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Miriane Maria de Sousa, Vânia Miria C. Clemente, Rosilene Maria de S. Santos, Mariane
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“Polymers from Renewable Resources”: Key Findings from
This Topic Special Issue
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1. Introduction

The Food and Agriculture Organization of the United Nations (FAO) has estimated
that about one-third of the food produced for human consumption is currently lost or
wasted, resulted in an estimated approximately USD 750 billion of direct costs for food
producers every year. Of course, packaging plays a key role in reducing food waste and in
food preservation and protection due to its innovative properties and eminent versatility
of applications. Polymers and their composites used as packaging plastics have changed
global needs and to the progress of modern technologies. However, plastic packaging is
still considered in the framework of the outdated paradigm, “make, use, and dispose it”,
with great material and energy losses incurred after the disposal of plastics. Consequently,
hundreds of millions of tons of plastics are lost due to disposal practices and are discarded
throughout the environment. The most interesting challenge for the future is the use of
food waste and waste in general as a renewable resource to produce new bio-based and/or
biodegradable materials with well-tailored properties. The circular economy is based on
a new, important concept: eliminate waste, rebuild natural capital, and create economic
value by using and not consuming resources. This game-changing strategy includes the
promotion of sustainable polymer technologies that are able to exclude plastics from fossil
resources, use renewable resources obtained from food or natural wastes as principal
feedstocks, reduce the presence of plastic wastes in the environment, and increase the
quality and uptake of recycling.

2. Scope of This Special Issue

The purpose of this special collection was to cover all the topics related to biomaterials
obtained from renewable resources, including innovative feedstock, polymerization pro-
cesses, full characterizations, final applications and life cycle assessment analyses in order
to share all the academic and industrial efforts related to new and innovative sustainable
materials and technologies. Nineteen papers were published in this Topic Special Issue:
one in Sustainability, two in Polysaccharides, and sixteen in Polymers. A brief account of the
research presented in the Special Issue is provided below.

3. Overview of the Papers Included in This Topic Special Issue

Ichim and collaborators published an article in Sustainability [1]. They investigated
the properties of composite materials that contain 50% hemp fibers as a reinforcement and
50% recycled polypropylene (rPP) as a matrix (50/50 hemp/rPP). These were produced
using thermoforming in collaboration with a Romanian furniture manufacturing company.
The effect of the addition of a compatibilizer, maleic anhydride, was investigated. The aim
was to understand how the waste recycling could reduce the environmental impact caused

Polymers 2023, 15, 3300. https://doi.org/10.3390/polym15153300 https://www.mdpi.com/journal/polymers
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by waste landfilling or incineration. Composites incorporating 50% and 100% recycled
fibers were treated with 2.5% and 5% maleated polypropylene (MAPP), respectively, and
compared to both the untreated composites. The addition of recycled fibers decreased the
mechanical performance, while the addition of just 5% of MAPP caused an improvement
in the mechanical properties of the composites containing both 50 and 100% recycled
fibers. The selected materials obtained by replacing wood with composite materials allow
the manufacturing of high-quality sustainable products at a low price, with significant
environmental benefits for climate regulation and pollution prevention, reducing the
pressure on forests, and closing the loop in the circular economy.

Two articles were published in Polysaccharides by authors from Brazil. The first one [2]
was focused on the synthesis and characterization of antimicrobial films based on methyl-
cellulose/poly (vinyl alcohol) (MC/PVOH) incorporated with cellulose nanocrystals (CNC)
and natamycin (MC/PVOH/CNC/natamycin blends films) for cheese preservation. The
aim was to direct the attention to the possibility of guaranteeing a final product with a
high microbiological quality, improving the product’s shelf life, minimizing the risks to
consumers’ health, as well as reducing the economic losses due to food waste. To do
this, new technologies were considered, such as the production of active packaging with
the incorporation of antimicrobial substances into the polymer matrix of the packaging,
thereby reducing the addition of preservatives directly into the food formulation. In order
to improve the use of bioplastic, CNC nanostructures obtained from a renewable source
(cellulose) were used. The mechanical and optical properties and avoidance of oxygen and
water vapor permeation were evaluated, while the antimicrobial activity was tested against
fungi and yeasts in vitro. Despite the incorporation of CNC, the films’ tensile strength
was increased, and their addition did not influence the water vapor and oxygen barrier
behavior. The incorporation of natamycin, an antimicrobial agent, had a negative effect on
the optical and mechanical properties of the films, probably due to the lower compatibility
among the antimicrobial and the polymers. The authors concluded that the films showed
the potential to be applied in cheese preservation, thanks to their beneficial effect against
fungi and yeasts, but more studies must be conducted in order to improve the mechanical,
optical, and barrier properties of these active films.

The second paper [3] reports on the use of a totally green process based on reactive
extrusion or the production of cassava starch hydrogels via a reaction with two organic
crosslinking agents, citric (CA) and tartaric (TA) acids. Hydrogels are materials that can
be produced using natural or synthetic polymers in different formats, including films,
membranes, powders, and micro- or nanogels, with the ability of retain water or biological
fluids without dissolving them. Starch is a biodegradable, non-toxic, and inexpensive
biopolymer that is available worldwide. In order to obtain food-grade starch hydrogels,
CA and TA non-toxic reagents were safely used in reactive extrusion, without using other
reagents. As reported by the authors, reactive extrusion is a continuous process that
has commercial viability; it is easy to adapt to industrial scales, offering a short reaction
time (2–3 min). The physicochemical and microstructural properties of the obtained films
confirmed the suitability of this green procedure in obtaining food-grade starch hydrogels
with good performances, greatly reducing the processing time and effluent generation
compared to those of conventional processes.

Sixteen other papers were published in Polymers. In particular:

- Six manuscripts described the results based on the modification of Polylactic acid
(PLA), one of the most frequently used bio-based materials in the food packaging
industry, which is applied for the production of disposable tableware, vegetables
packaging, and fast food containers. Marano and collaborators [4] reported on the
state-of-the-art barrier properties of poly(lactide) (PLA). Until now, many efforts
have been made to meet precise functional requirements, such as suitable thermal,
mechanical, and gas barrier properties, in order to guarantee the foods’ quality and
safety during the whole food shelf-life. In particular, the authors focused their at-
tention on reviewing relevant strategies to tailor the barrier properties of PLA-based

2
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materials, with the ultimate goal of providing a general guide for the design of PLA-
based packaging materials with the desired mass transfer properties for water vapor,
oxygen, and/or carbon dioxide. After the revision of 295 articles, the authors con-
cluded that several strategies could be considered in order to tailor the final PLA
barrier properties, such as crystallization control and co-polymerization. Azevedo
and collaborators [5] reported their results regarding the process-induced changes
in the morphologies of biodegradable polybutylene adipate terephthalate (PBAT)
and polylactic acid (PLA) blends modified with four multifunctional chain-extending
crosslinkers (CECLs). Investigations on the PBAT/PLA blends showed that the in-
terfacial compatibility between PLA and PBAT is poor, but it can be improved using
compatibilizers in order to optimize their processability and usage performance. The
CECL introduction into the blend changed the thickness of the PLA fibrils, modified
the interface adhesion, and altered the deformation behavior of the PBAT matrix from
brittle to ductile, proving that CECLs react selectively with PBAT, PLA, and their
interface. The most synergetic effect was obtained when 1,3-phenylenebisoxazoline
was used as a crosslinker. Patel and collaborators [6] described the properties of
extruded Poly(lactic acid)-poly(hydroxybutyrate) (PLA-PHB)-based nanocomposite
films, with bio-based additives (CNCs and ChNCs) and a oligomer lactic acid (OLA)
compatibilizer included in the films at a pilot scale. The aim was to identify suitable
material formulations and nanocomposite production processes for film production
at a larger scale for food packaging applications. As is known, for foods sensitive to
oxidation, packages with low oxygen permeability are preferred. It is well known that
the crystalline phase has a significant influence on the oxygen barrier properties of a
material. As a consequence, increasing the crystallinity of PLA by blending PLA with
other more crystalline biopolymers, such as poly(hydroxy alkanoates) (PHAs), for
example, has subsequently received a lot of attention in the food packaging industry.
The most common PHA is poly(hydroxybutyrate) (PHB). In addition, the synergic
effect of better-dispersed ChNCs with the assistance of OLA resulted in increased
crystallinity, and, thereby, an improvement in the oxygen barrier performance modi-
fied films as compared to that of neat PLA. Rogovina and collaborators [7] analyzed
the hydrolysis resistance, biodegradation-in-soil, and ion sorption behavior of film
binary polyester–chitosan composites, such as polylactide (PLA)–chitosan and poly(3-
hydroxybutyrate) (PHB)–chitosan. Chitosan combined with biodegradable polyesters
(PLA and PHB) has been studied as a novel functional material capable of performing
in aqueous environments and soil. They found that PHB-chitosan composites are
more stable during acid hydrolysis, they demonstrate better degradation in soil, and
have a higher capacity for iron ions sorption than PLA-chitosan composites do. Singh
and collaborators [8] studied the effects of Indian rosewood waste on the thermal and
dry sliding wear properties of poly(lactic acid) (PLA) biocomposites. The inclusion of
some natural fibers and sustainable biocarbon was reported to enhance the wear resis-
tance of PLA-based biocomposites. The results demonstrated that the thermal stability
of the PLA biocomposites increased with an increase in the wood waste loading, the
wear of the biocomposites increased with an increase in the load and sliding velocity,
and a wood waste content of 46.82% was the most dominant parameter for controlling
the wear of the biocomposites. Alexeeva and collaborators [9] reported a result ob-
tained regarding films made via the introduction of Glycero-(9,10-trioxolane)-trioleate
(ozonide of oleic acid triglyceride, OTOA) into polylactic acid (PLA) films. The mor-
phological, mechanical, thermal, and water absorption properties of PLA films after
OTOA addition were studied to understand their suitability for packaging as well as
biomedical applications. It was found that OTOA acts as a plasticizer and leads to
an increase in PLA segmental mobility, which, in turn, contributes to changes in the
thermodynamic and mechanical properties of PLA films. Eventually, the obtained
results evidence that the morphological, thermodynamic, and mechanical properties
of PLA + OTOA films could be controlled according to the OTOA content in the films.
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- Two articles described the use and properties of wood treated in order to improve its
mechanical behavior. In particular, Xu and collaborators [10] described a green pro-
cess used to improve fast-growing wood’s durability via impregnation modification.
Generally, impregnation with low-molecular-weight resins can improve the properties
of wood, but these resins release free phenols and free aldehydes into the environment.
In contrast, furfuryl alcohol (FA) is a green modification agent derived from pentose-
rich agricultural residues and releases fewer volatile organic compounds or polycyclic
aromatic hydrocarbons during the combustion and degradation of FA-modified wood.
In this study, balsa wood was first immersed in an FA solution, followed by in situ
polymerization to obtain furfurylated wood. The obtained samples were investigated
in order to understand the mechanism of interaction (crosslinking) between FA and
lignin. Esteves and collaborators [11] studied the properties of particleboards made
from very young Paulownia trees from Portuguese plantations. Paulownia wood is
easily air dried, without severe drying defects occurring. It is more resistant to fires
than other fast-growing species are due to its high ignition temperature, high water
content in the fire season, and large leaves. In this study, single-layer particleboards
were made from 3-year-old Paulownia trees using different processing parameters
and different board composition in order to determine the best properties, such as the
mechanical properties and lower thermal conductivity, for use in dry environments.
Its fast-growing rate would allow sustainable forest management to be achieved since
the wood can be harvested sooner than traditional wood species can be.

