of petroleum-derived materials on the environment after
their end-use, which are difficult to decompose in a landfill, and also by aiming to attain
composite materials that possess the desired properties [2]. Composite materials often
contain bio-based polymer. Among the bio-based polymers, polylactic acid (PLA) is the best
biopolymer alternative for petro-polymers because of its renewability, biodegradability,
biocompatibility, and good thermomechanical performance [3,4]. This biopolymer is
derived from plants, such as corn and cassava, and it is known to have a relatively high
melting point, strength, and versatility, with performance characteristics similar to synthetic
polymers, such as polyethylene terephthalate, polyethylene, etc., [5–7].

PLA is regarded as a valuable and important biopolymer that can be utilized to
replace synthetic counterparts in many applications, ranging from automotive parts to
electronic devices [8–10]. However, PLA has some limitations that consequently restrict
its widespread application, involving a low thermal resistance, heat distortion tempera-
ture, and crystallization rate, whereas other specific properties may be necessary in some
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different use sectors [11]. As a result, the incorporation of reinforcement agents, such as
natural fibers and inorganic substances, represents a broad method for extending and
improving the PLA’s performance, particularly with regard to its tensile and thermal
properties [12–16].

Many natural fibers have been studied in the design of PLA biocomposites that show
promising results. Among existing natural fibers, chitosan has demonstrated excellent
mechanical and thermal properties that are comparable to cellulose [17]. Chitosan is derived
from chitin, which is obtained from the shells of crustaceans, such as crabs, shrimp, and
prawns [18]. This natural fiber has been widely used in a variety of scientific applications,
including medicine, biotechnology, the textile and food industries, as well as in fiber and
plastic applications [19–21]. However, the main disadvantages of utilizing it as a reinforcing
agent in polymer composites include low dispersion and poor interfacial adhesion, both
of which are caused by incompatibility with the hydrophobic matrix polymer. This is
demonstrated by the difficulties of the polar hydroxyl groups located on the chitosan
surface in building a well-bonded interface with a nonpolar matrix polymer, as strength
improvement is dependent on stress transfer at the composite’s interface when an external
force is applied [22]. If the interface is poor, the fiber-matrix adhesion will diminish with
no enhancement in performance [23]. Consequently, this problem reduces the benefits of
using potential reinforcements in polymer composites.

To address the issue of interaction, the interfacial adhesion in the composite material
is chemically altered. Chemical modification has been frequently utilized to enhance the
interfacial adhesion in composite systems, since it is an effective technique for reducing the
hydrophilic properties of natural fibers. Previous research used treated chitosan fiber as
a natural filler in polypropylene composites. The results show that the incorporation of
chitosan fiber into the composites increased the tensile modulus and the impact strength,
while decreasing the tensile strength significantly [24]. Therefore, the current research is
focused on employing chitosan fibers to increase the performances of PLA biocomposites
by filler surface modification using a newly developed modifying agent based on grafted
organosolv lignin. To the best of our knowledge, investigations involving the utilization
of grafted organosolv-lignin-based modifying agents in biocomposites have been less
reported in the literature.

Lignin is well-known as a byproduct of the wood pulping process and is one of the
abundant vegetal-derived compounds [25]. Because of its complex aromatic structure,
which is linked by an ester-bridge, lignin is a highly stable polymer. It has a strong polarity
that results from the existence of a huge number of hydroxyl groups, both aliphatic and
aromatic [26–28]. The lignin used in this study was obtained from lignocellulosic fiber using
an established organosolv method with organic solvent and water [29]. The procedure
produces lignin with a low molecular weight and a huge number of reaction sites available,
making this kind of lignin a suitable surface-modifying agent. However, because of the
complexity of its structure, lignin is difficult to dissolve in conventional solvents, causing
the limitation of its chemical reactivity [30]. Therefore, a simple copolymerization reaction
with acrylic acid was used to improve the lignin reactivity and solubility. The lignin
alteration produces a pendant carboxylic moiety, which provides a site for additional
reactive reactions.

This research is aimed at studying the effects of chitosan fiber and a newly developed
modifying agent based on grafted organosolv lignin on the mechanical and thermal perfor-
mances of PLA/chitosan biocomposites. Furthermore, the weight loss of the PLA/chitosan
biocomposites during enzymatic degradation is examined.

2. Materials and Method
2.1. Raw Materials

PLA (TT Biotechnology Sdn. Bhd, Penang, Malaysia) had a melt flow index of
5.6 g/10 min (180 ◦C/2160 g), and a density of 1.27 g·cm−3. The chitosan (Hunza Nutriceu-
ticals Sdn Bhd., Parit Buntar, Malaysia) had an average size of 80 µm and a 90% degree of
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deacetylation (DD). The characteristics of chitosan are listed in Table 1. Commercial-grade
diastase (sourced from malt) was supplied by Sigma Aldrich (St. Louis, MO, USA). The
ethanol (98%.v/v), hydrochloric acid, t-butyl peroxide, acrylic acid, acetic acid, NaOH,
sodium acetate and the sulphuric acid (98%.v/v) were obtained from Sigma Aldrich and
used without further purification.

Table 1. Physical and chemical characteristics of chitosan.

Item Specification Test Method

Appearance Off-white powder Visual
Particle size 80 µm Malvern Particle Size Analyzer

Solubility of 1% chitosan in 1% acetic acid >99.0% Dissolution & Filtration
Viscosity 150–200 m Pa·s Ubbelohde Viscometer

Moisture content <10.0% Infra-red drying
Ash content <1.0% Incineration

2.2. Extraction of Organosolv Lignin (OSL) from Lignocellulosic Fiber

The extraction procedure of organosolv lignin (OSL) from lignocellulosic fiber was
conducted following the established organosolv method [31]. The fiber was first treated
using a mixture of aqueous ethanol and a catalyst (sulphuric acid) at a temperature set of
190 ◦C for 1 h, with the solid to liquid ratio adjusted at 1:8. The pretreated fiber was then
rinsed with aqueous ethanol. The washes were mixed, and 5 vol% of distilled water was
added to precipitate the organosolv lignin. The OSL was centrifuged and then dried in an
oven at a temperature of 80 ◦C for 24 h.

2.3. Preparation of PAA-grafted OSL

The chemical grafting reaction of OSL with acrylic acid was carried out by utilizing
t-butyl peroxide as the initiator in a copolymerization reaction. Three grams of lignin
sample and t-butyl peroxide were mixed with 60 ml of distilled water in the reactor. Acrylic
acid was subsequently added slowly into the reaction mixture under constant stirring. The
mixture pH was adjusted from around 8.5 to 9.0 by adding 2% NaOH solution. After the
reaction was completed, the product was precipitated by adding 6 M HCl. The solid was
allowed to stay overnight upon discarding the supernatant. The solid product was rinsed
using acidified water (pH = 2–3) prior to drying in an oven.

2.4. Chemical Modification of Chitosan

PAA-g-OSL was used to chemically modify the chitosan surface in an ethanol medium.
The amount of PAA-g-OSL used was 3% by weight of chitosan fiber. Chitosan fiber was
added to the PAA-g-OSL solution, and then vigorously stirred for 4 h. Afterward, the
chitosan suspension was filtered and dried for 24 h in an oven at a temperature of 80 ◦C.

2.5. Preparation of PLA/Chitosan Biocomposites

PLA/chitosan biocomposites were prepared in an internal mixer (MCN ELEC Co.,
Taichung, Taiwan) at 160 ◦C and 50 rpm. PLA was firstly fed into the mixer to initiate
the melt mixing process for 12 minutes. Afterward, chitosan fiber was slowly added,
and the compounding was carried out for another 3 min. Next, the compounds were
removed and sheeted through a laboratory mill at a 2.0 mm nip setting. The compounds
were compression molded at 120 kg·cm−2 in an electrically heated hydraulic press. The
hot-press procedure consists of three-consecutive steps, involving preheating at 190 ◦C for
9 min, compression for 3 min at 190 ◦C, and then cooling pressure for 3 min. A similar
procedure was carried out to synthesize the modified PLA/chitosan biocomposites. The
formulation of unmodified and modified PLA/chitosan composites is exhibited in Table 2.
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Table 2. Formulation of unmodified and modified PLA biocomposites at different chitosan contents.

Materials Unmodified Biocomposites Modified Biocomposites with PAAL

Polylactic acid (PLA) (php) 100 100
Chitosan (php) 0, 10, 20, 30, 40 10, 20, 30, 40

PAA-g-OSL (PAAL) (wt%) - 3

php = part per hundred of polymer.

2.6. Characterization

Tensile tests were conducted using an Instron 5582 machine (Instron, Norwood, MA,
USA)according to ASTM D 638-91. A Wallace die cutter was utilized to cut at least five
dumbbell specimens of each composition, 1 mm thick, from the molded sheets. The test
was conducted at 25 ± 3 ◦C with a crosshead speed of 20 mm/min. Thermogravimetric
(TGA) and derivative thermogravimetric (DTG) analyses were carried out using a TGA
Q500 (TA Instruments, New Castle, Germany). The samples were thermally scanned at
a temperature range of 30 to 600 ◦C, at a heating rate of 20 ◦C/min, with a nitrogen flow
of 50 mL/min. Differential scanning calorimetry (DSC) analysis was performed using
a DSC Q 1000 (TA Instruments). Samples were scanned at a temperature range of 25 to
250 ◦C, at a heating rate of 20 ◦C/min, with a nitrogen flow of 50 ml/min. The instrument
software was used to calculate the melting points (Tm), glass transition temperature (Tg),
crystallization temperature (Tc), and the enthalpies of the PLA/chitosan biocomposites.
The crystallinity of the composites (Xc) was manually calculated using Equation (1):

Xc (%) = ∆Hf × 100/∆Hf
◦ (1)

where, ∆Hf is the fusion enthalpy of the PLA and biocomposites, and ∆Hf
◦ is the thermo-

dynamic fusion enthalpy belonging to a fully crystalline PLA (93.6 J/g) [32]. Data from the
second heating scan was taken for each sample. An average value from three samples of
each specimen was recorded.

A morphological study of the fracture surfaces of PLA/chitosan biocomposites was
performed using a scanning electron microscope (SEM), JEOL model JSM 6260 LE. The
fracture ends of the specimens were mounted on aluminum stubs and sputter-coated with
palladium to avoid electrostatic charging during analysis.

Fourier transform infrared spectroscopy (FTIR) was conducted on unmodified and
modified chitosan in ATR mode (Perkin Elmer 1600 Series). Samples were scanned at a
resolution of 4 cm−1 from 650 to 4000 cm–1.

The number of the average molecular weight (Mn), and weight average molecular
weight (Mw), of the lignin were measured using gel permeation chromatography (GPC)
after the acetylation of the lignin to allow dissolution in THF [33]. GPC analysis was carried
out using a Perkin Elmer instrument (Waltham, MA, USA) equipped with an interface (PE
Series 900).

The biodegradation test was performed in a diastase-enzyme-containing solution
with an activity of 480 KNU·g−1. A buffer solution (pH = 7.3) was prepared in a beaker
by mixing 5 mL of 0.2 M acetic acid with 45 mL of 0.2 M sodium acetate solution. The
biocomposites were submerged in the solution for 30 days in an incubator (New Brunswich
Scientific) at 37 ◦C. The samples were taken every 5 days and rinsed thoroughly with
distilled water before a conditioning step in an oven at 60 ◦C for 24 h.

In the weight loss measurement, each specimen was taken periodically and wiped
and dried to a constant weight at 60 ◦C in a vacuum oven. The weight loss percentage was
measured using an analytical balance, and calculated using Equation (2):

Weight loss =
Winitial − Wfinal

Winitial
× 100 (2)
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where, Winitial and Wfinal stand for the weights of the biocomposites before and after the
biodegradation test, respectively. The average value of the three measurements from each
biocomposite was reported.

3. Results and Discussion
3.1. Structural Analysis of Modified Chitosan

The OSL had a weight-average molecular weight (Mw) of 3429, and a number-average
molecular weight (Mn) of 2506. The polydispersity (Mw/Mn) of the OSL obtained was 1.37.
These values were calculated from the chromatogram produced by the gel permeation
chromatography. These results suggest that the extraction significantly ruptured the
complex macromolecular structure of the lignin. A low polydispersity value indicates a
narrow molecular weight distribution.