- Eight articles described different materials and processes with environmentally friendly
attributes. Sriprom and collaborators [12] worked on a novel, reinforced, recycled
expanded polystyrene (r-EPS) foam/natural fiber composite obtained via a dissolu-
tion method. Coconut husk fiber (coir) and banana stem fiber (BSF) were used as
the reinforcement materials in order to enhance the mechanical properties. Nazarov
and collaborators [13] described the synthesis of different optically active polymers
used as materials for dense enantioselective membranes, as well as chiral station-
ary phases for gas and liquid chromatography. In particular, chiral polymers were
obtained from Norbornenes using renewable chemical feedstocks. As result, a se-
ries of high-molecular-weight polymers with good film-forming properties was suc-
cessfully obtained. Yi and collaborators [14] described the use of two diol chain
extenders, bis(2-hydroxyethyl) (1,3-pheny-lene-bis-(methylene)) dicarbamate (BDM)
and bis(2-hydroxyethyl) (methylenebis(cyclohexane-4,1-diy-l)) dicarbamate (BDH),
required to construct self-healing thermoplastic polyurethane elastomers (TPU). Self-
healing polyurethane materials are widely applied in electronic skin, intelligent sen-
sors, biomedical materials, and many other areas. BDM and BDH were successfully
synthesized from inexpensive raw materials and incorporated into the polyurethane
backbone, resulting in an innovative strategy to explore elastomers with good mechani-
cal properties and an excellent self-healing ability. Chien and collaborators [15] studied
the degradation ability of a Polybutylene succinate-co-adipate (PBSA) biodegradable
polymer used for packaging and mulching. In this study, two elite fungal strains
for PBSA degradation from farmlands, i.e., Aspergillus fumigatus L30 and Aspergillus
terreus HC, were isolated. Additionally, the biodegradability of PBSA films buried
in farmland soils was evaluated. Lehman and collaborators [16] studied the influ-
ence of non-rubber components on the properties of unvulcanized natural rubber.
Natural rubber latex (NRL) is obtainable from rubber plants in the form of latex.
It can be contaminated by micro-organisms because it contains various nutritious
substances otherwise known as non-rubber components. For this study, the fresh
natural latex from four different clones (RRIM600, RRIT251, PB235, and BPM24) was
chosen. Kim and collaborators [17] described the use of a polyvinyl chloride (PVC)–
polyethyleneimine (PEI) composite fiber (PEI-PVC) as a recoverable adsorbent for the
removal of phosphorus from aqueous phases. The adsorptive removal of phosphorus
from discharged effluents has been recognized as one of the most promising solutions
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in the prevention of eutrophication. In addition, the regenerated PEI-PVC maintained
a phosphorus sorption capacity almost equal to that of the first use through the desorp-
tion process, and the PEI-PVC fiber did not elute any toxic chlorines into the solution
during light irradiation. Chipón and collaborators [18] analyzed the effect of cellulose
nanocrystals (CNCs) on the gelatinization of different starches (potato, wheat, and
waxy maize) via the characterization of the rheological and thermal properties of
starch–CNC blends. Starch and cellulose are the most widely distributed polymers in
nature, with starch being found in the form of granules, which are energy reservoirs
for plants and cellulose and are a part of the cell walls in plant tissues. Despite the
effect of CNCs on the physical properties and functionality of different starches being
described in the literature, studies describing the role of CNCs during the gelatiniza-
tion of starch are scarce. Therefore, this work aimed to study the gelatinization of
starches from different sources in the presence of CNCs produced from cotton cellu-
lose pulp. Zhao and collaborators [19] worked on a very interesting project. They
prepared a magnetic fly ash/polydimethylsiloxane (MFA@PDMS) sponge using sim-
ple dip-coating PDMS-containing ethanol in a magnetic fly ash aqueous suspension
that solidified. The presence of the PDMS matrix made the sponge super-hydrophobic,
with a significant lubricating oil absorption capacity; notably, it took only 10 min for
the material to adsorb six times its own weight in n-hexane (oil phase). Considering
the sizable interest in the environment, the authors reported that MFA@PDMS sponge
demonstrated outstanding recyclability and stability since no decline in its absorption
efficiency was observed after more than eight cycles. The preparation process was sim-
ple, and the resulting magnetic sponges were super-hydrophobic and super-lipophilic.
Additionally, the magnetic properties of the material make it possible to separate
oil–water mixtures using an external magnetic field. The tested sponge showed good
mechanical stability, oil stability, and reusability.

4. Conclusions

All the research results published in this Special Issue reported innovative procedures
used to obtain new materials based on the concept of “waste to waste”. Due to global
industrialization, water, soil, and air pollution are among the most difficult challenges
today. They are not only harmful to the natural ecosystem, but also have long-term adverse
effects on human health and the economy.
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Abstract: Waste recycling is a solution that reduces the environmental impact of waste landfilling or
incineration. The aim of this paper is to investigate both the effect of incorporating recycled fibers
obtained by defibrating 50/50 hemp/rPP nonwoven waste and the effect of the compatibilizer on
the properties of composite materials. Composites incorporating 50% and 100% recycled fibers were
treated with 2.5% and 5% maleated polypropylene (MAPP), respectively, and compared to both
the untreated composites and the composite obtained by thermoforming from the nonwovens that
generated the waste. The incorporation of 50% and 100% recycled fibers into composites decreased
the tensile strength by 17.1–22.6%, the elongation at break by 12.4–20.1%, the flexural strength by
6.6–9%, and flexural modulus by 10.3–37%. The addition of 5% MAPP showed the greatest im-
provements in mechanical properties of composites containing 100% recycled fibers, as follows:
19.2% increase in tensile strength, 3.8% increase in flexural strength, and 14.8% increase in flexural
modulus. Thermal analysis established that at temperatures ranging between 20 ◦C and 120 ◦C,
the composites were thermally stable. SEM analysis revealed good coverage of the reinforcing
fibers, and EDX analysis confirmed the presence of the compatibilizing agent in the structure of the
composite material.

Keywords: nonwoven waste; recycling; recycled polypropylene; hemp reinforcement; composite
material; compatibilization; MAPP

1. Introduction

In recent years, the usage of composite materials in the furniture industry has evolved
continuously due to their benefits over traditional materials such as wood, metal, and plas-
tics. Composite materials are very attractive for the furniture industry because they offer
great flexibility in the geometrical and aesthetical design of three-dimensionally shaped
products [1–4]. The combination of different possible reinforcements and matrices provides
composite materials with a wide range of properties that are suitable for their end use
(chairs, stools, tables, shelves, cupboards, sofa frames, racks, etc.). Composite materials
for furniture applications have been obtained using different reinforcement fibers, both
natural and synthetic, such as carbon [5], glass [6], hemp [7–9], flax [10], jute [11], kenaf [12],
coir [13–15], oil palm [16,17], banana [18], and wood [19–21]. Nowadays, carbon and
fiberglass reinforcements are increasingly being replaced by natural fibers that make com-
posite materials environmentally friendly [22–25], sustainable [26–29], lightweight [30–32],
and affordable [33–36], in addition to providing good mechanical properties [37–40].

Composite materials that contain 50% hemp fibers as reinforcement and 50% recycled
polypropylene (rPP) as a matrix were produced by thermoforming by a Romanian furniture
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manufacturing company. The selected materials allow for the manufacturing of good-
quality sustainable products for a low price. Traditionally, the structural frame of an
upholstered furniture product is made of wood. Due to the environmental and economic
benefits, wood is being increasingly replaced by composite material. Compared to wood,
which has a long production cycle, hemp plants, which provide the reinforcing fibers
for the composite material, are harvested annually. Moreover, the hemp production per
hectare is higher than the average yearly wood production. Therefore, by replacing wood
with composite materials in the furniture industry, the human pressure on forests can
be reduced, with significant environmental benefits concerning climate regulation and
pollution prevention [41].

Hemp fibers are lignocellulosic fibers extracted from the stem of the Cannabis Sativa
plant through stem retting, drying, and crushing, followed by scutching and hackling of
fiber bundles [42]. Hemp is an environmentally friendly renewable resource that is easily
available, cheap, and biodegradable and characterized by good mechanical properties and
low density (compared to synthetic fibers) [43,44]. The properties of hemp fibers confer a
considerable potential for their use as a reinforcement agent in polymer matrix composite
materials. The waste consisting of short hemp fibers removed in the scutching/hackling
process represents a valuable source of raw material that can be used in composite material
manufacturing [45,46].