Figure 1 shows FTIR spectra for unmodified chitosan fiber, and modified chitosan
with PAA-g-OSL. The FTIR analysis was aimed at investigating the possibility of a chemical
bonding formation between the PAA-g-OSL modifying agent and the chitosan fiber. The
IR spectra belonging to unmodified chitosan demonstrate the existence of characteristic
peaks at 3358 cm−1 (O–H stretch), 2872 cm−1 (C–H stretch), 1675 cm−1 (N–H bend), and
1590 cm−1 (C=O stretch). The differences between the absorption spectra of the modified
and unmodified chitosan indicates an alteration in the chemical structure of chitosan upon
the esterification process. The distinct change in the absorption spectrum, occurring on
the peak between 1760–1712 cm–1 and 3400–3200 cm–1, was caused by the carboxyl groups
(C–OH) of the modifying agent linked to the hydroxyl groups (–OH), chitosan-fiber-formed
ester linkages (C–O–C), and the decrease of the content of chitosan’s hydroxyl groups. The
formation of ester bonds (C–O–C) resulted in a decrease in hydrophilic moieties on the
chitosan surface. The modified chitosan had less hydrophilicity (24.2% lower) than the
unmodified chitosan. It was shown by a relatively lower intensity of the peak at 3292 cm–1

of the modified chitosan with PAA-g-OSL than that of the peak at 3358 cm–1 of unmodified
chitosan. Figure 2 shows a possible schematic of the chemical reaction between chitosan
fiber and esterified lignin.
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Figure 2. A possible schematic grafting reaction between OSL and acrylic acid, and the chemical
modification of chitosan fiber.

3.2. Mechanical Properties of PLA/Chitosan Biocomposites

Figure 3 shows typical stress–vs–strain traces obtained from the tensile tests for neat
PLA, unmodified PLA/chitosan biocomposites, and modified PLA/chitosan biocompos-
ites, respectively. All of the PLA biocomposites contained 20 php of chitosan fiber. All
curves clearly show the same trend, where the incorporation of chitosan decreased the
strength and strain of the PLA biocomposites, corresponding to poor interface interaction
between the PLA and chitosan. Chitosan is a natural polymer that possesses polar hy-
drophilic properties, whereas PLA is a nonpolar hydrophobic polymer. The differences
in the affinities and polarity diminished the interaction on the filler-matrix interface [34].
The modified PLA/chitosan biocomposite with PAA-g-OSL, on the other hand, demon-
strated a greater strength than those of the neat PLA and the unmodified biocomposites,
which indicates the enhanced interfacial adhesion upon the existence of PAA-g-OSL on
the chitosan surface. Interestingly, the strain increased by 24.57% when compared with
the unmodified biocomposite, reflecting the enhanced chain mobility of the PLA matrix
within the biocomposite. Overall, it can be observed that the interfacial compatibility
improves the composites’ strength. Although chemical modification had no effect on the
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stress–versus–strain trace character of the modified biocomposites, it did influence the
measured strength at failure.
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The tensile strength of unmodified and modified PLA/chitosan biocomposites at vari-
ous fiber loading are exhibited in Figure 4. The tensile strength of the PLA biocomposites
was inversely proportional to the chitosan content. However, the modified biocomposites
showed a higher tensile strength than that of the unmodified biocomposites at a simi-
lar chitosan content. The tensile strength of the modified biocomposites improved by
36.43% as compared with the unmodified ones, indicating the enhanced filler-matrix in-
terfacial interaction. This enhanced strength was clearly attributed to the high reactivity
of PAA-g-OSL, which effectively facilitated surface modification, resulting in improved
interfacial adhesion.
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Figure 5 shows the Young’s modulus of unmodified and modified PLA biocomposites
at different chitosan loading. The Young’s modulus of the PLA/chitosan biocomposites
increased as the chitosan content increased. The dispersion of chitosan fiber within the
PLA matrix clearly improved the composite’s stiffness, indicating the limited segmental
molecular mobility of the PLA chain upon interacting with the fiber. The Young’s modulus
of the modified biocomposites was remarkably higher than the unmodified biocomposites.
It increased by 55.33% as compared with the unmodified ones. The rigid nature of the filler,
the high crystallinity index, and the presence of the modifying agent played an essential
role in the improvement of the Young’s modulus of the PLA biocomposites. The presence of
esterified lignin improves the stiffness of the biocomposites by increasing the filler-matrix
interfacial adhesion.
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3.3. SEM Image Analysis

Morphological images of the tensile fractured surfaces of the PLA matrix, unmodified
PLA biocomposite containing 20 php and 40 php of chitosan fiber, and modified PLA
composite filled with 40 php of chitosan fiber, are shown in Figure 6A–D, respectively. The
surface of the PLA matrix was quite smooth, as seen in the SEM image (Figure 6A). A few
voids, on the other hand, appeared on the fractured surface of the unmodified biocomposite
(Figure 6B,C), exhibiting the fiber pulled out from the matrix phase. It pointed to the
matrix’s poor wetting of the filler, which could lead to the breakage at the interface of the
chitosan and the PLA matrix. The difference in the affinities between both components has
resulted in weak interaction at the interface. Meanwhile, a relatively smooth surface with
fewer voids was seen on the fracture surface of the modified biocomposite (Figure 6D).
This was clearly related to a good wetting of the filler by the matrix since the PAA-g-OSL
modifying agents substantially modified the chitosan surface to become less-hydrophilic,
leading to improved interaction with the polymer matrix. As a result, the modified
composites had significantly fewer detached filler traces from the matrix phase.
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3.4. Thermal Properties of PLA/Chitosan Biocomposites

Figure 7A,B show the TGA and DTG curves of neat PLA, unmodified PLA/chitosan
biocomposites, and modified PLA/chitosan biocomposites, respectively. The thermal
decomposition of neat PLA occurred over a one-stage process between 300 and 415 ◦C,
leading to the formation of gaseous products. This degradation pathway was associated
with the molecular structure of PLA that is composed of carbon–carbon linkages, where the
degradation/depolymerisation occurs at the weak sites within the PLA backbone chain [35].
On the other hand, the PLA/chitosan biocomposites demonstrated three distinct stages of
thermal decomposition. They were observed within the temperature ranges of 160–180 ◦C,
260–340 ◦C, and 400–490 ◦C, respectively. The similarity in the general patterns was
exemplified by these typical thermograms. However, the biocomposites were indicated
by their distinct temperature and weight losses. The first stage involved the release of
typical strong hydrogen-bonded water and the evaporation of volatile compounds from
the samples, while the second stage included the degradation and depolymerization of
both the chitosan fiber and a modifying agent. The third stage could be attributed to the
decomposition of char residue formed in the second stage.

The weight loss percentage for neat PLA, unmodified PLA/chitosan biocomposites,
and modified PLA/chitosan biocomposites are tabulated in Table 3. An analysis of the
weight loss data shows that 10% of the weight loss occurred at 328 ◦C for the unmodified
biocomposites, and at 335 ◦C for the modified biocomposites. The temperature increased
to 414 ◦C for the unmodified biocomposites, and to 440 ◦C for the modified biocomposites,
when the weight loss was 50%. The obtained results clearly indicate that the modified
biocomposites were more thermally stable than the unmodified ones. The attachment of
the PAA-g-OSL modifying agent on the chitosan surface enabled it to perform as a thermal
protective barrier for the biocomposites against thermo-decomposition.
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Table 3. Weight loss percentage of unmodified and modified PLA biocomposites containing chitosan
fiber at different temperatures.

Temperature
(◦C) Neat PLA

Unmodified Biocomposites Modified Biocomposites

20 php 40 php 20 php 40 php

100–150 0.002 0.039 0.277 0.342 0.600
150–200 0.016 0.271 0.555 0.464 0.773
200–250 0.150 1.017 1.894 0.943 1.561
250–300 0.476 0.157 0.212 0.428 0.673
300–350 4.993 0.495 1.262 2.102 3.419
350–400 14.813 4.540 5.080 3.988 2.005
400–450 43.150 13.539 13.105 10.197 9.663
450–500 36.400 40.499 36.512 38.738 31.997
500–550 0 33.153 32.855 32.834 29.461
550–600 0 1.494 1.428 1.359 9.302
600–630 0 1.886 1.692 0.348 0.674

Total 100 97.090 94.872 91.743 90.128
php = part per hundred of polymer.

Lignin is composed of a three-dimensional network of aromatic structures that can
slow down the thermo-decomposition of polymeric materials. This, along with the complex
heterogeneity of the chemical bonds in the cross-linked aromatic and aliphatic structures, is
one of its primary defences against decomposition [36]. Furthermore, the data indicates that
the modified biocomposites had higher thermal stability than the unmodified biocompos-
ites. Despite the fact that chemical modification had no effect on the thermal decomposition
mechanism of the PLA/chitosan biocomposites, the resulting different degradation profiles
is indicative of the changing of the chemical structure and the thermal stability.

Figure 8 exhibits the DSC curves for neat PLA, unmodified PLA biocomposites, and
modified PLA biocomposites, respectively. Table 4 provides the melting temperature (Tm),
the glass transition temperature (Tg), crystallization temperature (Tc), and the degree
of crystallinity (Xc) of all biocomposite categories. For all biocomposite categories, the
endothermic peak was observed at a maximum temperature range of 150 to 155 ◦C. Neat
PLA had a Tg of 57.6 ◦C, and a Tm of 152 ◦C. The addition of chitosan fiber increased
both the Tg and Tm of neat PLA, while the crystallinity degree (Xc) value slightly declined.
This decreased crystallinity indicated that the addition of chitosan in PLA biocomposites
apparently became an obstacle for the nuclei crystal growth of the PLA chain, causing the
crystallization process to be hindered. [37]. In addition, a crystallization peak (Tc) also
appeared at a temperature of 115 ◦C, corresponding to the formation of the metastable
crystalline phase within the biocomposites.
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Figure 8. Differential scanning calorimetry (DSC) curves of unmodified and modified PLA/chitosan
biocomposites at different fiber contents.

Table 4. DSC data obtained for unmodified and modified PLA/chitosan biocomposites.

Biocomposites Tg (◦C) Tc(◦C) Tm (◦C) Xc (%)

Neat PLA 57.6 - 152.0(0.2) 32.74
PLA/chitosan: 100/20 php (unmodified) 63.4 117.7 151.3(0.3) 27.41
PLA/chitosan: 100/40 php (unmodified) 62.5 117.2 151.1(0.1) 24.25

PLA/chitosan: 100/20 php (modified) 61.3 115.3 150.4(0.5) 39.42
PLA/chitosan: 100/40 php (modified) 61.2 114.5 150.2(0.3) 33.80

Tg: glass transition temperature; Tc: crystallization temperature; Tm: melting temperature; Xc: crystallinity degree;
php: parts per hundred of polymer.

On the other hand, a higher endothermic heat flow was observed for the modified
biocomposites as compared to that for the unmodified biocomposites. Both the Tg and
Tc of the modified biocomposites demonstrated a slight decrease; however, the Xc was
obviously higher than that of the unmodified ones. It is thought that the presence of
a PAA-g-OSL-based modifying agent improved the interfacial interaction between the
chitosan and the PLA matrix, contributing significantly to the increased crystallinity of
the modified biocomposites. It should be noted that the hydrophobic segment belonging
to organosolv lignin may contribute to the effectiveness of the nucleation process, as well
as the growth of the spherulitic structure in PLA biocomposites. The aromatic molecular
structure and the chemical composition of organosolv lignin are expected as factors that
can enhance the nucleation process. A previous study reported that some crystallization
might occur when the fibers used contain sufficient quantities of lignin [38]. Nonetheless,
the Tm did not show a significant change.

3.5. Weight Loss Analysis

Figure 9 exhibits the weight loss rate of neat PLA, unmodified PLA/chitosan biocom-
posites, and modified PLA/chitosan biocomposites as a function of the biodegradation
days. As time passed, all the biocomposite categories degraded further, as evidenced
by the increase in weight loss. The degradation of neat PLA was slower as compared to
that of the two-biocomposite category. On the other hand, the addition of chitosan fiber
apparently contributed to the increase in the biodegradation rate of the PLA biocomposites.
The weight loss of the unmodified biocomposites was found to be about two-fold greater
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than that of the neat PLA, which confirmed the chitosan fiber dispersion within the PLA
matrix and remarkably enhanced the degradation rate of the biocomposites. The chitosan
fiber contributed to the high polarity of the biocomposites, resulting in decreased tensile
strength. The improved biodegradation rate of the PLA/chitosan biocomposites was most
likely because of the existence of the hydroxyl and amine groups belonging to chitosan,
which, when dispersed in PLA, play a critical role in provoking the increasing hydrolytic
degradation of the PLA main chain [39]. On the other hand, the biodegradation rates of
the modified PLA/chitosan biocomposites were lower than that of the unmodified bio-
composites, demonstrating that the chemical modification essentially enhanced the barrier
performances of the composites and limited enzyme diffusion. The enhanced interfacial
interaction between the PLA matrix and the chitosan fiber resulted from the PAA-g-OSL
modifying effects, which decreased the area degraded through enzyme hydrolysis, leading
to lower biodegradation rates.
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Figure 9. Percentage of weight loss of neat PLA, and unmodified and modified PLA/chitosan
biocomposites, as a function biodegradation time.

One of the most important practical criteria for determining material degradation is the
loss of mechanical properties. Table 5 provides tensile strength and the Young’s modulus of
neat PLA, unmodified PLA/chitosan biocomposite, and modified PLA/chitosan biocom-
posite at a 0- and 30-day biodegradation time. Before immersion in the enzyme-containing
solution, the tensile strength of neat PLA was observed to have decreased along with the
addition of 20 php of chitosan fiber. On the other hand, the Young’s modulus improved.
The presence of PAA-g-OSL on the chitosan surface contributed to the improvement in the
tensile strength and the Young’s modulus of the modified biocomposites as compared to
the unmodified biocomposite. The results show a decrease in the tensile strength and the
Young’s modulus after 30 days of biodegradation. The action of the enzyme in the solution
resulted in the apparent partial destruction of filler-matrix adhesion, void formation, and
the subsequent random chain scission in the polymer chains, resulting in the decreased
tensile properties.
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Table 5. Tensile strength and Young’s modulus of neat PLA, PLA/chitosan biocomposites, with and without treatment, at 0-
and 30-day biodegradation times.

Biocomposites
0 Day 30 Day

Tensile Strength
(MPa)

Young’s
Modulus (MPa)

Tensile Strength
(MPa)

Young’s
Modulus (MPa)

Neat PLA 42.82 2674.68 35.67 2476.43

PLA/chitosan: 100/20 (unmodified) 37.74 3158.97 28.84 2847.91

PLA/chitosan: 100/40 (unmodified) 31.81 4125.86 25.65 3789.36

PLA/chitosan: 100/20 (modified) 45.64 3567.45 40.27 3254.29

PLA/chitosan: 100/40 (modified) 38.72 4180.87 32.85 3810.38

4. Conclusions

PLA-chitosan biocomposites modified with PAA-g-OSL were prepared. The prop-
erties of the modified biocomposites were investigated and are briefly discussed. The
obtained organosolv lignin had a low molecular weight, which resulted in a higher effi-
ciency of chitosan modification of up to 21.3%. The PAA-g-OLS-based modifying agent
significantly altered the chitosan surface, resulting in improved interfacial adhesion within
the biocomposites. The mechanical strength of the modified biocomposites was greater
than the mechanical strength of the unmodified biocomposites. The SEM images clearly
show that the modified biocomposites had fewer voids on their tensile surface. The TGA
and DSC results show that the modified biocomposites had improved thermal stability and
crystallinity. Moreover, the modified biocomposites had a higher crystallinity degree than
the unmodified biocomposites. Overall, the obtained results clearly suggest the advantages
in utilizing grafted organosolv lignin-based modifying agents, and other lignin derivatives,
in the manufacturing of natural fiber-reinforced biocomposite materials, thereby opening
up the “door” to the potential for a renewable low-cost chemical reagent alternative to
synthetic reagents.
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Abstract: Halloysite nanotubes (HNTs) are naturally occurring tubular clay made of aluminosilicate
sheets rolled several times. HNT has been used to reinforce many rubbers. However, the narrow
diameter of this configuration causes HNT to have poor interfacial contact with the rubber matrix.
Therefore, increasing the distance between layers could improve interfacial contact with the matrix.
In this work, Epoxidized Natural Rubber (ENR)/HNT was the focus. The HNT layer distance was
successfully increased by a urea-mechanochemical process. Attachment of urea onto HNT was
verified by FTIR, where new peaks appeared around 3505 cm−1 and 3396 cm−1, corresponding
to urea’s functionalities. The intercalation of urea to the distance gallery of HNT was revealed by
XRD. It was also found that the use of urea-treated HNT improved the modulus, tensile strength,
and tear strength of the composites. This was clearly responsible for interactions between ENR and
urea-treated HNT. It was further verified by observing the Payne effect. The value of the Payne
effect was found to be reduced at 62.38% after using urea for treatment. As for the strain-induced
crystallization (SIC) of the composites, the stress–strain curves correlated well with the results from
synchrotron wide-angle X-ray scattering.

Keywords: epoxidized natural rubber; halloysite nanotubes; urea; tensile properties; wide-angle
X-ray scattering

1. Introduction

Incorporation of fillers into rubber has been a major ingredient for rubber compounds.
They are added to rubber for many purposes, such as improving durability, thermal
stability, and even to cheapen the manufacturing costs [1]. So far, special awareness has
been given to the addition of nano-fillers because they effectively boost the performance
of rubber vulcanizate even at very low content. The factors affecting such enhancement
are mainly due to the aspect ratio, degree of dispersion, and orientation of high aspect
ratio filler particles [2]. Halloysite nanotubes (HNT) are a type of naturally occurring
nano-filler composed of aluminum, silicon, oxygen, and hydrogen. Being an economically
viable material, HNT has been available in many interesting research works; the novel
properties and related applications of HNT have been successively reported over decades.
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For instance, the use of HNT as a viable nanoscale container in drug delivery, their usage
as controlled release [3], as well as other specific applications, namely an ion adsorbent,
ceramic materials, especially biocompatible implants, and as template for synthesis of
rod-like nanoparticles [4].

HNT have recently been added in various types of rubber matrices [5,6]. However,
HNT are not compatible with non-polar rubbers due to its polarity in nature [7,8] and are
especially not compatible with natural rubber (NR). Scientists have been trying to solve
this problem and improve their compatibility using several methods. These cover using
silane coupling agents, optimizing the preparation methods, and modifying the chemical
structure of rubber matrix. The last approach might be of great practical relevance to ensure
the compatibility at any location along the polymer molecular chain [9,10]. In this work, an
Epoxidized Natural Rubber (ENR) was introduced for preparing the composite to assure
filler–matrix compatibility. However, there are still concerns regarding the characteristics
of HNT itself. HNT is made of aluminosilicate kaolin sheets rolled several times. The
narrow layer distance in such rolled sheet gives HNT poor interfacial contact with the
rubber matrix during processing. Therefore, increasing the layer separation distance could
improve the interfacial contact.

Recently, increasing the basal distance of the HNT layers has been one of the major
approaches to improve the interfacial adhesion between HNT and rubber matrix [11].
Nicolini et al. [12] observed that urea can increase the basal spacing through a mechano-
chemical process. It was reported that the basal distance shifted from 7.4 Å to 10.7 Å when
the urea percentage increased and stabilized when the amount of urea approached 18%. It
is claimed that the layers of HNT were intercalated by urea, making a material with a basal
distance of 10.68 Å and with an expansion of 3.5 Å [13]. By increasing interlayer separation
in HNT, easier intercalation of a polymer inside the HNT lumen and/or in HNT interlayer
is assumed. This study only focused on the treatment of HNT itself without any inclusion
of a polymer matrix.

Therefore, the aim of this study is to use urea-treated HNT in the ENR matrix to
improve the overall properties of the composites. With this idea, the interfacial adhesion
between HNT and ENR may be improved, while good rubber-filler interactions are assured
by the polarity of ENR. The filler modification is expected to improve the compatibility and
homogeneity of filler dispersion in the composites and to thereby enhance the reinforcing
efficiency of HNT in filled ENR composites. This study proposed certain methods of
evaluating the reinforcing efficiency of the composites, namely mechanical properties,
dynamic properties, and SIC. The latter method is considered an interesting route, and
not many reports have been focused on it. This can only be correlated for certain types of
rubber, such as NR [14–16]. This is because NR has a very long chain that has an ability
in arrangement and orientation for crystallization under stretching [17]. This ability to
crystallize under strain is explained by the high regularity of molecular structure that is
almost 100% of cis-1,4-polyisoprene [18].

Many studies of NR have been carried out together with in-situ deformation through
in-situ X-ray diffraction techniques. Tosaka et al. [19] studied the effect of the different
crosslink density on the SIC of vulcanized rubber, and they found that faster development
in crystallinity was observed in the sample with higher crosslink density but at limited
amounts. Toki et al. [20] indicated that the crystallinity increased with strain. They
considered that stretched rubber can be differentiated into three phases: (i) an un-oriented
amorphous phase, (ii) an oriented amorphous phase, and (iii) a crystalline phase. In ENR,
the SIC lattice parameters of ENR were found to be crosslink independent regardless of
quantity and method of crosslink. Higher crosslink density may induce faster SIC, and the
volume of unit cell is larger than the reported values for NR, which is simply due to the
epoxide group at the main chain [21].

SIC of unfilled and filled NR has also been focused by Poompradub et al. [22]; they
found out that the onset strain for SIC decreased after adding filler. The degree of lat-
tice deformation decreased with filler content, especially in the carbon black (CB)-filled
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composite. Chenal et al. [23] further explained that onset strain for SIC is ruled by the
strain amplification induced in the presence of filler. Furthermore, different fillers behave
different characteristics associating to the formation of rubber-filler interaction/reactions.
This can be either accelerate or slow down SIC depending on NR matrix–chemical crosslink
density. Similar observation was observed in vulcanized NR containing CB particles by
Candau et al. [24].

From the reports above, the rubber–filler interactions may speed up the crystallization
process at the certain network chain density. In this report, we presented parallel wide-angle
X-ray scattering and tensile measurement on urea-treated HNT-filled ENR composites. To
date, no reports have been revealed of detailed investigations regarding the relationship
between mechanical and dynamic properties with SIC of rubber composites. The results
explored from this work aim to give a scientific understanding of how the role of urea
affects the overall properties of ENR/HNT composites and will be useful for manufacturing
of rubber products based on ENR/HNT composites

2. Experimental Details
2.1. Materials

High ammonia centrifuged latex (HA) with 60% of dry rubber content (DRC) was
used to prepare ENR. This latex was centrifuged and supplied by Chalong Latex Industry
Co., Ltd., Songkhla, Thailand. The chemicals involved in the synthesis of ENR were Teric
N30 as non-ionic surfactant, Formic acid and hydrogen peroxide for performic acid reaction
were purchased from Sigma Aldrich (Thailand) Co. Ltd., Bangkok, Thailand. The HNT was
mined and supplied by Imerys Ceramics Limited, Matauri Bay, New Zealand. HNT consists
of the following components: SiO2 (49.5 wt%), Al2O3 (35.5 wt%), Fe2O3 (0.29 wt%), TiO2
(0.09 wt%), as well as CaO, MgO, K2O, and Na2O as traces. Stearic acid was supplied by
Imperial Industrial Chemicals (Thailand) Co., Ltd., Bangkok, Thailand. ZnO was supplied
by Global Chemical Co., Ltd., Samut Prakan, Thailand. N-cyclohexyl-2-benzothiazole
sulfenamide was obtained from Flexsys America L.P., Akron, OH, USA, and soluble sulfur
was purchased from Siam Chemical Industry Co., Ltd., Samut Prakan, Thailand.