Polypropylene (PP) is a recyclable thermoplastic polymer with a share of 19.4% in
the demand of European plastics converters in 2019 [47]. Due to its properties, such as
low density, low price, good processability, good corrosion, and impact and abrasion resis-
tance, polypropylene is used in many applications in packaging, the textile and automotive
industries, building and construction, agriculture, and the electrical and electronics in-
dustries [47]. Taking into account that polypropylene is widely used in the packaging of
products with a short lifespan, a large amount of polypropylene waste is generated after the
product’s life cycle has ended. A part of this waste is recycled, but the major part is either
discarded in landfills or incinerated for energy recovery purposes. This waste disposal
method results in environmental pollution, with harmful consequences for humans and
biosystems. The increase in PP waste recycling reduces the environmental impact, brings
economic benefits, and ensures a circular economy. In order to obtain rPP fibers, the PP
waste goes through the following steps: collection, sorting, shredding, washing, melting
and extrusion into pellets/flakes/granules, remelting, and extrusion into fibers [48–50]. Nu-
merous researchers have studied the structure and properties of rPP fibers and their use in
several applications, either as matrix in composites or as reinforcement in concrete [51–61].

The problem associated with natural fiber-reinforced polypropylene composites is a
low compatibility between hydrophilic fibers and the hydrophobic matrix, which leads to
poor adhesion at the matrix–fiber interface and therefore to poor mechanical properties
of the composite materials. In order to overcome this disadvantage, the properties of the
reinforcing fibers can be modified by physical modification techniques, such as corona,
plasma, and alkali treatments, or by chemical modification techniques, such as esterification-
based treatments (acetylation, propionylation, or benzylation), graft polymerization, use
of silane coupling agents, and treatment using isocyanates [62,63]. The polypropylene
matrix can also be modified by grafting maleic anhydride (MAPP), glycidyl methacry-
late, and trimethylolpropane triacrylate or by surface peroxidation with heterofunctional
polyperoxides [64–70].

The manufacturing process of hemp fiber-reinforced recycled polypropylene compos-
ites generates waste in the form of nonwoven fabric scraps. This category of waste can
be recycled and used within the same manufacturing process in the furniture industry
or in other industries for the production of various products. The possibility of using
different forms of textile waste in the production process of polymeric composites process
has been investigated by several authors [71–78]. The results of these studies showed
that composites that contain textile waste can be used in several applications, such as the
automotive, building and construction, and furniture industries.
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The aim of this research was to investigate the possibility of recycling hemp/rPP
nonwoven waste into thermoformed composites for upholstered furniture products. The
50/50 hemp/rPP nonwoven waste resulted from the cutting process of nonwoven fabrics
according to the pattern outline in the fabrication process of 3D composites for furniture
applications. The nonwoven waste was defibrated, and the resulting recycled fibers were
reintroduced in new nonwovens using reincorporation rates of 50% and 100%. The novelty
of this work lies in the recycling of nonwoven waste within the same manufacturing process
that generated it. Thus, the length and thickness of the reinforcing hemp fibers could be
examined before and after the nonwoven recycling process. Since the length of recycled
fibers is shorter than the length of original fibers, it is expected that the mechanical proper-
ties of the composite materials obtained by thermoforming of nonwovens that incorporate
recycled fibers would deteriorate. To compensate for this supposed depreciation of the
composite mechanical properties, an MAPP compatibilizing agent was used to improve
the interaction between the recycled reinforcement fibers and the matrix. The obtained
composites were evaluated in terms of mechanical and thermal properties (TG, DTG, and
DSC), surface morphology, and chemical analysis (SEM and EDX).

2. Materials and Methods

2.1. Materials

In the composite materials, recycled polypropylene was used as the matrix, and hemp
fibers were used as reinforcement. The rPP fibers were supplied by TAPARO Company
(Târgu Lăpus, , Romania) and had the following characteristics: 9.9 dtex linear density,
25.2 cN/tex tenacity, 142.9% breaking elongation, 82.2 mm mean length, and 8.2 g/10 min
melt flow index (at 230 ◦C/2.16 kg). Hemp fibers of 15.8 tex linear density and 38.9 cN/tex
tenacity were purchased from Hempflax Europe (Pianu de Jos, Romania) and were cut to
60 mm using a cutting machine.

Recycled fibers resulting from the defibration of 50/50 hemp/rPP nonwoven scraps
were reincorporated into new nonwovens from which composites were obtained. These
fibers differed from the reference fibers in length, as the defibration of the nonwovens
resulted in fiber shortening. Nonwoven defibration may also affect the fineness of hemp
fibers because of the separation of the bundles of elementary fibers from the technical
hemp fibers.

Since the characteristics of the reinforcing fibers influence the mechanical properties of
the composites, the length of both raw and recycled hemp fibers was measured. Single-fiber
length measurement was the technique used to determine the length distribution of hemp
fibers tested before and after recycling. The fibers were stretched using tweezers along
a millimeter scale. Two hundred measurements were performed for each sample. The
thickness of raw and recycled hemp fibers was measured using a Mesdan Analyzer 2000
microscope (Puegnago sul Garda, Italy). Fifty fibers were analyzed. Because of variations
in thickness along the fiber, multiple measurements were averaged for each fiber.

Maleic anhydride-grafted PP Polybond 3200 from Crompton Corporation (Middlebury,
CT, USA) supplied by S.C Prociv SRL (Bucharest, Romania) was used to improve the
compatibility between the matrix and the reinforcing fibers.

2.2. Manufacturing of the Composite Materials

The Romanian furniture manufacturing company uses thermoforming to produce 3D
furniture pieces from composite materials. Thermoforming is a composite manufacturing
technique that allows for a high content of reinforcing fibers and a high production rate [79].
The production process consists of the following steps: manufacturing of 50/50 hemp/rPP
nonwoven fabrics, overlapping and cutting of nonwoven fabrics as per the shape of the
pattern, heating of fibrous mat pieces in a hot press, transferring of the heated material to
a mold, pressing, and cooling. The cutting step generates up to 20% waste in the form of
nonwoven scraps that can be recycled into the same product in the same manufacturing
process, making the overall process more sustainable and greener.

9



Sustainability 2023, 15, 3635

In the experiments, the nonwoven waste was cut on a cutting machine and defibrated
using an opening machine. The recycled fibers consisting of 50% hemp and 50% rPP were
reintroduced in new nonwovens proportions of 50% and 100%, respectively. The manufac-
turing process of nonwoven fabrics consisted of fiber opening and blending, aerodynamic
web formation, and mechanical web consolidation by needle punching. Six layers of rectan-
gular nonwovens were pressed between the heating plates of the thermoforming machine
in order to obtain composite plates. When laying the nonwovens, the layers were alternated
according to the direction of punching (longitudinal and transversal). The thermoforming
parameters were set as follows:

- Temperature: 190 ◦C;
- Pressure: 0.735 MPa;
- Pressing time: 15 min;
- Cooling time: 10 min.

Since defibration of nonwoven waste affects the length of recycled fibers, a decrease
in the tensile strength of the composites that contain such fibers is expected. In order
to counteract the effect of recycled fiber shortening on the mechanical properties of the
composites, 2.5% wt and 5% wt of MAPP compatibilizer was used. The granules were
ground with a ball mill and sieved between layers 2–3 and 4–5 of the nonwoven stack
(Figure 1).

Figure 1. Flow chart of the composite manufacturing process.

Table 1 shows the composition and the coding of the manufactured composite variants.

Table 1. Experimental variants.

Variant Code Composition

V1 50% hemp/50% rPP
V2 100% recycled fibers from V1 nonwoven waste

V2.1 97.5% V1 recycled fibers/2.5% MAPP
V2.2 95% V1 recycled fibers/5% MAPP
V3 50% V1 recycled fibers/25% hemp/25% rPP

V3.1 47.5% V1 recycled fibers/25% hemp/25% rPP/2.5% MAPP
V3.2 45% V1 recycled fibers/25% hemp/25% rPP/5% MAPP

2.3. Mechanical Properties

Both flexural and tensile tests of composite materials were carried out on an LBG
testing machine (Azzano San Paolo, Italy). The length of the specimens for tensile testing
was 250 mm, and the width was 25 mm, according to the EN 326-1 standard. Tensile
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test parameters were established according to ISO 527-4 standard as follows: 2 mm/min
crosshead speed and 150 mm distance between clamps. The dimensions of the specimens
for the 3-point flexural test were determined according to the specifications of the ISO
14125 standard. The specimen width was 15 mm, and the length was set depending
on the specimen thickness. The cross-head speed used during the flexural tests was
2 mm/min. Five specimens were tested to determine the tensile and flexural properties of
the composite materials.

2.4. Thermal Properties

The thermal degradation of rPP, hemp fibers (H), and hemp/rPP composite materials
was studied by thermogravimetric analysis (TGA) using a Mettler Toledo TGA/SDTA 851
balance (Columbus, OH, USA). The weight of the samples ranged between 2 and 5 mg.
The samples were subjected to heating in the temperature domain from 25 ◦C to 700 ◦C
under a constant flow of nitrogen of 20 mL/min using a heating rate of 10 ◦C/min.

Differential scanning calorimetry (DSC) was used to determine the melting and crys-
tallization temperatures of rPP fibers and hemp/rPP composite materials. The analysis
was performed on a Mettler-Toledo DSC1 822e calorimeter (Columbus, OH, USA). The
samples, weighing approximately 5 mg each, were placed in 40 μL aluminum crucibles
and were scanned from −60 ◦C to 200 ◦C. The first heating stage was followed by cooling
and then by a second heating stage in the same temperature range. All three thermal stages
were conducted at a constant rate (10 K/min) under a constant nitrogen flow rate (150
mL/min). The heating–cooling–heating cycle of the samples allows for the determination
of the crystallization and melting temperature and crystallization and melting enthalpy.
The crystallinity of the composite materials (XC(%)) was calculated using Equation (1) [80]:

Xc(%) =
ΔHf

ΔH0
f
·100, (1)

where ΔHf is the enthalpy of fusion per unit mass of the PP calculated based on the area
under the melting peak of the composite, and ΔH0

f is the enthalpy per unit mass of the
100% crystalline PP, with a value of 207 J/g [80].

2.5. Surface Morphology and Chemical Analysis (SEM and EDX)

The surface morphology of composite materials was analyzed through a Quanta 200
(FEI) scanning electron microscope (SEM) (Hillsboro, OR, USA) operating at an accelerating
voltage of 20 kV with secondary electrons in low vacuum mode. The microscope was
coupled with an energy-dispersive X-ray (EDX) system for chemical analysis and elemental
analysis mapping.

3. Results and Discussions

3.1. Fiber Characteristics

Figure 2 presents the fiber length distribution of hemp fibers tested before and
after recycling.

It can be seen that the length distribution of hemp fibers changed considerably
after nonwoven waste recycling. The average length of hemp fibers decreased from
57.8 ± 36.7 mm (before recycling) to 24.8 ± 13.9 mm (after recycling) due to the mechanical
actions to which the fibers were subjected during waste cutting and opening. This repre-
sents a significant decrease (−57.09%) in hemp fiber length after recycling. In the raw hemp
fiber sample, fibers much longer than the cut length of 60 mm were found in a tangled
position. After recycling, the highest frequency was recorded in the 20–25 mm length class,
while before recycling the highest frequency was found in the 40–50 mm length class.
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Figure 2. Frequency histograms of hemp fiber length tested (a) before recycling and (b) after recycling.

Figure 3 shows the thickness distribution of hemp fibers tested before and after recycling.

Figure 3. Frequency histograms of hemp fiber thickness tested (a) before recycling and (b) after recycling.

Technical fibers are made up of bundles of elementary fibers (cells) glued together
by the middle lamella. During processing, coarse technical fibers are divided into finer
fibers. This behavior explains why the average thickness of hemp fibers decreased from
223.5 ± 101.8 μm (before recycling) to 174 ± 77.5 μm (after recycling), representing a
decrease of 22.15%. The recycled fibers had variable thicknesses ranging from 37 μm to
433 μm, from fine to coarse fibers. The fiber aspect ratio (length/thickness) of the recycled
hemp fiber was 142.5, which is much higher than 10, which is considered the minimum
value for a good transmission of stress [81].

Figure 4 shows the images of raw and recycled hemp fibers. In the raw hemp sample,
compact fibers (Figure 4a), fibers with split ends (Figure 4b), and fibers with compact ends
and split bundles between ends could be found (Figure 4c). The recycled hemp fibers
showed the same appearance as raw hemp fibers (Figure 4d–f).

3.2. Mechanical Properties

The tensile strength and the breaking elongation of the manufactured composites are
shown in Figure 5.

As shown in Figure 5a, compared to the tensile strength of composite material V1,
which is the reference for comparison, the use of recycled fibers to obtain nonwoven fabrics
led a reduction in the tensile strength of the composite materials. Thus, a loading of 50%
recycled fibers reduced the tensile strength of the composite material by approximately
17.1% (V3), while a loading of 100% recycled fibers decreased the tensile strength of the
composite by 22.6% (V2). This reduction in the tensile strength of the composites with
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increasing recycled fiber content can be explained by the deterioration in fiber characteristics
that occurred in the opening process of the nonwoven waste. The addition of MAPP
compatibilizer resulted in an increase in tensile strength of both V2 and V3 composite
materials. Thus, in the case of the V2 composite material, the addition of 2.5% MAPP led
to an increase in tensile strength of 6.2%, from 20.8 MPa to 22.1 MPa (V2.1), while the
incorporation of 5% MAPP caused a higher increase of 19.2%, from 20.8 MPa to 24.8 MPa.
This increase in tensile strength of composites treated with MAPP can be explained by the
improvement in the interfacial adhesion between the reinforcing hemp fibers and the rPP
matrix [82] due to the formation of covalent ester bonds between the anhydride groups of
MAPP and the hydroxyl groups of the hemp surface [83].

 

 

Figure 4. Images of raw hemp fibers (a–c) and recycled hemp fibers (d–f) at 128× magnification.

Figure 5. Tensile strength (a) and breaking elongation (b) of composite materials.
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Figure 5b shows the breaking elongation of the investigated composite materials. It
can be seen that the use of recycled fibers causes a decrease in the elongation at break of
the composite materials. Compared to the elongation at break of the V1 composite, the
elongation at break decreased by 12.4% for the V3 variant (50% recycled fibers) and by
20.1% for the V2 variant (100% recycled fibers). An explanation for this behavior may be the
deterioration of the elasticity of the fibers caused by the mechanical actions to which they
were subjected during defibration of the nonwoven waste [84]. The elongation at break
of composite materials increased along with the increase in MAPP content. This result is
consistent with the findings of Saad [83] and can be explained by the plasticizer role of
MAPP [85,86]. Plasticizer separates the rPP chains and reduces the intermolecular forces
between them. Thus, the rPP chains can move more easily in relation to one another [87].
Chun et al. reported a decrease in the elongation at break of composites along with an
increase in the MAPP content due to the mobility restriction of the PP chains as a result
of the improvement in the interfacial adhesion between the matrix and the reinforcing
fibers [88]. They also noticed the plasticizing effect of MAPP at concentrations higher
than 5%.

The flexural strength of the composite materials is presented in Figure 6a. The reincor-
poration of recycled fibers into nonwovens leads to a decrease in the flexural strength of
the composites, mainly due to the reduction in the length of the hemp reinforcing fibers
induced by nonwoven waste reprocessing. Thus, the incorporation of 50% recycled fibers
diminished the composite flexural strength by approximately 6.6% (V3), while incorpora-
tion of 100% recycled fibers reduced the composite flexural strength by 9% (V2). Adding
MAPP to the composites improved the interfacial bonding between the reinforcing hemp
fibers and the polymer matrix, and this led to an increase in flexural strength of the com-
posites. However, the increase in flexural strength of MAPP-treated composites was less
than 4%.

Figure 6. Flexural strength (a) and flexural modulus (b) of composite materials.

Figure 6b presents the flexural modulus of the analyzed composites. As the content
of the recycled fibers into composites increases, the flexural modulus decreases due to the
deterioration of fiber characteristics during reprocessing. The flexural modulus of V3 (50%
recycled fibers) and V2 (100% recycled fibers) composite variants decreased by 10.3% and
37%, respectively, compared to the flexural modulus of the V1 variant. The addition of
MAPP improved the flexural modulus of the composites containing recycled fibers (+14.8%
maximum increase for the V2.2 variant) without reaching the value of the flexural modulus
of the V1 composite material (4045 MPa).

3.3. Thermal Properties

The thermal behavior of rPP, hemp (H), and the obtained composite materials was
studied by thermogravimetry. The analyzed samples were subjected to a dynamic heating
cycle (according to Section 2.4). The obtained thermogravimetric curves are shown in
Figures 7–9.
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Figure 7. Graphs of thermogravimetric curves (a) and DTG (b) obtained for hemp fibers, rPP, and
composite materials.

Figure 8. Graphs of thermogravimetric (a) and DTG (b) curves obtained for the composite materials
from V2 variants.

Figure 9. Graphs of thermogravimetric (a) and DTG (b) curves obtained for the composite materials
fromV3 variants.

Tonset (◦C), Tpeak (◦C), and Tendset (◦C) temperatures were automatically determined
from the thermogravimetric diagrams obtained with the device using a Mettler Toledo
TGA/SDTA 851.
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Table 2 shows the main values extracted from these graphs, such as Tonset (◦C), Tpeak
(◦C), Tendset (◦C), and mass loss (%).

Table 2. Thermogravimetric parameters of fibers and composite materials.

Sample Stage Tonset (◦C) Tpeak (◦C) Tendset (◦C)
Mass Loss

(%)

Hemp, 100%
I 30 52 85.05 7.5
II 303 359 377 54.74
III 377 446 499 11.31

rPP, 100% I 351.5 423.94 448.96 89.33

V1
I 31 61.79 65.81 5.8
II 321 355 369 16.9
III 405 465.6 483.37 65.08

V2
I 50.43 70.76 103.75 4.7
II 325.5 355 369.4 13.72
III 428.67 464.6 484.6 62.54

V2.1
I 70.84 75.6 111.65 4.6
II 309.4 355.14 412.62 29.58
III 466.97 507.33 534.31 58.22

V2.2
I 26.07 59.62 65.79 4.5
II 330.91 353.24 365.52 21.13
III 407.54 432.4 461.89 58.60

V3
I 27.71 69.76 113.80 4.6
II 326.5 355.83 371.62 13.73
III 419.4 461.7 479.7 70.68

V3.1.
I 31.81 70.10 114.40 4.42
II 334.94 359.66 371.65 15.48
III 406.81 455.16 478.09 65.89

V3.2.
I 33.34 61.11 103.90 4.40
II 327.84 359.49 374.28 17.6
III 431.29 466.72 485.66 63.29

Figures 7–9 present the TG and DTG thermograms of hemp reinforcing fibers, rPP
fibers, and composite materials. The TG thermogram of hemp fiber indicates a mass loss
of 7.3% for the temperature range of 41 ◦C to 149 ◦C. This mass loss can be explained by
the moisture evaporation at the surface of hemp fibers. As temperature further increased
between 149 ◦C and 303 ◦C, small mass losses were registered (7.06%). In the temperature
domain between 303 ◦C and 376 ◦C, because of the degradation of cellulose and hemicellu-
lose, the highest mass loss of 57.7% was recorded (maximum degradation rate at 359 ◦C).
Above 376 ◦C, further mass loss was registered because of lignin degradation [89].

In the DTG curve, the peak at 55 ◦C was caused by hemp fiber moisture evaporation,
and the steep peak at 559 ◦C was caused by the degradation of cellulose and lignin. The
peak at 446 ◦C is associated with degradation of cellulose, lignin, and PP [90,91].

The TG curve of the recycled polypropylene fiber shows a maximum degradation of
the fiber in the temperature range of 351 ◦C to 448.96 ◦C, with a mass loss of 98.14%. The
DTG curve indicates that the maximum rate of degradation of the fiber took place at a
temperature of 423.94 ◦C.