2.2. Preparation of Epoxidized Natural Rubber

The synthesis of ENR was done by diluting DRC of latex to 15%. Next, 1 phr of non-
ionic stabilizer (10% Teric N30) was added while stirring for 30 min at ambient temperature
to expel the ammonia dissolved in HA. The epoxidation was performed using formic acid
and hydrogen peroxide at 50 ◦C in a 10-L glass container under a stirring rate of 30 rpm.
The total reaction time was fixed to obtain ENR with 20 mol% epoxide. The resulting ENR
was coagulated with methanol followed by washing with water. Finally, it was dried in a
vacuum oven at 50 ◦C prior to use.

2.3. Preparation of Urea-Treated HNT

As for the urea-treated HNT, it was prepared according to Nicolini et al. [12]. The
contents of urea varied among 10%, 14%, 18%, and 20% of HNT. Later, the samples were
labeled as ENR20 for untreated HNT and as ENR20U10–ENR20U20 for the urea contents
from 10% to 20%, respectively. The intercalation of urea into the interlayer of HNT was
enabled mechano-chemically. Firstly, HNT was mixed with the urea and ground by ball
milling in a ceramic container. The urea-treated HNT was purified by washing with
isopropanol and dried in an oven at 70 ◦C for 12 h. The urea-treated HNT was finally
ground in a mortar prior to use in compounding.

2.4. Preparation of ENR/HNT Composites

The recipe for the preparation of ENR/HNT composites is given in Table 1. ENR with
20 mole% epoxide was compounded with HNT (e.g., untreated and urea-treated HNT
depending on the formulation) and other ingredients except for the curatives (CBS and
sulfur) in a Brabender plasticorder. The initial mixing temperature was set at 50 ◦C with
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a rotor speed of 60 rpm. The compound was then sheeted on a two-roll mill while the
curatives were incorporated. Finally, samples of the various compounds were later tested
for curing characteristics.

Table 1. Formulation of ENR composites filled with untreated and urea-treated HNT.

Raw Material Amount (phr)

ENR 100.0
Stearic acid 1.0
Zinc oxide 5.0

HNT * 5.0
CBS 2.0

Sulfur 2.0
Remark: * HNT was treated with various content of urea.

2.5. Measurement of Curing Characteristics

The curing properties of the composites were measured according to ASTM D5289
using a moving die rheometer (Rheoline, Mini MDR Lite, Prescott Instruments Ltd., Tewkes-
bury, UK). The operating temperature was set at 150 ◦C. The data in terms of torques, scorch
time (ts2), and curing time (tc90) were recorded. The ts2 and tc90 were used in calculating
the curing rate index (CRI) as follows:

CRI =
100

tc90 − ts2
(1)

2.6. Fourier Transform Infrared-Spectroscopic Analysis (FT-IR)

Attachment of urea onto HNT was confirmed by Fourier transform infrared-spectroscopy
(FTIR) using FTIR spectroscope model TENSOR27 (Bruker Corporation, Billerica, Mas-
sachusetts, USA). The spectra were recorded in transmission mode with a 4 cm−1 resolution
over 4000–550 cm−1.

2.7. X-ray Diffraction Analysis (XRD)

The XRD analysis of pure HNT and urea-treated HNT was carried out by using
PHILIPS X’Pert MPD (Eindhoven, Netherlands) with CuKα radiation (λ = 0.154 nm) at
40 kV and a current of 30 mA and Bruker D2 Phaser (Billerica, MA, USA) with CuKα

radiation source (λ = 0.154 nm) and a current of 10 mA. The diffraction patterns were
scanned in the diffraction angles 2θ of 5–30◦ with a step size of 0.05◦ and 3◦/min scan
speed. The d-spacing of HNT layers in particles was estimated from Bragg’s equation.

2.8. Measurement of Mechanical Properties and Hardness

Measurement of tensile properties was done according to ASTM D412. The sample’s
dimension was based on Die C dumbbell shape. The test was performed using a universal
testing machine (Tinius Olsen, H10KS, Tinius Olsen Ltd., Surrey, UK) at a crosshead speed
of 500 mm/min. The determinations recorded were the modulus at 100% (M100) and 300%
(M300) strains, tensile strength, and elongation at break. The tear strength of the respective
composites was tested using the same machine and crosshead speed according ASTM
D624. A type C (right angle) test piece was selected for experiment. The last measurement
was the hardness property of the samples. It was performed according to ASTM D2240
using a Shore A type manual durometer.

2.9. Determination of Crosslink Density

The crosslink density of the composite was determined by equilibrium swelling
method as described in ASTM D6814. The specimens were cut into a circular shape and
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weighed before and after immersing in toluene for 72 h. The modified Flory–Rehner
equation was implemented for calculating the cross-link density (υ) [25]:

ν =
1

2Mc
(2)

Mc =

ρ ·V0 ·
(

V
1
3

r − Vr
2

)

ln(1−Vr) + Vr + µ ·V2
r

(3)

where Mc is the number-average molecular weight of the rubber chains between crosslinks,
µ is the parameter for rubber-toluene interactions (µ = 0.42), ρ is the bulk density of the
specimen, V0 is the molar volume of the toluene (V0 = 106.2 cm3/mol), and Vr is the
volume fraction in the swollen specimen, defined as follows [26]:

Vr =
(D− FT) · ρ−1

(D− FT) · ρ−1 + A0 · ρ−1
s

(4)

where T is the weight of the specimen, D is the weight of the de-swollen specimen, F
is the weight fraction of the insoluble parts, A0 is the weight of the toluene absorbed in
swollen specimen, ρ is the density of the specimen, and ρs is the density of the toluene
(0.886 g/cm3).

2.10. Scanning Electron Microscopy

The freshly fractured surfaces of samples from tensile testing were used to observe
the dispersion of untreated and urea-treated HNT in the rubber matrix. The morphology
was captured using a scanning electron microscope (SEM; FEI Quanta FEG 400, Thermo
Fisher Scientific, Waltham, MA, USA). A layer of gold/palladium coated the specimen to
eliminate charge built during imaging.

2.11. Dynamic Properties

The dynamic properties of the composites were analyzed using a Rubber Process
Analyzer (RPA), model D-RPA 3000 (MonTech Werkstoffprüfmaschinen GmbH, Buchen,
Germany). At first, the tested samples were cured at 150 ◦C based on the tc90 tested
by the same RPA. The samples were then cooled down to 60 ◦C. At this time, at 10-Hz
fixed frequency, the strain was varied from 0.5 to 90%. This was to determine the storage
modulus (G′) as function of strain in the composites. The raw G′ record was further used
to study the filler–filler interactions via a so-called Payne effect. The Payne effect was
calculated as follows:

Payne effect = G′I − G′f (5)

where G′i and G′f were the G′ at 0.5% and 90% strains, respectively. A larger Payne effect
indicates weaker rubber–filler interactions.

2.12. Wide-Angle X-ray Scattering

The SIC of the composite was correlated with the stress-strain curves of the composite.
SIC and other related results were obtained from a synchrotron wide-angle X-ray scattering
(WAXS) analysis. The experiment was carried out using Beamline 1.3 W at the Siam Photon
Laboratory, Synchrotron Light Research Institute (SLRI), Nakhon Ratchasima, Thailand.
The distance between sample and detector was 115.34 mm, measured using a wavelength
of 0.138 nm. A CCD detector (Rayonix, SX165, Rayonix, L.L.C., Evanston, IL, USA) with a
diameter of 165 mm was equipped to capture the WAXS profile. The scattering angle was
calibrated using 4-Bromobenzoic acid as a standard material.

Prior to the testing, a Die C type dumbbell specimen was held on the grips of a
stretching apparatus. The sample was stretched at a crosshead speed of 50 mm/min to a
given strain and was then relaxed in the deformed state for 30 s. WAXS was recorded and
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stretching then continued to the next predetermined strain until the characterization was
complete. The degree of crystallinity (Xc) was calculated based on the data obtained from
the WAXS profiles using the following equation:

Degree of crystallinity (Xc) =

(
Ac

Ac + Aa

)
× 100 (6)

where Ac is and Aa are the areas under the crystalline peak of interest and the amorphous
halo, respectively.

The orientation parameter (OP) was also determined from the Hermann equation,
as follows:

OP =
3[cos2 ϕ]− 1

2
(7)

where ϕ is the azimuthal angle related to the direction of strain. The mean value of cos2 ϕ
is calculated as follows:

[cos2 ϕ] =

∫ π
0 Ic(ϕ) · cos2 ϕ · sinϕ · dϕ∫ π

0 Ic(ϕ) · sinϕ · dϕ
(8)

where Ic (ϕ) is the scattering intensity of the crystal at ϕ. Ic (ϕ) is normalized by subtracting
the minimum scattering intensity of the amorphous component of the original WAXS
intensity [27,28].

3. Results and Discussion
3.1. Curing Characteristics

Curing curves of the composites in the presence of untreated and urea-treated HNT
are shown in Figure 1. The raw data are summarized in Table 2. It was found that the
scorch time (ts2) and curing time (tc90) decreased, while CRI increased with urea con-
tent. Theoretically, an alkaline chemical substance relatively accelerates the vulcanization
process, while an acidic compound would retard it. Urea is an amine substance with
alkaline characteristics [29,30]. Therefore, increasing urea content contributed to the rate
of vulcanization.

Table 2. Scorch time (ts2), cure time (tc90), minimum torque (ML), maximum torque (MH), delta
torque (MH–ML), and CRI for the ENR/HNT composites made with untreated or urea-treated HNT.

Sample ts2 (min) tc90 (min) ML
(dN.m)

MH
(dN.m)

MH–ML
(dN.m)

CRI
(min−1)

E20 2.29 4.75 0.76 8.40 7.64 40.65
E20U10 1.38 3.51 0.71 7.92 7.21 46.95
E20U14 1.42 3.52 0.68 8.35 7.67 47.62
E20U18 1.02 2.82 0.64 7.84 7.20 55.56
E20U20 1.18 3.06 0.63 7.74 7.11 53.19

It was observed that the use of urea-treated HNT slightly changed in ML, while the
MH increased to its maximum at 14% of urea. This increase in MH of the composites was
attributed to the interactions of HNT and ENR with urea. Above 14% urea content, MH
decreased again, which can be attributed to the plasticizing effects of the urea. Similar
observation was made regarding the delta torque (MH–ML), indicating that urea plays an
important role in these composites.
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3.2. FT-IR Analysis

The FTIR spectra of urea, raw HNT, and urea-treated HNT are given in Figure 2.
For the pure urea, peak absorption at 3432 cm−1 is assigned to N-H out-of-plane stretch-
ing vibrations and the bands at 3336 cm−1 and 3258 cm−1 are formed by N-H in-plane
stretching vibrations. The N-H bending vibrations are also absorbing at 1619 cm−1 and
1592 cm−1. The peak at 1460 cm−1 is assigned to the stretching vibrations of C-N, while
the NH2 rocking vibrations give absorption at 1152 cm−1 [31]. This clearly corresponds to
the chemical structure of urea. The increased transmittance in the ranges 3500–3300 cm−1

and 1800–1400 cm−1 was clear as the level of urea was increased, corresponding to the
reference band of pure urea. This corroborates that the urea was attached on the surfaces
of HNT. The inner surface OH was represented at 3694 cm−1 and 3622 cm−1.