During the heating process, the transformations of composite materials take place in
three stages. In the first stage, the moisture evaporates from the composite material. The
highest mass losses were recorded for the V1 variant (5.8% in the temperature range of
31–65.8 ◦C, with a maximum at 61.7 ◦C). For the other materials, the mass losses were very
close—between 4.7% (for V2 variant) and 4.4% (for V3.2 variant)—and the temperatures
did not vary much, ranging between 61.79 ◦C (for V1) and 59.62 ◦C (for V2.2).
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In the second stage, the temperatures at which degradation was maximum were
around 355◦C for all the analyzed materials, and the mass loss was between 13.73% for the
V3 variant and 29.58% for the V2.1 variant.

In the third stage, the mass loss was high, ranging between 58.22% (for the V2.1
variant, reaching a maximum at 507.33 ◦C) and 70.68% (for the V3 variant at the maximum
temperature of 461.7 ◦C).

Mass losses were higher for the V3 variant (50% recycled fibers) compared to the V2
variant (100% recycled fibers) (Figures 8 and 9 and Table 2). The addition of the MAPP
compatibilizer led to a slight decrease in the thermal stability of the composite material.

The analysis of DTG curves indicates that the V1, V2, and V3 composite materials
showed a similar behavior. The first stage in the range of 54–120 ◦C corresponds to the loss
of moisture, the peak at 355 ◦C corresponds to the degradation of hemp, the peak at 393 ◦C
can be assigned to the degradation of lignin, and the peak at about 465 ◦C corresponds
to rPP degradation. The temperature range indicated for the use of this composite is
20–120 ◦C, where mass losses are minor.

DSC analysis allowed for the determination of crystallization temperature (Tc), crys-
tallization enthalpy (ΔHfc), melting temperature (Tm), and melting enthalpy (ΔHfm) of the
investigated samples. The obtained data are presented graphically in Figures 10–12 and
Table 3.

The total crystallinity of the composite material was calculated with Equation (1).
Analysis of the data presented in Table 3 indicates that:

• The melting temperatures of the composite materials containing recycled fibers (V2
and V3) are higher than the melting temperature of the V1 composite material and
lower than the melting temperature of the rPP matrix;

• With the addition of a compatibilizer, the melting temperatures decreased slightly
along with the increase in the amount of MAPP;

• The crystallization temperatures of V2 and V3 composites are lower than the crystallization
temperature of V1 composite material and higher than that of the 100% rPP matrix;

• The difference between the crystallization temperature of rPP and the crystallization
temperatures of the obtained composite materials is approximately 4.5 ◦C, varying
between 117.54 ◦C and 122.25 ◦C;

• With the addition of a compatibilizing agent (MAPP), the crystallization temperatures
of the obtained composite materials show a slight increase compared to the untreated
materials; the crystallization temperature also increases along with the increase in
the concentration of the compatibilizer. This fact confirms that the hemp fibers acted
as nucleating agents, and consequently, the rPP in the composite materials began to
crystallize at temperatures higher than 117.54 ◦C, with the surface of the hemp fibers
constituting crystallization centers for the polymer matrix [92].

In all analyzed cases, the crystallinity of the composite materials was lower than the
crystallinity of the rPP matrix.

3.4. Surface Morphology and Chemical Analysis (SEM and EDX)

Different magnitudes were used to capture images of the composite materials. At
100× magnification, the images show a multidirectional orientation of the reinforcing hemp
fibers in the composites (Figure 13a). Both the way the nonwovens were layered in the mold
and the random orientation of the hemp fibers in the nonwovens give the composites fairly
similar mechanical properties, regardless of the direction of the applied stress. Furthermore,
as indicated by Figure 13a, the hemp fibers are uniformly distributed and well-embedded
in the polymeric matrix. Some regions with poor adhesion of the matrix to the fibers
could be observed, especially in the case of composites that were not treated with MAPP
(Figure 13b). Such local fiber–matrix detachment may affect the structural strength of
the composites.

The MAPP-treated composites show a good coverage of the reinforcing fibers and a
good adhesion at the fiber–matrix interface (Figure 13c). Some images showed the presence
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of microvoids in the matrix structure (Figure 13d). Due to the hydrophilicity of hemp fibers,
water molecules inside the microfibrils may gasify at the high temperatures of the forming
process and produce voids in the composite material [93]. As shown by the TG thermogram
the hemp fiber, a mass loss of 7.3% occurred due to moisture evaporation. The presence of
voids can result in the degradation of the mechanical properties of the composites.

Figure 10. DSC (heating process) curves (a) and DSC (cooling process) curves (b) for hemp fibers,
rPP, and composite material variants.

Figure 11. DSC (heating process) curves (a) and DSC (cooling process) curves (b) for V2 composite
material variants.
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One of the most effective ways to improve the polymer matrix–reinforcement material
interactions is the use of coupling agents. Functionalization with MAPP facilitates the
chemical reactions between components such as polypropylene and hemp fibers (used
as reinforcements), increasing the adhesion at the interfaces and implicitly improving the
mechanical and thermal properties of the composite due to the formation of new bonds
between the components. [82,94]. The reactions that take place are shown schematically in
Figure 14.

 

Figure 12. DSC (heating process) curves (a) and DSC (cooling process) curves (b) for V3 composite
material variants.

Table 3. DSC data for rPP and hemp/rPP composite materials.

Sample

First Heating Cooling Second Heating

Tm

(◦C)
* ΔHfm

(J/g)
Tc

(◦C)
ΔHfc

(J/g)
χC

(%)
Tm

(◦C)
** ΔHfm

(J/g)
χC

(%)

rPP 100% 156.52 49.53 117.54 93.73 45.28 168.87 81.82 39.52

V1 164.22 39.55 122.04 40.06 19.35 163.89 42.05 20.31

V2 164.20 47.81 120.69 57.47 27.76 165.10 51.22 24.74

V.2.1 164.37 34.57 121.07 39.16 18.92 163.37 32.57 15.73

V.2.2 162.89 27.87 121.69 38.04 18.76 162.22 30.07 14.53

V3 165.47 43.05 119.94 51.96 25.10 165.81 48.97 23.65

V.3.1 165.49 38.06 120.79 45.68 22.06 165.49 40.76 19.69

V.3.2 165.28 48.57 122.25 57.27 27.67 164.11 51.96 25.10

* First heating; ** second heating.

The results of the EDX analyses for the examined samples are shown in Figure 15. Five
determinations were made at various points on the surface of each analyzed composite
material. The average values of the weight percentages (Wt.%) and the atomic percentages
(At%) of the elements from each analyzed sample were determined.
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(a) 

Figure 13. SEM images of (a) V1 composite (100×), (b) V2 composite (1000×), (c) V 3.2 composite
(200×), and (d) V3 composite (2000×).

Figure 14. Scheme of the reaction between the hydroxyl groups on the surface of the hemp fiber, rPP,
and MAPP.

The higher values of the O/C ratio for the samples treated with MAPP (Figure 14b,c,e,f),
which increase along with the increase in MAPP concentration, confirm the presence of the
compatibilizer in the analyzed composite materials.
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Figure 15. EDX elemental analysis of composite materials V2 (a), V2.1 (b), V2.2 (c), V3 (d), V3.1 (e),
and V3.2 (f).

4. Conclusions

The increasing use of composites in the furniture industry has led to the need to
consider the environmental issues generated by waste disposal in the new product develop-
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ment process. Waste recycling reduces the environmental impact of waste disposal, lowers
the cost of products, conserves resources, and closes the loop in the circular economy.

This research investigated the possibility of recycling hemp/rPP nonwoven waste
resulting from the cutting stage in the manufacturing process of 3D composites for uphol-
stered furniture products. Nonwoven scraps were defibrated, and the resulting recycled
fibers were reincorporated into new nonwovens from which composites were obtained by
thermoforming. The recycling process of nonwoven waste resulted in a 57.09% reduction
in hemp fiber length and a 22.15% reduction in hemp fiber thickness. The effect of recy-
cled fiber content (50% and 100%) and MAPP content (2.5% and 5%) on the mechanical
and thermal properties of composite materials was studied. This study showed that the
mechanical properties of composite materials decreased with increasing recycled fiber
content and increased with increasing MAPP content. Thus, the incorporation of 50% and
100% recycled fibers into composites decreased the tensile strength by 17.1–22.6%, the
elongation at break by 12.4–20.1%, the flexural strength by 6.6–9%, and flexural modulus
by 10.3–37%. The addition of 5% MAPP showed the greatest improvements in mechanical
properties for composites containing 100% recycled fibers, as follows: 19.2% increase in
tensile strength, 3.8% increase in flexural strength, and 14.8% increase in flexural modulus.
Thermogravimetric analysis of the composite materials indicated that the recommended
temperature range for composite applications is 20–120 ◦C, where mass losses are minor.
The incorporation of recycled fibers from nonwoven waste into composites leads to an
increase in the melting temperature and a decrease in the crystallization temperature. The
crystallinity of the composite materials is lower than the crystallinity of the rPP matrix.
SEM images prove a good adhesion between the rPP matrix and hemp reinforcement in
the case of composite materials treated with MAPP. EDX analyses confirm the presence of
the compatibilizing agent in the structure of the treated composite materials.

Composite materials containing up to 50% recycled fibers from nonwoven waste
treated with 5% MAPP can be used successfully in furniture applications.
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Abstract: Environmental pollution and food safety are both issues of global concern. In this sense,
sustainable and antimicrobial nanocomposites based on cellulose/poly (vinyl alcohol) blend incorpo-
rated with natamycin and cellulose nanocrystals (CNC) were manufactured and characterized. The
developed films were evaluated according to their mechanical and optical properties, and their bar-
rier to oxygen and water vapor permeation. The antimycotic activity was evaluated in vitro against
fungi and yeasts. The film’s potential to act as an active packaging for Minas cheese preservation
was also assessed. The incorporation of CNC increased the films’ tensile strength; however, it did
not influence the barrier properties to water vapor (4.12 × 10−7 g·cm.m−1·h−1·Pa−1) and oxygen
(3.64 × 10−13 g·cm·m−1·h−1·Pa−1). The incorporation of natamycin, on the other hand, resulted in
films that were more opaque (around 24%) and of a yellowish color. The active nanocomposites
developed showed antimicrobial effects against all analyzed fungi and yeasts (approximately 35 mm
of inhibition zone) and were able to control the growth of S. cerevisiae in cheese, reducing a log cycle
until the 12th day of storage. Since they performed well in vitro and on food, it was concluded that
the films showed potential to be applied in Minas cheese preservation.