To ensure that intercalation of urea to HNT was happening, the spectrum in the
range 1800–1400 cm−1 was considered. Basically, the amine group available in urea can
form hydrogen bonds with the hydroxyl groups on HNT. This could have caused the an
amine band from 1618 cm−1 for pure urea to 1625 cm−1, 1624 cm−1, and 1624 cm−1 for
urea-treated HNT. This happens together with the appearance of new peaks at around
3505 cm−1 and 3396 cm−1 [8] and also with shifting of carbonyl peak at 1680 cm−1 to
1674 cm−1, 1670 cm−1, and 1668 cm−1 [32]. Such findings are in good agreement with
the report of Makó et al. [33], showing that the kaolinite–urea complex was formed after
modification. Since HNT is chemically similar to clay, its interaction mechanisms with urea
are expected to be similar.
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The FTIR spectra of the ENR composites filled with untreated and urea-treated HNT
are shown in Figure 3. The hydrocarbon characteristics absorption peaks at 1662 cm−1,
1448 cm−1, 1375 cm−1, and 837 cm−1 relate to the stretching vibrations of C=C bonds,
bending vibrations of CH2 and CH3 groups, and out-of-plane deformations of =C-H
group, respectively. The epoxide ring absorption took place at 873 cm−1 and 1250 cm−1.
Interestingly, the absorption at 3694 cm−1 and 3622 cm−1 was assigned to inner surface OH,
and the outer OH groups are reduced with increasing urea contents [34,35]. Broadened
shoulder peak at 1152 cm−1 and weakened peak absorption at 3694 cm−1, 3622 cm−1,
and 912 cm−1 were also found. This is a clear indication that the treatment of HNT with
urea reduced transmittance of the inner surface hydroxyl groups on HNT, the interactions
formed between HNT and urea. It is worth noting that the location of the Si–O stretching
in the region of 1100–1000 cm−1 was shifted with the addition of urea. This suggests that
ENR interacted with the surfaces of HNT through its epoxide groups, making hydrogen
bonds with hydrogen attached to electronegative N atom in urea-treated HNT [36].
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3.3. X-ray Diffraction Analysis

The XRD patterns of the untreated and urea-treated HNT are shown in Figure 4. The
untreated HNT shows a 001 reflection at 2θ of 12.05◦, indicating basal distance of 7.33 Ǻ,
which is characteristic of dehydrated Halloysite. This peak tended to disappear as the
amount of urea was increased. All the HNT crystals were fully intercalated with urea,
resulting an increase in basal distance from 7.33 Ǻ (2θ = 12.05◦) to 10.72 Ǻ (2θ of 8.49◦

and 8.23◦). This is verified by shifting of the 001 peak from 2θ of 12.05◦ to 8.49◦ and 8.23◦.
One important feature of intercalated HNT is the development of two peaks at 21.54◦

and 22.53◦ in the range with saw tooth diffraction peaks. These may be associated with
decreased lattice strain and/or increased crystallite size [33]. A schematic model proposed
for the interactions in urea-treated HNT is shown in Figure 5. This scheme demonstrates an
increase of basal distance between layers of HNT due to the penetration of urea; hydrogen
bonds are formed between the hydroxyl groups of HNT and amine contained in urea.
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Figure 5. Proposed model of intercalation and interactions of urea with HNT via mechano-chemical processing modified
from Yuan et al. [37].

Figure 6 shows the XRD patterns of the ENR composites filled with untreated and
urea-treated HNT. The diffraction peak at 2θ of 12.05◦ (d is 7.33 Ǻ) related to 001 plane
and is absent after urea-treatment of HNT. This peak is shifted to the lower 2θ at 8.30◦,
8.06◦, 9.41◦, or 8.60◦, which correspond to basal gallery sizes of 10.64 Ǻ, 10.95 Ǻ, 9.38 Ǻ,
and 10.27 Ǻ, respectively. The modification of HNT by mechano-chemical processing
altered the crystal lattice of HNT. The modification with urea of HNT increased the basal
distance, and hence, a lesser 2θ is presented due to the intercalation of ENR molecules
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to the gallery of HNT [38,39]. Once the intercalation occurred, possibly there were also
further interactions between ENR and HNT in the system.
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3.4. Dynamic Properties

One approach to assessing possible interactions in a composite is by use of the dy-
namic properties. In this study, storage modulus and the Payne effect of the ENR/HNT
composites made with untreated or urea-treated HNT filler were analyzed to assess the
rubber–filler interactions. The results are presented in Figure 7. The storage modulus (G′)
of the composites was constant in the low strain region but slightly decreased with strains
larger than 50%. This is common for a viscoelastic material and is due to the molecular
stability of rubber. It is noticeable that the G′ increased with urea content, indicating
interactions between urea-treated HNT with ENR. There are two factors determining the
increase in G′, namely the dispersion of HNT facilitated by urea as well as improved
interfacial interactions between HNT and ENR caused by urea-treatment of the HNT. The
Payne effect relates to the rubber–filler interactions in the composite, and its measure here
was the difference in G′ between low and high strains [40]. A higher Payne effect indicates
lesser rubber–filler interactions. It was found that the Payne effect decreased with urea
content, where the value of Payne effect was found to be reduced at 62.38% after using
urea for treatment. This might be due to stable rubber–filler interactions of urea-treated
HNT filler in the ENR matrix. The results on the dynamic properties confirm interactions
between urea-treated HNT and ENR, supporting the previous FTIR and XRD.
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3.5. Mechanical Properties

Figure 8 shows the stress–strain curves of the ENR composites made with untreated
and urea-treated HNT. The stress–strain curves show the SIC. Higher stress response was
found for the composites filled with urea-treated HNT, suggesting that the samples became
stronger after urea-treated HNT was used. Higher compatibility between ENR and HNT
in the presence of urea is responsible for these findings. Further, the area underneath the
stress–strain curve was examined to confirm the compatibility of rubber and the filler. This
indicates the toughness of a material [41]. Larger area underneath the curve corresponds to
the greater toughness. The urea-treated HNT composites showed a greater area underneath
the stress–strain curve than the untreated counterpart and therefore greater toughness. The
curves shown are further discussed and regards crystallization behavior.

The mechanical properties, such as modulus, tensile strength, elongation at break,
tear strength, and hardness, are shown and summarized in Table 3. It was found that
the modification of HNT with urea via mechano-chemical process led to increase in the
tensile and tear strength of the composites. The tensile strength with untreated HNT was
33.67 MPa and increased up to 35.15 MPa at 14% of urea content. The tear strength of
reference sample increased from 38.29 N/mm to 38.36, 39.24, 37.42, and 35.60 N/mm.
Using urea-treated HNT has evidently proven that an intercalation had taken place. The
evidence for such boosting has already been shown by the previous sessions. The reduction
of tensile and tear strength at urea content over 14% might be due to some destruction
of the HNT structure that occurred during mechano-chemical process, as seen in SEM
images. The significant change in the rubber–filler interaction of ENR and HNT can be
also verified from the stresses at 100% (M100) and 300% (M300) strains (see Table 3). It
can be seen that the M100 and M300 increased over the urea content. As the higher urea
was introduced to the rubber, the greater interactions occurred, resulting in harder and
stiffer composites. Such finding is clearer when examining the M300. The result obtained
here corresponded well with the reduction of elongation at break of the composites. The
reduction of elongation at break was found due to lower flexibility of molecular chain and
contributed to the increase of interaction point in the composites. Similar observation for
the modulus was also encountered for the hardness property.
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Table 3. Modulus at 100% (M100), 300% (M300), tensile strength (TS), elongation at break (EB), tear strength (Ts), and
hardness of ENR/HNT composites filled with untreated and urea-treated HNT.

Sample M100 (MPa) M300 (MPa) TS (MPa) EB (%) Ts (N/mm) Hardness
(Shore A)

E20 0.86 ± 0.03 2.25 ± 0.03 33.67 ± 1.61 717 ± 10 38.29 ± 0.94 39.3 ± 0.3
E20U10 0.89 ± 0.04 2.34 ± 0.23 34.95 ± 0.51 660 ± 49 38.36 ± 0.51 41.6 ± 0.4
E20U14 0.95 ± 0.05 2.58 ± 0.18 35.15 ± 0.42 627 ± 28 39.24 ± 0.54 42.2 ± 0.4
E20U18 0.96 ± 0.01 2.59 ± 0.07 30.59 ± 1.22 618 ± 20 37.42 ± 0.72 42.7 ± 0.3
E20U20 0.97 ± 0.03 2.63 ± 0.03 26.87 ± 1.11 615 ± 13 35.60 ± 0.50 43.9 ± 0.7

3.6. Morphological Properties

The dispersion of HNT within the rubber matrix can be assessed from the SEM images
shown in Figure 9. Good dispersion of urea-treated HNT was observed with but shortened
lengths of the dispersed HNT particles in the matrix are due to the destruction of HNT
structure. This is in agreement with the decreased tensile strength and tear strength
observed for comparatively high urea contents. Similar observations were previously
reported for micro-fractured surfaces in NR composites having other fillers in the presence
of a compatibilizer [42].
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Figure 9. SEM photographs of ENR/HNT composites filled with untreated and urea-treated HNT; E20 (A), E20U10 (B),
E20U14 (C), and E20U20 (D).

3.7. Wide-Angle X-ray Scattering

In the section on mechanical properties, the stress–strain behavior of the composites
was associated with SIC. Since the nominal strain rate for tensile measurement and SIC
is not similar (e.g., 0.42 s−1 and 0.042 s−1 for tensile test and WAXS, respectively). The
correlation was made in the view of the stress versus crystallinity only. Previously, it was
clear that the treatment of HNT by urea influenced the mechanical properties. The main
factor is definitely the improved compatibility between ENR matrix and urea-treated HNT
filler. The degree of crystallinity (XC) versus strain deformation is shown in Figure 10.
Crystallinity was estimated from the areas in diffraction pattern for 200 and 120 plane
reflections [43,44]. The XC increased with strain due to molecular chain orientation, as
expected. The onset strain for SIC was determined from interception of a regression line
for Xc as a function of strain (see Figure 11). The onset for SIC with urea-treated HNT filler
was observed to be lower as a function of urea content. The interaction that takes place in
the presence of urea can help to pull the surrounding molecular chains and speeds up the
crystallization process. When considering the XC and the stress propagation from tensile
measurement (see Figure 8), it is clear that the XC corresponded well with the stress, and
the trend of the curves is also similar as urea content increased. From the stress–strain
curves, it is obvious that the stress started to increase towards the urea content. This is
responsible to the formation of interfacial contact, as discussed earlier.
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Earlier onset for SIC can be found usually for the filled composite. Poompradu et al. [22]
reported that the lateral crystallite size was decreased, but the orientational fluctuation
increased by the inclusion of filler. The lattice of the SIC changed almost linearly with
the nominal stress. In addition, the degree of lattice deformation decreased with the filler
content, especially in the CB-filled system. In addition to this, onset for SIC was differently
observed depending on the filler’s characteristics. Ozbas et al. [45] compared the SIC of
graphene and CB-filled composites. They found that the onset of SIC occurs at significantly
lower strains for graphene-filled NR samples compared with CB-filled NR even at low
loadings. Chenal et al. [23] further explained that the onset of SIC is ruled by the strain
amplification induced by the filler presence. Moreover, additional interaction in rubber
network is also responsible for either accelerating or slowing down the crystallization rate
depending on rubber matrix chemical crosslink density. Candau et al. [24] together with
the report of Ozbas et al. [45] further emphasized that the rubber–filler interactions may
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fasten the SIC at low crosslink density. This is because high crosslinking may interfere the
chain orientation and results in reduction of the SIC. Therefore, the crosslink density of
this composite was also reported and shown in Figure 11. It can be seen that the crosslink
density observed was more or less the same over the content of urea. This is a good
indication that network chain density is unchangeably involved in the development of SIC
regardless of urea content. As a consequence, it can be said that the change in SIC was
promoted by rubber–filler interactions.

The orientation parameter (OP) indicates indirectly the molecular chain orientation
and alignment and can be calculated from the Herman equation [27,28]. The OP for the
composites is shown in Figure 12. Completely oriented molecular chains would give OP
value 1 [46]. Here, the OP for the composites was lesser at low strains and grew with
increasing strain, confirming that stretching oriented the molecular chains. The composites
filled with urea-treated HNT showed higher OP values at low strains, indicating that the
modification of HNT increases rubber–filler interactions, and accordingly, more molecular
chain orientation was found for composites with urea-treated HNT.
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From these results, correlation between the SIC and corresponding interaction between
ENR and HNT in the presence of urea is represented in a schematic model shown in
Figure 13. Referring to the scheme, nothing happened at the un-stretched stage of the
sample; the ENR matrix may be in contact with the HNT due to the interfacial interaction
created by the unique characteristics of the HNT. When the strain was applied to the
sample, crystallization of the ENR was then induced due to the stress concentration point
on the HNT surfaces, and the crystallinity increased in association with the orientation of
the HNT. HNT is orientated and aligned along the stretching direction. As a consequence,
the ENR chains rearrange and crystallize. This always happens regardless of whether
untreated or urea-treated HNT is concerned. This kind of phenomenon usually occurs
in the filled composites, and it has been reported elsewhere [23,24,45]. However, it is
interesting to highlight that the crystallinity of the ENR matrix increases steeply due to the
collaborative crystallization of ENR and HNT in association with the contribution of the
urea. Higher rubber–filler interactions as indicated by lower Payne effect is responsible
for such change. The presence of the urea has played an important role in pulling the
surrounding molecular chains. Thus, a significant increase in crystallization is observed at
higher strains, and this is in agreement with results observed previously in the stress–strain
behaviors and WAXS profiles.
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4. Conclusions 
Urea-treated HNT filler was successfully prepared via a mechano-chemical process. 

Attachment of urea on HNT was verified by FTIR, where new peaks appeared around 
3505 cm−1 and 3396 cm−1, corresponding to urea’s functionalities. The intercalation of urea 
in the gallery of HNT was revealed by XRD results. The development of two peaks at 
21.54° and 22.53° in the range of saw tooth diffraction peak and the shifting of the peak at 
2θ of 12.05° to 8.23° correlated to the decrease of the lattice strain and/or to the increment 
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of urea. The MH was optimal at 14% urea content. Increased tensile strength and tear 
strength were also observed due to the improved filler–matrix interfacial adhesions of 
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sites, as the value of Payne effect was clearly reduced to 62.38% after using urea for treat-
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Based on the observations overall, it can be concluded that a urea content of about 
14% in HNT filler is highly recommended for preparing composites with ENR matrix to 
ensure the compatibility and strength of the composite. On top of that, the use of urea can 
be the solution of choice for improving the interaction between ENR and HNT. It can offer 
improvements in processing behavior without the need to use complicated and costly 
silane coupling-agent systems. 
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Figure 13. Schematic model representing the crystallization development of the ENR/HNT composites filled with urea-
treated HNT.

4. Conclusions

Urea-treated HNT filler was successfully prepared via a mechano-chemical process.
Attachment of urea on HNT was verified by FTIR, where new peaks appeared around
3505 cm−1 and 3396 cm−1, corresponding to urea’s functionalities. The intercalation of
urea in the gallery of HNT was revealed by XRD results. The development of two peaks at
21.54◦ and 22.53◦ in the range of saw tooth diffraction peak and the shifting of the peak at
2θ of 12.05◦ to 8.23◦ correlated to the decrease of the lattice strain and/or to the increment
of the crystallite size. The ts2 and tc90 decreased with urea content due to alkaline nature of
urea. The MH was optimal at 14% urea content. Increased tensile strength and tear strength
were also observed due to the improved filler–matrix interfacial adhesions of HNT with
the rubber matrix. This is confirmed by the dynamic properties of the composites, as the
value of Payne effect was clearly reduced to 62.38% after using urea for treatment. The
SIC in the composites exhibited a clear change, as the strain upturn was an earlier strain
during stretching, indicating faster crystallization caused by better interfacial interactions
within the composites. The Xc was directly observed with XRD during stretching, and it
corresponded well with the tensile moduli of the composites. It is noted that correlation
between SIC and mechanical strength may not be enough; an alternative testing, such as a
fatigue test, is recommended in future work.

Based on the observations overall, it can be concluded that a urea content of about
14% in HNT filler is highly recommended for preparing composites with ENR matrix to
ensure the compatibility and strength of the composite. On top of that, the use of urea
can be the solution of choice for improving the interaction between ENR and HNT. It can
offer improvements in processing behavior without the need to use complicated and costly
silane coupling-agent systems.
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Abstract: The aim of this research was to increase the compatibility between PLA and starch with
vegetable oil-based additives. Based on tensile results, it can be stated, that Charpy impact strength
could be improved for 70/30 and 60/40 blends in both unconditioned and conditioned cases,
regardless of vegetable oil, while no advantageous change in impact strength was obtained with
PLA-g-MA. Considering sample with the highest starch concentration (50%), the flexural modulus
was improved by using sunflower oil-based additive, Charpy impact strength and elongation at
break was increased using rapeseed oil-based additive in both conditioned and unconditioned cases.
SEM images confirmed the improvement of compatibility between components.

Keywords: PLA/starch; compatibilizer; vegetable oil-based additive; masterbatch

1. Introduction

The main challenges of the growing demand for petroleum-derived plastics are their
long degradation periods, health risks, price volatility, waste disposal problems, and in-
creasing demand for raw materials [1,2]. As a consequence, the development of biodegrad-
able polymers from renewable sources has become increasingly conspicuous in recent
years [2,3]. Biodegradable polymers can be converted to carbon dioxide, water, methane,
and other products [4]. Many biodegradable polymers are known nowadays, such as
polylactic acid (PLA), polycaprolactone (PCL), polybutylene adipate terephthalate (PBAT),
polyhydroxybutyrate (PHB), and poly(hydroxyalkanoates) (PHA). Starch, known as a
natural raw material, is also considered a promising alternative to biopolymers or their
constituents [4].

Starch-containing polymers can be divided into four types: thermoplastic starch (TPS),
starch/synthetic aliphatic polyester, starch/PBS or PBSA polyester, starch/PVOH [2].
Starch/biodegradable polymer blends are considered an auspicious method to improve the
mechanical and thermal properties of native starch. Furthermore, due to their hydrophilic
nature, the quality of starch-based blends also depend largely on their moisture content as
well [4,5]. Blending the economically viable starch with PLA offers an attractive alternative.
PLA generally has good mechanical properties, its strength and stiffness being comparable
to, among others, polyethylene terephthalate (PET) and polystyrene (PS). However, its
disadvantages include its fragility, its relatively slow rate of degradation in soil, and its
higher production costs compared to petroleum-based polymers. By blending of PLA and
starch, the good mechanical properties of PLA and the good biodegradability and low
manufacturing cost of starch can be combined [6–8].

Most PLA-based plastic blends and composites show partial or complete incompati-
bility [9]. Hydrophobic PLA and hydrophilic starch are not thermodynamically miscible
with each other resulting phase separation and weak interfacial adhesion in their blends.
The lack of compatibility gives disadvantageous mechanical properties [7]. Thus, ensuring
the compatibility of starch and PLA is essential to improve the mechanical properties [4,5].

547



Polymers 2021, 13, 2981

During compatibilization, the agents are located at the interface reducing the interfacial
tension and preventing the coalescence of the dispersed phase, improving the interfacial
adhesion, and creating a thermodynamically stable structure [10]. There are basically four
general methods for compatibilization: using copolymers, reactive compatibilization, using
nanoparticles, and “radical” processing [10–12]. PLA-g-MA is a potential compatibilizer
for PLA-based blends. In PLA/starch systems, interfacial adhesion can be improved by
reducing the size of dispersed phase [13]. Another option is to use of bio-based agents. Veg-
etable oils provide a remarkable alternative instead of petroleum-derived additives with
the result that their application is becoming more widespread [9,14]. Some fatty acids allow
different chemical modifications due to their single or multiple unsaturation [14]. Modified
vegetable oils can behave as a compatibilising agent in binary and ternary blends [9].
Now, epoxidized, MA-modified, and acrylated-epoxidized vegetable oils are known for
industrial application [14].

The main motivation of this research is to focus on the production and application
of additives based on vegetable oil (sunflower oil, rapeseed oil and castor oil) suitable for
improving the miscibility properties of PLA/starch blends. The primary purpose was to
produce a masterbatch with compatibilizing nature improving the mechanical properties
of PLA/starch blends with different composition.

2. Materials and Methods
2.1. Materials

In this work corn starch (supplied by HungranaBioeconomy Company (Szabade-
gyháza, Hungary) was blended into commercial grade PLA (IngeoTM Biopolymer 4043D,
Minnetonka, MN, USA) as matrix material. To achieve better interfacial properties of the
PLA/starch blends, experimentally synthetized vegetable oil-based additives were tested.
Three different types of technical grade vegetable oil (sunflower oil (Mw = 880 g/mol,
Bunge PLC, Budapest, Hungary), rapeseed oil (Mw = 888 g/mol, Bunge PLC, Budapest,
Hungary) and castor oil (Mw = 933 g/mol, Alfa Aeser, Haverhill, MA, USA) were used for
additive synthesis.

2.2. Additive Synthesis

Vegetable oil-based additives were synthesized at the Department of MOL Hydro-
carbon and Coal Processing, University of Pannonia. The synthesis of vegetable oil-based
additives was carried out in a round-bottom flask equipped with a stirrer at temperature
range of 130–150 ◦C in the presence of a hydrocarbon solvent. Stirring speed was set to
be 120 rpm. The experiment was performed with three different types of vegetable oils:
sunflower oil, rapeseed oil and castor oil. The molar ratio of vegetable oil to maleic anhy-
dride was 1:1. Because of the radical initiated reactions, di-tert-butyl peroxide (supply from
Merck KGaA, Darmstadt, Germany) was used. The volatiles and solvent were evaporated
under vacuum at the end of reaction.

2.3. Sample Preparation

The additives prepared by the before mentioned method were tested in PLA/starch
composites in the form of a masterbatch. Masterbatches containing the synthetized compat-
ibilizer additives were produced by a two-roll mill (LabTech Engineering Ltd., LRM-100,
Praksa, Muang, Samutprakarn 10280, Thailand) at temperature range of 150–165 ◦C using
a friction ratio of 32.8:19.3. The matrix material of the masterbatches was PLA. Figure 1
shows the main steps of the sample preparation. The starch content of blends was between
10%–50%. Before processing, all of the polymers were conditioned at 80 ◦C for four hours
to prevent hydrolytic degradation. After homogenization of PLA, starch and masterbatch
by a two-roll mill, PLA/starch sheets with size of 170 mm × 170 mm × 2 mm were formed
by a laboratory hot press (CARVER 3853-0, Carver, Inc., Savannah, GA, USA) at 170 ◦C for
ten minutes. Then 10 mm wide and 50 mm long specimens were cut out from the sheets.
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2.4. Measurements

The main properties of vegetable oil-based additives were determined by standardized
methods, by FTIR analysis (Bruker Tensor 27 instrument, USA, spectral range: 7500 to
370 cm−1, with a standard KBr beam-splitter, resolution: better than 1 cm−1 (apodised),
interferometer: RockSolid, permanent aligned, high stability, sample scan time: 16 scans,
background scan time: 16 scans), and through their flow properties analyzed by rheological
measurements (Anton Paar MCR301 dynamic shear rheometer, Graz, Austria).

The mechanical properties of PLA/starch blends were measured from the using of
INSTRON 3345 universal tensile testing machine (USA), with 75 mm/min crosshead speed
for tensile tests and 5 mm/min for flexural tests. The size of specimens were 10 mm wide
and 50mm long, the clambing length was 30 mm. Three parallel measurements were
carried out on unconditioned (at 20 ◦C) and conditioned samples (at 80 ◦C). A CEAST
Resil Impactor machine (USA, 1J hammer) with “A” type notches in both unconditioned
and conditioned cases was used to know the Charpy impact strength of the samples.
Furthermore, the morphology of the samples was also followed via their SEM micrographs
(SEM Apreo S LoVac, Waltham, MA, USA, HV: 5–10 kV, mag: 80–20,000×).

3. Results
3.1. Additive Characterization

The main properties of the synthesized additives are summarized in Table 1. Additives
had Mn in the range of 6300–8280 g/mol, while the Mw changed between 8360 and
11,910 g/mol. Additive containing castor oil had the lowest polydispersity, while that of
rapeseed oil-based additive was the highest. This result refers that additive containing
rapeseed oil had the most components with a different structure.

Table 1. Acid number, iodine-bromide number and MA-content values of synthesized additives.

Properties Sunflower Oil
Sunflower
Oil-Based
Additive

Rapeseed Oil
Rapeseed
Oil-Based
Additive

Castor Oil
Castor

Oil-Based
Additive

Mw, g/mol - 8360 - 9680 - 11,910
Mn, g/mol - 6300 - 6570 - 8280

Polydispersity - 1.30 - 1.36 - 1.25
Acid number,

mg KOH/g sample 3.3 54.1 8.6 46.2 2.9 45.4

Ionide-bromide
number,

I2/100 g sample
106.7 84.6 101.2 75.5 93.3 75.5

MA-content,
mg MA/g sample - 1.4 - 1.5 - 1.6

The MA-content of the additives prepared based on the three different types of
vegetable oils was nearly equal (1.4–1.6 mg MA/g sample). Regarding the acid number,
the additive based on sunflower oil had the most carboxyl functional groups, therefore,
this additive had the highest acid number (54.1 mg KOH/g sample). On the other hand,
the acid numbers of rapeseed and castor oil-based additives were almost the same (46.2
and 45.4 mg KOH/g sample). Considering the degree of unsaturation, the additive most
prone to saturation was the sunflower oil-based additive, and the additional properties of
rapeseed and castor oil-based additives were almost the same as the acid number.
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The FTIR spectra of the vegetable oil-based additives were determined using germa-
nium ATR crystal. The spectra can be seen in Figures 2 and 3.