Keywords: active packaging; cellulose nanocrystal; food packaging; food spoilage microorganisms;
methyl cellulose; nanotechnology

1. Introduction

Cheese production is one of the most important activities of the dairy industry in
Brazil [1]. In order to guarantee a final product with microbiological quality, improve the
product shelf life, minimize risks to consumers’ health, as well as to reduce economic losses
due to food waste, certain precautions are required throughout the production chain, such
as the implementation of good hygiene practices and food safety management systems [2,3].
Besides that, several innovative technologies have been developed and used to preserve
perishable goods and to ensure food safety.

Among these new technologies, it is worth noting the active packaging with the
incorporation of antimicrobial substances [4,5]. An important advantage of this kind of
technology is that the addition of the preservative agents into the polymer matrix of the
packaging enables reducing the addition of preservatives directly into the food formulation,
which is in accordance with emerging consumer trends such as lower additive content in
foods [6,7]. Moreover, since most microbial growth takes place on the food surface, the
presence of antimicrobial agents in the packaging may improve their preservative action [8].

Antimicrobial packaging has been tested on different perishable foodstuffs, such as
meat, fruits, vegetables, bakery goods, and dairy products, with promising results [9–13].
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Regarding dairy products, preservative agents such as natamycin, lysozyme, and nisin are
interesting antimicrobials to consider as active packaging additives since they are natural
compounds already used in cheese production [4,13,14]. Oliveira et al. [4], for example,
manufactured an active packaging incorporated with nisin, which showed relevant activity
against Staphylococcus aureus, a pathogen occasionally linked to foodborne outbreaks [15].

Natamycin, also known as piramicin, is a natural antimycotic produced by the Gram-
positive bacteria Streptomyces natalensis. It is considered generally recognized as safe (GRAS)
by Food and Drug Administration (FDA, Silver Spring, MD, USA) and used in cheese as
an antimicrobial agent, preventing product contamination by yeasts and molds [14]. Since
fungal spoilage occurs mainly on the cheese surface and the current methods used to cover
the food with natamycin, such as spraying and coating, have low efficiency, its incorporation
into active food packaging has been considered and studied in recent years [16,17]. The
active packaging developed by Fayed et al. [17] with natamycin nanoparticles was able
to control the growth of Aspergillus flavus on Romy cheese, as well as significantly reduce
toxin production. Similarly, the natamycin-based low-density polyethylene film elaborated
by Anari et al. [18] exhibited activity against spoilage yeasts common in yogurt and could
contribute to increasing the shelf life of this kind of product.

Another important topic that attracts the attention of researchers on a worldwide
scale is the hazards regarding the accumulation of non-degradable plastics and their
negative impact on the environment. In this context, there is a growing interest in the
research of biodegradable polymers aiming at the production of sustainable packaging [19].
Bio-renewable sources, such as cellulose and its derivatives, have been studied as pos-
sible materials for green packaging; however, despite their desirable sustainable nature,
these kinds of polymers originate films that present many limitations when compared
to petroleum-based films since their barrier, mechanical and thermal properties leave
something to be desired [5,20]. Low impact resistance, brittleness, and higher permeation
to water vapor and other gases are characteristics usually related to bio-based packag-
ing [5,20,21]. Furthermore, the higher hydrophilicity exhibited by several biopolymers
restricts their range of applications in the food industry [21].

In order to improve the bioplastic properties, the incorporation of nanomaterials into a
compatible polymeric matrix is suggested since this allows the obtainment of an improved
bio-nanocomposite that might meet the mechanical and barrier requirements for food
packaging [22]. Among the several nanomaterials studied, we highlight nanocrystalline
cellulose (CNC): nanostructures obtained from a renewable source (cellulose) that can be
added to a polymeric matrix, acting as a mechanical and barrier reinforcement without
altering its biodegradable nature. In this context, this study aimed at the production of
antimicrobial and sustainable packaging, which consisted of a methylcellulose (MC) and
poly(vinyl alcohol) (PVOH) blend incorporated with CNC and natamycin. The mechanical,
optical, and barrier properties of the films were evaluated, as well as the film’s capability to
preserve Minas cheese.

2. Materials and Methods

2.1. Materials

The following materials were used in the present research: natamicyn 50% (Natamax
natural antimicrobial, Danisco Brazil LTDA, Brazil); CNC was extracted from softwoodpulp
supplied by Klabin (São Paulo, SP, Brazil); glycerol (Sigma-Aldrich, St. Louis, MO, USA);
poly(vinyl alcohol) (PVOH, PM = 85,000–124,000 g·mol−1, Sigma-Aldrich, St. Louis, MO,
USA); methylcellulose (MC, Sigma-Aldrich, St. Louis, MO, USA); lithium chloride; sodium
chloride; potato dextrose agar (PDA, Sigma-Aldrich, St. Louis, MO, USA; Sabouraud
dextrose broth (Kasvi, Padova, Italy). Minas cheese was purchased from a local market
in Viçosa, Minas Gerais, transported to the laboratory, and kept under refrigeration until
analyses. The yeasts Saccharomyces cerevisiae and Kluyveromyces lactis, and the food spoilage
molds Alternaria alternata, Rhizopus stolonifer, Fusarium semitectum, and Aspergillus niger were

28



Polysaccharides 2023, 4

obtained from the culture collection of the Food Packaging Laboratory, Federal University
of Viçosa.

2.2. Methods
2.2.1. Experimental Design

The experimental design was completely randomized, and a two-factor five-level
rotatable central composite design (RCCD) with five repetitions at the central point, totaling
thirteen trials, was implemented to study the effect of the incorporation of CNC and
natamycin in the optical, mechanical, barrier, and antimycotic properties of the MC/PVOH
blend. The coded levels and their respective real values of concentrations of natamycin and
CNC are displayed in Table 1.

Table 1. Composition of the two-factor five-level RCCD of the elaborated films incorporated with
cellulose nanocrystals (CNC) and natamycin. Coded levels and their respective real values.

Treatments
Coded Levels Real Values

X1 X2 CNC (% wt./wt.) Natamycin (% wt./wt.)

1 −1 −1 0.70 0.70
2 +1 −1 4.30 0.70
3 −1 +1 0.70 4.30
4 +1 +1 4.30 4.30
5 −1.41 0 0 2.50
6 +1.41 0 5.00 2.50
7 0 −1.41 2.50 0
8 0 +1.41 2.50 5.00
9 0 0 2.50 2.50
10 0 0 2.50 2.50
11 0 0 2.50 2.50
12 0 0 2.50 2.50
13 0 0 2.50 2.50

The % was based on the final polymers’ mass.

2.2.2. Elaboration of the Polymeric Blend Incorporated with CNC and Natamycin

Different concentrations of CNCs (Table 1, Section 2.2.1) were dispersed in 200 mL
of distilled water, homogenized in ultraturrax (5 min, 20,000 rpm, model T25, IKA), and
ultrasonicated (450 W, Unique Group, Rio de Janeiro, RJ, Brazil) for 5 min. After, 2.60 g
of PVOH and 6.25 g of MC were added to the CNC dispersion and heated at 70 ◦C for
4 h under continuous stirring until solubilization, followed by gelification. Different
concentrations of natamycin were added subsequently (Table 1, Section 2.2.1), followed
by the incorporation of the plasticizer glycerol (30% wt./wt.). All concentrations were
calculated based on the total polymer mass. The obtained dispersions were continuously
stirred for 20 min and poured on glass plates (18 cm × 34 cm) until solvent evaporation.

2.2.3. Thickness and Mechanical Properties

Film thickness was measured, in μm, with a digital micrometer (model 547–401,
Mitutoyo, Kawasaki, Japan). Ten specimens of each treatment were analyzed, and the
measurement was realized in ten random points of each sample [9]. The films were also
evaluated according to their mechanical properties of ultimate tensile strength (UTS, in
MPa), elongation at break (EB, in %), and modulus of elasticity (Young’s modulus, YM, in
MPa) using a Universal Testing Machine (model 3367, Instron Corporation, Norwood, MA,
USA) equipped with a 1 kN load cell. Five specimens (25 mm × 150 mm) of each treatment
were evaluated. The initial distance of grids separation was 100 mm, and the standardized
rate of separation was 50 mm·min−1 [23].
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2.2.4. Color and Opacity Measurement

The color of the films was assessed by a Color Quest XE spectrophotometer (Hunter
Lab, Reston, VA, USA), working with D65, 10◦ angle, and using the CIELAB scale for the
L*, a* and b* coordinates. Opacity (OP), yellowness index (YI), and b* (tendency to yellow)
were the parameters investigated. Two samples were analyzed for each treatment, and five
measurements were performed at random points of each sample [24].

2.2.5. Water Vapor Permeability (WVP)

WVP was investigated by the gravimetric method according to ASTM E96/E96M-
10 [25] with modifications [9]. The obtained films were cut into circles (Ø = 83 mm) and
sealed with paraffin in poly(methyl methacrylate) cups containing a saturated solution of
lithium chloride (RH = 12% ± 5% at 25 ◦C ± 2 ◦C). After, the cups were placed in desiccators
containing a saturated solution of sodium chloride (RH = 75% ± 5% at 25 ◦C ± 2 ◦C). The
cups were weighted periodically, enough to provide ten data points after the steady state
was reached. The results were expressed as g·cm·m−1·h−1·Pa−1.