Polymers 2021, 13, x FOR PEER REVIEW 4 of 15 
 

 

additive based on sunflower oil had the most carboxyl functional groups, therefore, this 
additive had the highest acid number (54.1 mg KOH/g sample). On the other hand, the 
acid numbers of rapeseed and castor oil-based additives were almost the same (46.2 and 
45.4 mg KOH/g sample). Considering the degree of unsaturation, the additive most prone 
to saturation was the sunflower oil-based additive, and the additional properties of rape-
seed and castor oil-based additives were almost the same as the acid number. 

The FTIR spectra of the vegetable oil-based additives were determined using germa-
nium ATR crystal. The spectra can be seen in Figures 2 and 3. 

 
Figure 2. FT-IR spectra of vegetable oil-based additives in the wavenumber range 4000–600 cm−1. 

 

Figure 3. FT-IR spectra of vegetable oil-based additives in the wavenumber range 1800–1700 cm−1. 

In the wavenumber range of 3100–2800 cm−1, asymmetric and symmetric stretching 
vibrations of methyl and methylene groups are observed [15]. The difference between the 
synthesized additives is manifested in the wavenumber range of 1900–1600 cm−1. While 
in the wavenumber range of 1650–1630 cm−1 and 1750–1730 cm−1, peaks (Figure 3) ap-
peared for all three additives as well. In the range of 1790–1770 cm−1, peaks appeared only 

Figure 2. FT-IR spectra of vegetable oil-based additives in the wavenumber range 4000–600 cm−1.

Polymers 2021, 13, x FOR PEER REVIEW 4 of 15 
 

 

additive based on sunflower oil had the most carboxyl functional groups, therefore, this 
additive had the highest acid number (54.1 mg KOH/g sample). On the other hand, the 
acid numbers of rapeseed and castor oil-based additives were almost the same (46.2 and 
45.4 mg KOH/g sample). Considering the degree of unsaturation, the additive most prone 
to saturation was the sunflower oil-based additive, and the additional properties of rape-
seed and castor oil-based additives were almost the same as the acid number. 

The FTIR spectra of the vegetable oil-based additives were determined using germa-
nium ATR crystal. The spectra can be seen in Figures 2 and 3. 

 
Figure 2. FT-IR spectra of vegetable oil-based additives in the wavenumber range 4000–600 cm−1. 

 

Figure 3. FT-IR spectra of vegetable oil-based additives in the wavenumber range 1800–1700 cm−1. 

In the wavenumber range of 3100–2800 cm−1, asymmetric and symmetric stretching 
vibrations of methyl and methylene groups are observed [15]. The difference between the 
synthesized additives is manifested in the wavenumber range of 1900–1600 cm−1. While 
in the wavenumber range of 1650–1630 cm−1 and 1750–1730 cm−1, peaks (Figure 3) ap-
peared for all three additives as well. In the range of 1790–1770 cm−1, peaks appeared only 

Figure 3. FT-IR spectra of vegetable oil-based additives in the wavenumber range 1800–1700 cm−1.

In the wavenumber range of 3100–2800 cm−1, asymmetric and symmetric stretching
vibrations of methyl and methylene groups are observed [15]. The difference between the
synthesized additives is manifested in the wavenumber range of 1900–1600 cm−1. While in
the wavenumber range of 1650–1630 cm−1 and 1750–1730 cm−1, peaks (Figure 3) appeared
for all three additives as well. In the range of 1790–1770 cm−1, peaks appeared only in
the case of rapeseed and sunflower oil-based additives. In case of the rapeseed oil, the
ratio of the two peaks in the range of 1790–1740 cm−1 was 2.68, while in case of sunflower
oil-based additive it was 3.71.

The dynamic viscosity of synthesized additives was measured at 25 ◦C (Anton Paar
MCR301 instrument) in the shear rate range of 1–1000 1

s as shown in Figure 4.
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Figure 4. Rheological behaviour of synthesized additives in the range of 1–1000 1
s (25 ◦C).

Based on the dynamic viscosity values, it can be stated that the additives containing
castor oil had the highest dynamic viscosity, followed by the additive containing sunflower
oil, and rapeseed oil. On one hand, it was caused by the effect of the length of hydrocarbon
side chain of each vegetable oil. On the other hand, differences in viscosities were caused
by the fact that the main components in vegetable oils are different with different structures.
The main component of castor oil is ricinoleic acid which has a hydroxyl group in addition
to the double bond [16]. The hydroxyl group allows maleic anhydride to be incorporated
into the molecule, it allows the chemical modification of castor oil through esterification of
this functional group to maleated half esters [17]. Most sunflower oils are basically linoleic
acid, which have more double bonds than ricinoleic acid or oleic acid [18]. With 1 mole
of unconjugated linoleic acid, maleic anhydride can form an “ene” adduct resulting in
the formation of a conjugated diene, which can be further functionalized by Diels-Alder
synthesis [17]. The main component of rapeseed oil is oleic acid, which has no hydroxyl
group and contains less C-C double bonds than linoleic acid [19]. Oleic acid is reacted with
maleic anhydride according to the “ene” reaction mechanism [17,20]. Since both rapeseed
oil and sunflower oil can be found in both major components, the Diels-Alder and “ene”
reaction mechanism may have occurred in both oils. This is probably the reason for the
similar dynamic viscosity.

3.2. Masterbatch Characterization

Masterbatches were prepared by the mixing of the synthesized additives into PLA ma-
trix. The main properties of the masterbatches are summarized in Table 2. In order to know
the effect of vegetable oil-based additives to the starch-PLA composites, a masterbatch
with PLA-g-MA was also prepared. The additive content of the masterbatches was 10%.
Regarding the MFI values, it is clear, that PLA-g-MA had the lowest, while the sunflower
oil-based masterbatch (SFO) had the highest values. However, there was no significant
difference among the MFI values of the experimentally synthetized vegetable oil-based
additives. Given the PLA granulates, 8.819 g/10 min MFI value was measured so it can
be stated all of the vegetable oil components had softening effect, for PLA-g-MA it was
not observed.
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Table 2. The main properties of masterbatches (MB).

Properties SFO-MB RSO-MB CO-MB PLA-g-MA

Active agent Sunflower oil-based
additive

Rapeseed oil-based
additive

Castor oil-based
additive PLA-g-MA

Additive content, % 10 10 10 10
MFI, g/10min (5.00 kg, 190 ◦C) 10.7 10.3 10.1 8.6

Figure 5 summarizes the rheological properties of the masterbatches. As it is well
shown, the viscosity of masterbatches with PLA matrix did not change significantly up to
the shear rate of 0.2 1

s . Reaching this shear rate, the dynamic viscosity started to decrease
significantly. This change leads to the conclusion that molecular formation cannot occur.
Regarding the results, the masterbatch containing rapeseed oil had the largest softening
effect in the measurement range.

1 
 

 

Figure 5. Rheological behaviour of PLA granulates and masterbatches in the range of 1–1000 1
s

(170 ◦C).

3.3. Mechanical Properties of PLA/Starch Blends

The purpose of the mechanical tests on PLA/starch blends was to determine the extent
to which the starch content of the blends could be increased without deteriorating their
mechanical performance.

3.3.1. Results

Results of tensile strength (Figure 6) well shows that the tensile strength decreased
with increasing starch content in both unconditioned and conditioned samples for both
additive-free and additive-containing blends. In the majority of both unconditioned and
conditioned cases, the tensile strength decreased as function of starch content. Comparing
the conditioned specimens containing PLA-g-MA (10%–40% starch content), the tensile
strength also increased compared to the unconditioned samples. In the case of uncondi-
tioned samples, the tensile strength of blends containing vegetable oil-based additives was
lower than that of additive free PLA/starch samples or PLA/starch/PLA-g-MA samples.
This result was presumably due to the softening effect of vegetable oil-based additives. For
all tested compositions, it was observed that the PLA/starch blends without masterbatches
had the highest tensile strength (from 39 to 71 MPa). It is important to mention, that at
additive free PLA/starch blends had lower tensile strength after the heat treatment in any
cases, while the tensile strength of PLA/starch/PLA-g-MA samples could be increased by
the heat treatment. Without any heat treatment, the additive free samples had higher tensile
strength than the PLA/starch blend with additive. After conditioning, specimens prepared
with PLA-g-MA had higher tensile strength (about 70 and 50 MPa of blends containing
10% and 30% starch (improvement was 5 MPa compared to additive free specimens)).
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Similar to tensile strength, it can be stated that the value of impact strength decreased
with increasing starch content at both conditioning cases (Figure 7). The effect of heat
treatment was more significant for samples with lower starch content (10% and 20%). To
investigate the effect of masterbatches that did not contain vegetable oil-based additives,
it can be concluded that the Charpy impact strength did not increase in either case. In
general, the same trend was found for additive free samples, therefore, the impact strength
decreased with increasing starch content. The PLA-g-MA was mostly able to compensate
the negative effect of heat treatment, and no measurable difference between the two cases
can be found. The positive effect of conditioning can also be observed in the case of
specimens containing castor oil-based additives—in contrast to those found in the case
of tensile strength—with the exception of the sample containing 50% starch, because the
value of impact strength can be increased.
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Regarding the unconditioned samples, specimens containing 20%, 30%, and 40%
starch, higher Charpy impact strength was found with additives than without that. Same
phenomena can be stated in case of conditioned samples, thus, the conditioning did not
affect the role of the tested additive. In the case of unconditioned samples, the tendency was
the same: the value of impact strength decreased with increasing starch content. However,
in case of conditioned samples, the starch content of 20% was an exception. Regarding the
samples containing rapeseed oil-based additives, it can be stated that with the exception
of the samples with 20% and 30% starch, the impact strength increased as a result of heat
treatment. In case of both unconditioned and conditioned samples, in general, higher
impact strength can be found by the using of vegetable oil-based additives (exception PLA
with 10% starch). Regarding the effect of the sunflower oil-based additives, the impact
strength values were improved for samples with 30%, 40% and 50% starch content after
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conditioning at 80 ◦C and without conditioning compared to the additive free blends. Thus,
to investigate the effect of any additive in based on vegetable oil, it can be concluded
that for certain compositions, an improvement can be obtained for unconditioned and
80 ◦C conditioned specimens. An exception to this phenomenon was the additive based on
rapeseed oil, since in any composition. An improvement in impact strength can be obtained
by its use in both unconditioned and conditioned cases. This is because the rapeseed oil
has the longest hydrocarbon chains and consequently it has higher molecular weight.

Regarding the tensile modulus (Figure 8), no trend can be established in proportion to
the increase in starch content. However, the highest tensile modulus was found in case of
additive free PLA/starch composites without heat treatment (in exception of 70% PLA/30%
starch composites). Comparing the results, it was found, that he 50/50 PLA/starch sample
(without additives) had the highest tensile modulus among the unconditioned samples.
As a result of conditioning, tensile modulus can be decreased, and the highest value (about
1500 MPa) was measured on the 90/10 PLA/starch specimen. Excluding tensile modu-
lus, the effect of heat treatment on the mechanical properties could not be compensated
in case of samples containing castor oil-based masterbatch. The tensile modulus of the
70/30 PLA/starch blend could be improved in both unconditioned and conditioned cases.
For the samples containing masterbatch synthetized by the using of rapeseed oil-based
additives, the tensile modulus could not be improved for any of the compositions com-
pared to the additive free samples. The depreciation, due to 80 ◦C conditioning did not
improve either. Although the masterbatch containing sunflower oil-based additive could
not compensate for the negative effect of 80 ◦C conditioning in all cases. It was successful
at 10% and 20% starch content, and a higher tensile modulus was measured compared
to the unconditioned samples. However, a lower value was found compared that of to
the additive free samples. For the 60/40 and 50/50 compositions, a higher value was
measured compared to the additive-free blend after the heat treatment. Similar to the
30/70 PLA/Starch samples containing castor oil-based masterbatch, the tensile modulus
of this composition can be improved at both temperatures with the sunflower oil-based
masterbatch. By adding the PLA-g-MA, it can be found that for almost all compositions
(10%–40% starch content) the values of the tensile modulus were higher after conditioning
at 80 ◦C, which was not observed for either the additive free blends or the samples contain-
ing the different types of vegetable oil-based additives. For the unconditioned samples,
no positive effect was concluded compared to the additive free blends, however, for the
samples conditioned at 80 ◦C, a blend of some composition showed improvement.
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Regarding the flexural modulus (Figure 9), the unfavourable effect of conditioning
also prevails, because in case of all tested compositions the values of flexural modulus after
conditioning were lower.

554



Polymers 2021, 13, 2981

Polymers 2021, 13, x FOR PEER REVIEW 9 of 15 
 

 

 
Figure 8. Tensile modulus of unconditioned and conditioned PLA/starch blends. 

Regarding the flexural modulus (Figure 9), the unfavourable effect of conditioning 
also prevails, because in case of all tested compositions the values of flexural modulus 
after conditioning were lower. 

 
Figure 9. Flexural modulus of unconditioned and conditioned PLA/starch blends. 

The effect of conditioning was eliminated with only PLA-g-MA at all ratios. In addi-
tion, unconditioned samples showed a significant improvement over the flexural modu-
lus of the additive-free PLA/starch blends (for instance 260 MPa improvement was meas-
ured in case of 90/10 PLA/starch composition). Sunflower oil-based additives also caused 
a significant improvement in all blends of the examined composition and the disad-
vantage of the heat treatment can been reduced. Overall, for both conditioned and uncon-
ditioned samples, the flexural modulus could be improved with each masterbatch in case 
of 10% starch content. 

Based on data in Figure 10, it was observed that increasing starch content causing a 
decrease in the elongation at break considering both the unconditioned and conditioned 
specimens. This tendency was more or less observed in the sample series containing the 
masterbatch. The effect of conditioning did not cause a large change in elongation at 
break. The largest change was a decrease from 5.6% elongation at break to 4.6% in case of 
additive free 30/70 PLA/starch blend. A decrease in the elongation at break was observed 
at both temperatures using PLA-g-MA. By using a rapeseed oil-based additive, the elon-
gation at break could be increased regardless of composition and conditioning. Irrespec-
tive of conditioning, the castor oil and sunflower oil-based additives also resulted an in-
crease in case of blends containing 10% and 20% starch as well. 

Figure 9. Flexural modulus of unconditioned and conditioned PLA/starch blends.

The effect of conditioning was eliminated with only PLA-g-MA at all ratios. In
addition, unconditioned samples showed a significant improvement over the flexural
modulus of the additive-free PLA/starch blends (for instance 260 MPa improvement was
measured in case of 90/10 PLA/starch composition). Sunflower oil-based additives also
caused a significant improvement in all blends of the examined composition and the
disadvantage of the heat treatment can been reduced. Overall, for both conditioned and
unconditioned samples, the flexural modulus could be improved with each masterbatch in
case of 10% starch content.

Based on data in Figure 10, it was observed that increasing starch content causing a
decrease in the elongation at break considering both the unconditioned and conditioned
specimens. This tendency was more or less observed in the sample series containing the
masterbatch. The effect of conditioning did not cause a large change in elongation at break.
The largest change was a decrease from 5.6% elongation at break to 4.6% in case of additive
free 30/70 PLA/starch blend. A decrease in the elongation at break was observed at both
temperatures using PLA-g-MA. By using a rapeseed oil-based additive, the elongation
at break could be increased regardless of composition and conditioning. Irrespective of
conditioning, the castor oil and sunflower oil-based additives also resulted an increase in
case of blends containing 10% and 20% starch as well.
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3.3.2. Summary of Mechanical Properties

One of the purposes of mechanical tests was to track changes in the mechanical
properties of specimens depending on their moisture content. For this reason, the specimens
were conditioned at room temperature and at the drying temperature of the raw materials
(80 ◦C) in order to minimize the moisture content of the specimens. Ke et al. [21,22]
found that the thermal and crystallization properties of PLA or the compatibility between
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PLA and starch were not modified significantly by moisture content. However, with
increasing moisture content, the morphology of the mixtures became more uniform due to
higher degree of gelatinization of the starch. Furthermore, it was found that as the starch
content increased, both tensile strength and elongation at break decreased [22]. Given
the mechanical properties, the type of starch has an influencing effect because different
types of starch have different morphology and microstructure. The mechanical properties
are significantly influenced by particle size and agglomeration of the particles, as well
as a surface modification method influencing the agglomeration. [23] For example, in
the experiment of Khalid et al. [23], PLA/starch composites containing large-sized starch
granules showed higher strength.

The main conclusions of mechanical properties are summarized in Tables 3–6 in-
dicating the measured improvements and depreciations compared to the additive free
PLA/starch blends.

Regarding the results of the unconditioned blends, it can be concluded that the tensile
strength was the only characteristic that could not be significantly increased by adding any
of the vegetable oil-based additives. Only the PLA-g-MA could slightly increase the tensile
strength of the conditioned samples (90/10 and 70/30 composition). However, the PLA-g-
MA cannot increase the Charpy impact strength. In contrast, all of the additives containing
vegetable oil can improve the Charpy impact strength, among other things, in case of blends
containing 30% and 40% starch regardless of conditioning. Regarding the tensile modulus,
the blends containing PLA-g-MA showed improvements for conditioned samples (each
composition), while the additives made from sunflower oil and castor oil demonstrates
improvement in case of 70/30 PLA/starch composition regardless of conditioning. In
terms of the improvement of flexural modulus, the PLA-g-MA clearly proved to be the
most effective regardless of conditioning. However, the sunflower oil-based additive can
approach the effect of PLA-g-MA for all compositions. In terms of elongation at break,
blends with rapeseed oil-based additive was the most effective for all cases. In the case
of blends with 10% starch content, in addition to improvement of flexural modulus, the
elongation at break could also be increased by using all types of the vegetable oil-based
additives, and even by using the rapeseed oil-based additive, the impact strength can be
also increased.

Regarding the blends containing 20% starch, the elongation at break was higher in
the case of unconditioned and conditioned specimens. In addition to elongation at break,
the flexural modulus was also increased by the sunflower-based additive. In case of 30%
starch content, it was found that both the Charpy impact strength and the tensile modulus
can be improved by using the castor oil or sunflower oil-based additives as well, while by
using of rapeseed oil-based additive, the impact strength and elongation at break were
increased in the temperature range of 25–80 ◦C. For 60/40 PLA/starch blend, the impact
strength could be increased with all three vegetable oil-based additives, and the flexural
modulus was improved by using of sunflower oil-based additives. Furthermore, the value
of the elongation at break can be also increased due to the additive based on castor oil and
rapeseed oil. Finally, regarding the samples containing 50% starch, no improvement could
be obtained using castor oil-based additive in any of the properties, but the value of impact
strength and elongation at break were better with the use of rapeseed oil-based additive,
while the flexural modulus was increased as well using sunflower oil-based additive.
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3.4. Morphological Examination of the Structure

Morphological structures of samples containing 10% and 50% starch content were
investigated by scanning electron microscopy (SEM) (Figure 11).
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PLA/starch with rapeseed oil-based masterbatch, (i) 50/50 PLA/starch with sunflower oil-based 
masterbatch, (j) 50/50 PLA/starch with PLA-g-MA). 

The aim of this investigation was to determine whether the morphological structure 
was modified by adding masterbatch, to see if whether the compatibility was effective. 
Regarding the morphology of PLA/starch blends with composition of 90/10 and 50/50 
without any additives (Figure 11a–c), it can be stated that the mutual miscibility of the 
two phases is only partial regardless of whether they contain 10% or 50% starch. Starch 
can be observed as a dispersed phase and PLA as a matrix. The images clearly show phase 
separation, in addition the starch particles were unevenly dispersed in the PLA matrix. 
The 50/50 PLA/starch blend has a more uneven structure than 90/10 blend. Regarding the 
morphology of the samples with 90/10 composition (Figure 11a,c–f), it was found that the 
most uniform surface is available in case of blend containing rapeseed oil-based additive. 
Given the blend containing castor oil-based additive, the separation of dispersed phases 

Figure 11. SEM images of compatibilized and uncompatibilised PLA/starch blends containing
10 and 50% starch ((a) 90/10 PLA/starch without compatibilization, (b) 50/50 PLA/starch without
compatibilization, (c) 90/10 PLA/starch with castor oil-based masterbatch, (d) 90/10 PLA/starch
with rapeseed oil-based masterbatch, (e) 90/10 PLA/starch with sunflower oil-based masterbatch,
(f) 90/10 PLA/starch with PLA-g-MA, (g) 50/50 PLA/starch with castor oil-based masterbatch,
(h) 50/50 PLA/starch with rapeseed oil-based masterbatch, (i) 50/50 PLA/starch with sunflower
oil-based masterbatch, (j) 50/50 PLA/starch with PLA-g-MA).

The aim of this investigation was to determine whether the morphological structure
was modified by adding masterbatch, to see if whether the compatibility was effective.
Regarding the morphology of PLA/starch blends with composition of 90/10 and 50/50
without any additives (Figure 11a–c), it can be stated that the mutual miscibility of the two
phases is only partial regardless of whether they contain 10% or 50% starch. Starch can
be observed as a dispersed phase and PLA as a matrix. The images clearly show phase
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separation, in addition the starch particles were unevenly dispersed in the PLA matrix.
The 50/50 PLA/starch blend has a more uneven structure than 90/10 blend. Regarding the
morphology of the samples with 90/10 composition (Figure 11a,c–f), it was found that the
most uniform surface is available in case of blend containing rapeseed oil-based additive.
Given the blend containing castor oil-based additive, the separation of dispersed phases
(starch) from the matrix was observed. The structure of the sample containing sunflower
oil-based additive appears to be smoother than that of the sample containing castor oil,
however, the separation of the dispersed starch phase is also evident in the SEM images.
Although the structure is smoother for samples containing the PLA-g-MA masterbatch,
the dispersed phase is also more or less separated from the PLA. Overall, compared to
the additive-free samples, with the exception of the blend containing castor oil, a more
uniform appearance of the morphology was observed in all cases, the distribution and
the incorporation of the dispersed phase into the matrix could be improved. In case of
sample containing 50% starch, the starch phases are completely separated from the matrix
material resulting in a severe inhomogeneous morphology. Two important changes can be
observed in the structure of the samples containing the additives: one is that the dispersed
phases have smaller sizes and less agglomeration and are more evenly distributed. The
other is that the matrix material can involve better than the dispersed phases. This positive
effect is most pronounced for samples containing castor oil and least for blends containing
PLA-g-MA masterbatch.

4. Conclusions

The aim of the experiment was to improve the compatibility between PLA and starch.
To improve miscibility, PLA-g-MA and vegetable oil-based additives containing maleic
anhydride were used in the form of masterbatches. The heat treatment at 80 ◦C has caused
significant differences in mechanical properties, the effect of which could be eliminated
in some samples by adding the synthesized additive. The effect of vegetable oil-based
additives was most pronounced in Charpy impact strength. Using rapeseed oil-based
additive, improvements were observed compared for several specimens to the additive-
free specimens, for instance, in case of 50/50 PLA/starch blend, there was a nearly 40%
improvement in the impact strength for the unconditioned sample, and a nearly 50%
improvement after heat treatment compared to the additive-free blend. SEM images also
confirmed the advantageous effect of the rapeseed oil-based additive. The effect of PLA-g-
MA on the Charpy impact strength was not favourable. Taking into account the results
of tensile tests, it was reduced in all cases, and the tensile modulus could be improved
in case of 70/30 PLA/starch composition using castor oil and sunflower oil. The rate of
improvement was about 10% both before and after the heat treatment. In terms of flexural
modulus, PLA-g-MA proved to be more effective against vegetable oil-based additives.
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