2.2.6. Oxygen Permeability (O2P)

The permeability to oxygen was verified in a VAC-V1 gas permeability tester (Labthink
Instruments, Jinan, China). The experiment was carried out at 23 ◦C ± 2 ◦C and 50% RH.
The exposed area of the films was 38.48 mm2, and the analysis was conducted for 8 h. The
transmission rate of oxygen through film was expressed as g·cm·m−1·h−1·Pa−1.

2.2.7. In Vitro Assessment of the Antimycotic Activity of the Films

The yeasts S. cerevisiae and K. lactis were grown on Sabouraud broth, incubated for
24 h at 32 ◦C, plated on acidified PDA, and incubated once more for 7 days at 25 ◦C ± 2 ◦C.
After, isolated colonies were selected, suspended in a 5 mL 0.85% (wt./wt.) saline solution,
and adjusted to 0.5 McFarland standard (around 1.0 × 106 cells·mL−1) [26]. Regard-
ing the molds, the conidia were grown on Sabouroud broth for 7 days at 25 ◦C ± 2 ◦C,
plated on acidified PDA, and incubated again at the same conditions. Subsequently, the
conidia were collected and transferred to 5 mL 0.85% (wt./wt.) saline solution and ad-
justed to optical density (OD530) of 0.10 (GBC UV/Vis 918), which represented around
5 × 104 conidia·mL−1 [26].

After, aliquots of 100 μL of the suspensions prepared were spread on acidified PDA,
and samples of the films (Ø = 10 mm) were placed at the center of each plate. The plates
inoculated with molds or yeasts were incubated for 7 days at 25 ◦C ± 2 ◦C, and the
inhibition zone verified was measured in mm.

2.2.8. Assessment of the Active Films on Minas Cheese Preservation

The surface of the food sample (25 g) was decontaminated with alcohol 70% (v/v).
Subsequently, aliquots of 100 μL of S. cerevisiae (104 CFU·mL−1) (Section 2.2.7) were spread
on cheese surface, and, right after, the samples were left to dry for 15 min [27]. The
inoculated samples were packaged with the following elaborated films: film A (5% of CNC
and 2% natamycin) and film B (5% of CNC and 0% of natamycin, taken as the control). The
samples were stored at 4 ◦C for 15 days. Every three days, for a 15-day period, the samples
(25 g) were homogenized with 225 mL of peptone water (0.1% v/v), diluted accordingly,
and spread plated on PDA agar. The plates were incubated for 7 days at 25 ◦C ± 2 ◦C, and
the results were expressed as log of colony forming unit of S. cerevisiae per gram of cheese
(Log CFU·g−1) [9].

2.2.9. Statistical Analysis

The models representing the parameter’s behavior as a function of CNC and/or
natamycin concentrations were obtained using analysis of variance (ANOVA) with a 5%
level of significance followed by regression analysis. The software Minitab 17 was used.
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3. Results and Discussion

3.1. Films’ Appearance

The MC and PVOH blends incorporated with CNC and natamycin were successfully
achieved, as can be seen in Figure 1. Macroscopically, they presented a smooth and homoge-
neous aspect. Natamycin incorporation, especially, resulted in films with a yellowish color
and less transparent than films incorporated with CNC only. Complementarily, Table 2
shows the results obtained for opacity, yellow index, and tendency to yellow.

 
Figure 1. Photographs of the methyl cellulose and poly(vinyl alcohol) films elaborated with nanocrys-
talline cellulose (CNC) and natamycin: 0.7% of CNC and 0.7% of natamycin (1), 4.3% of CNC and
0.7% of natamycin (2), 0.7% of CNC and 4.3% of natamycin (3), 4.3% of CNC and 4.3% of natamycin
(4), 0% of CNC and 2.5% of natamycin (5), 5% of CNC and 2.5% of natamycin (6), 2.5% of CNC and 0%
of natamycin (7), 2.5% of CNC and 5% of natamycin (8), and 2.5% of CNC and 2.5% of natamycin (9).

Table 2. Results obtained for optical parameters (tendency to yellow, b*, opacity, OP, and yellow
index, YI), thickness, mechanical properties (ultimate tensile strength, UTS, elongation at break, EB,
Young’s modulus, YM), water vapor permeability (WVP), and oxygen permeability (O2P) of films
elaborated with methyl cellulose, poly(vinyl alcohol), cellulose nanocrystals, and natamycin.

Treatment b*
OP
(%)

YI
Thickness

(μm)
UTS

(MPa)
EB
(%)

YM
(MPa)

WVP (10−7

g·cm·m−1·h−1·Pa−1)
O2P (10−13

g·cm·m−1·h−1·Pa−1)

1 2.78 16.85 4.67 163 19.74 64.21 6.59 3.14 1.03
2 2.83 16.39 4.69 177 29.11 72.78 9.53 4.45 1.33
3 5.19 24.18 9.18 191 22.64 73.97 7.39 3.25 1.26
4 5.45 21.35 9.38 182 20.64 65.66 7.63 4.61 9.40
5 3.86 19.97 6.51 181 21.43 79.54 6.28 4.27 1.37
6 4.04 18.57 7.49 164 29.37 71.86 10.36 3.29 7.15
7 1.80 16.62 3.05 146 26.79 78.83 6.53 3.97 9.34
8 6.40 23.39 10.80 193 22.85 71.72 7.52 3.27 1.37
9 4.64 21.29 8.12 161 26.63 81.93 5.93 4.73 2.05

10 4.06 18.34 6.8 172 27.73 76.78 9.28 4.52 1.41
11 4.68 19.59 7.98 194 27.48 74.19 7.82 5.15 8.89
12 4.46 18.65 7.18 149 28.65 75.38 9.69 4.47 1.39
13 4.28 19.04 7.72 163 26.65 77.07 8.05 4.49 1.43

From the results for optical properties, it was possible to adjust models (non-significant
lack-of-fit) that explained the behavior of the three parameters analyzed as a function of
the concentration of natamycin only, as displayed in Figure 2. CNC concentration, in turn,
did not impact these parameters, suggesting a good dispersion of the nanomaterial in the
polymer matrix. The yellowish color of films containing natamycin is possibly due to the
slightly yellow color of the powder. In addition, the increased opacity verified when higher
amounts of natamycin were added into films was probably the result of the hydrophobic
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portion of the peptide and its poor solubility in water, which affected the antimicrobial
dispersion in the hydrophilic matrix and resulted in opaquer films [14,28].

Figure 2. Plots of optical parameters as a function of natamycin concentration (% wt./wt., represented
by X), their regression model, and adjusted R2: tendency to yellow (b*, a), opacity (OP, b), and yellow
index (YI, c).

3.2. Mechanical Properties

When developing new materials for food packaging, it is crucial to evaluate their
mechanical properties since these features will allow us to infer about the packaging
behavior when under certain conditions, such as mechanical stress. The results for thickness,
UTS, EB, and YM are also displayed in Table 2. It was possible to adjust a regression model
for only UTS, and the behavior was a function of both CNC (X1) and natamycin (X2)
concentrations, as demonstrated in Equation (1). The other parameters (thickness, EB, and
YM) were not explained by any models, therefore, we considered only the global mean
value: thickness of 172 μm; 68.74% of EB; YM of 7.89 MPa.

UTS = 14.01 + 5.92X1 + 4.30X2 − 0.48X1
2 − 0.58X2

2 − 0.88X1X2 → (R2
adj = 0.910) (1)

Complementarily to the adjusted model, Figure 3 shows the surface response obtained
for UTS.
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Figure 3. Three-dimensional response surface plot for ultimate tensile strength (UTS) as a function of
cellulose nanocrystals (CNC, X1) and natamycin (X2) concentrations.

The findings indicated that both CNC and natamycin impacted the films’ UTS, which
assumed a parabolic shape. This suggested that, beyond certain concentrations, the addi-
tive’s incorporation had a negative effect on the UTS parameter. Furthermore, the term
X1X2 in Equation (1) suggested that, for this parameter, there was an interaction between
CNC and natamycin: the UTS was likely to increase when higher concentrations of CNC
and lower concentrations of natamycin were used. Other research also verified an increase
in the tensile strength of sustainable films of PVOH incorporated with CNC [29,30]. This
behavior may be explained by the high amount of –OH groups on the CNC structure, which
are able to strongly interact with the hydrophilic polymeric matrices (MC and PVOH),
increasing the compaction of the chains. This more homogenous structure may play an
important role in stress redistribution all over the chains. Besides that, the high specific
surface area and aspect ratio are CNCs’ features that allow their application as potential
reinforcing materials [31]. Natamycin, on the other hand, contributed less to the mechanical
parameters, which may be due to its hydrophobic region and lower compatibility with
both polymers.

3.3. Water Vapor and Oxygen Permeability

The results obtained for WVP and O2P are presented in Table 2. In the food packaging
field, it is of utmost importance to ensure that gas exchanges between the food and the
external environment are minimal. While water vapor permeation can adversely affect
both the product’s shelf life and its sensorial quality, oxygen permeation triggers oxidation,
which in turn leads to undesirable changes in flavor, texture, and appearance.

It was not possible to adjust a regression model for either WVP or O2P as a function of
CNC and natamycin concentrations (significant lack of fit, indicating not suitable models).
Due to this, we considered only the global mean values: 4.12 × 10−7 g·cm·m−1·h−1·Pa−1

for WPV and 3.64 × 10−13 g·cm·m−1·h−1·Pa−1 for O2P. Although it is said in the literature
that CNC is able to improve the barrier properties of biodegradable packaging, hindering
the flow of molecules through tortuous paths, contrary to our expectations, neither CNC
nor natamycin influenced the gas permeability of the elaborated films [32,33].

3.4. In Vitro Antimycotic Activity

At first, the films’ antimycotic activity was assessed in vitro against four molds of
importance in food preservation, as well as two yeasts. Photographs of the inoculated
plates after the incubation period of seven days are displayed in Figure 4.
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Figure 4. Photographs of plates after incubation of different yeasts (S. cerevisiae (a) and K. lactis (b))
and molds (R. stolonifer (c), A. niger (d), A. alternate (e), and F. semitectum (f)) at 25 ◦C for 7 days. T7:
films with 2.5% of CNC and 0% of natamycin. T9: films with 2.5% of CNC and 2.5% of natamycin.

Films elaborated without natamycin (T7) did not show antimicrobial activity, as can be
seen in Figure 4. When incorporated with natamycin, all the films displayed antimicrobial
properties, suggesting that they could be used as active films for food preservation against
these microorganisms. Regardless of the natamycin concentration, the inhibition zones
verified for each mold or yeast investigated were similar, and the mean values obtained
are presented in Table 3. The only exception was when the films were tested against A.
alternata, in which it was possible to adjust a polynomial model of the inhibition zone as a
function of natamycin concentration (Table 3).

Table 3. Inhibition zones obtained when the elaborated films with different concentrations of
natamycin (0.7%, 2.5%, 4.3%, and 5.0%) were assessed against molds and yeasts of importance
in food preservation.

Microorganism Inhibition Zone (mm) R2
adj

Alternaria alternata IZ = 3.12 +17.13X − 2.37X2 0.92
Aspergillus niger 34.7 ± 4.4 -

Rhizopus stolonifer 35.4 ± 3.0 -
Fusarium semitectum 34.2 ± 4.0 -

Saccharomyces cerevisiae 36.7 ± 3.5 -
Kluyveromyces lactis 35.0 ± 2.7 -

IZ = inhibition zone; X = natamycin concentration (wt./wt.).

Natamycin is a preservative allowed for dairy products, and it has been the object of
study of several pieces of research regarding active food packaging. Similar to the present
study, Chakravartula et al. (2020) [34] verified that blend films elaborated with cassava
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starch, chitosan, and natamycin presented potential to be used as active packaging due to
the antifungal activity displayed by the films. Films incorporated with natamycin were
also manufactured by Grafia et al. (2018) [16]. The authors tested the active films in vitro
against A. niger previously isolated from onions and achieved interesting outcomes.

Literature shows that the mechanism of action of natamycin against fungi involves
interference in the cells’ vacuole and a preferred binding to ergosterol, a sterol molecule
found in fungi cells membrane responsible for cell integrity [35–37]. Besides that, natamycin
is also referred to as an efficient inhibitor of the transport of nutrients, compromising cell
function [37].

3.5. Application of the Active Packaging in Minas Cheese

The central composite design allowed us to optimize the packaging system and define
the film formulation that should be tested on food based on the outcomes found for the
investigated properties. Minas cheese, a traditional-Brazilian product, was chosen as the
food sample in this step since preliminary tests indicated that the film remained well
preserved after contact with the food. The active films tested on the Minas cheese samples
were elaborated with 5% of CNC and 2% of natamycin (film A), and 5% of CNC (film
B, control). In this sense, cheese samples previously inoculated with S. cerevisiae were
packaged with the films and stored for up to 15 days at low temperatures (4 ◦C). Regression
models were adjusted for each case, and they are presented below (Equations (2) and (3)):

YA = 3.62 + 0.20T → (R2adj = 0.878) (2)

YB = 3.79 + 0.44T − 0.014T2 →(R2adj = 0.925) (3)

in which YA is the yeast growth, in log CFU·g−1, when the film A was used, YB is the yeast
growth, also in CFU·g−1, when the film B was used. For both equations, T represents the
time, in days.

In Figure 5, it is possible to observe the yeast counts in Minas cheese during the
storage time.

Figure 5. Saccharomyces cerevisiae count, in log CFU·g−1, as a function of time, in Minas cheese stored
at 4 ◦C for 15 days and packaged with methyl cellulose/poly (vinyl alcohol) blend films incorporated
with 2% of natamycin and 5% of cellulose nanocrystals (Film A) and 5% of CNC (Film B).

It can be observed that the film incorporated with natamycin impacted the growth of
S. cerevisiae in cheese in approximately one log cycle until the 12th day of refrigerated stor-
age when compared to the film incorporated with only CNC. This means that a reduction
of approximately 90% of the yeast population was achieved. Although S. cerevisiae is an

35



Polysaccharides 2023, 4

important fermenting agent for the food industry, mostly involved in the manufacturing of
bakery products and alcoholic beverages, it is considered a contaminant microorganism in
cheese, usually related to product spoilage [38,39]

To date, fungal spoilage in cheese is one of the major challenges faced by the dairy
industry [40]. In a study with 61 cheesemakers from the United States, 71% reported that the
growth of undesirable mold on cheese surfaces was one of the most common issues in the
area [41]. The occurrence of strange color and pigment development, probably caused by
microbial growth, was also mentioned by around 54% of the respondents [39]. In addition,
28% of the interviewed cheesemakers mentioned that around 5 to 10% of their production
was lost due to quality issues, indicating an economic loss that can be significant.

In order to minimize contaminants in dairy, it is essential to ensure the quality of
the milk, as well as invest in and enforce good hygiene practices throughout the entire
production chain. The adoption of novel technologies, such as active packaging, could be a
complementary strategy to enhance quality and contribute to prolonging the product’s shelf
life. In this sense, these findings suggest that the application of a sustainable packaging
MC/PVOH-based incorporated with CNC and natamycin in Minas cheese could play an
important role in product preservation. Although CNC does not present antimicrobial
activity, the material can be added as a nanofiller to enhance the mechanical properties of
the packaging, while natamycin functions as the active component effective against molds
and yeasts.

4. Conclusions

In the present study, an MC/PVOH/CNC/natamycin blend film was successfully
manufactured and showed potential to be used as an antimicrobial film in Minas cheese
preservation. Initially, it was hypothesized that the presence of CNC would improve the
films’ mechanical and barrier properties; however, only the UTS parameter was influenced
by the CNC concentration. Nevertheless, this was an important finding since CNC did act
as a mechanical reinforcing material. Future studies should be more focused on enhancing
the barrier properties of the film since it is a significant parameter of food preservation.
Furthermore, the presence of CNC did not impact the optical properties of the elaborated
packaging, which was also a positive result. Natamycin, on the other hand, had a negative
effect on the optical parameters and on the mechanical properties of the films, probably due
to lower compatibility among the antimicrobial and the polymers. Although it enabled the
film to act as an antimicrobial packaging against yeasts and molds, as well as displayed a
good performance when tested on Minas cheese, its compatibility and interaction with the
polymers should be studied in greater depth to allow the obtainment of active films with
not only antimicrobial properties, but also better mechanical, optical, and barrier properties.
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Abstract: A totally green process based on reactive extrusion was used for the production of cassava
starch hydrogels through reaction with two organic crosslinking agents, citric (CA) and tartaric (TA)
acids. CA and TA were used at different concentrations (0, 2.5, 5.0, 10.0, 15.0, and 20.0%). Degree of
substitution (DS) of hydrogels ranged from 0.023 to 0.365. Fourier transform infrared spectroscopy
results showed a new band appearing at 1730 cm−1 associated with ester carbonyl groups. X-ray
diffraction indicated that reactive extrusion resulted in the disappearance of diffraction peaks of
native starch and samples with lower crystallinity indices ranging from 37% (native starch) to 8–11%
in starch hydrogels. Morphology analysis showed that the original granular structure of starch was
lost and replaced by a rougher and irregular structure. Water holding capacity values of starch
hydrogels obtained by reactive extrusion were superior to those of native starch and the control
sample (extruded without the crosslinking agents). Hydrogels obtained with the highest CA or TA
concentration (20.0%) resulted in the higher DS and swelling capacities, resulting in samples with
870 and 810% of water retention, respectively. Reactive extrusion was effective in obtaining starch
hydrogels by reaction with organic acids.

Keywords: citric acid; tartaric acid; crosslinking; green chemistry

1. Introduction

Hydrogels are materials that can be produced from natural or synthetic polymers;
these polymers are crosslinked to result in three-dimensional polymeric matrices that have
the ability of retain water or biological fluids without dissolving. Hydrogels can be obtained
in different formats, including films, membranes, powders, and micro or nanogels [1–3].

Starch is a biodegradable, nontoxic, and inexpensive biopolymer available world-
wide with readily free hydroxyl groups with potential for functionalization [4], including
crosslinking reactions [2,5]. The crosslinking for chemical modification of starch through
reaction with bi- or polyfunctional agents is largely reported in the literature [6–13]. The
crosslinking agents can form ether or ester intermolecular bonds between hydroxyl groups
on starch molecules, resulting in a reinforced polymer matrix. Depending on the level of
substitution, the resulting materials can present changes in solubility and swelling power,
which are important properties for hydrogels [11,14,15].

Starch hydrogels have several potential applications; however, to obtain food-grade,
biodegradable and biocompatible hydrogels, the high cost of raw materials, and the gener-
ation of toxic solvents can be considered significant disadvantages. Epichlorohydrin and
glutaraldehyde have been widely used to crosslink polysaccharide materials; however,
they suffer from certain toxicity [2,16,17]. In contrast, polycarboxylic acids such as CA and
TA are inexpensive and nontoxic reagents that can be safely used to obtain crosslinked
starches [4,18–20]. CA and other polycarboxylic acids had been described as efficient
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esterification and crosslinking agents of starch, and they also present a hydrolytic action
depending on the processing conditions [4,15,20].

In the last few years, the use of CA and other organic acids as esterification and crosslink-
ing agents to obtain modified starches from several sources has been reported in literature,
emphasizing the efficiency, and lower environmental impact of their use [11,13,18–26].

Starch modification has been traditionally carried out in tank reactors with several
reagents and long processing time, resulting in negative impacts from effluent generation;
thus, the use of physical methods can be an interesting approach to minimize the exces-
sive use of reagents [13,16,22,27]. Lipatova and Yusova [28] reported the effectiveness of
mechanical activation in a rotor–stator device on starch crosslinking with CA to obtain
biodegradable hydrogels.

Alternatively, the reactive extrusion process is an efficient and versatile method for
modifying starch and it is considered a green technological solution since the extruder is
used as a reactor, where chemical reactions such as esterification, hydroxypropylation, and
crosslinking can be performed [27–30]. Reactive extrusion combines the thermomechanical
energy necessary to disintegrate the native structure of the starch granule, favoring the
reaction between starch and organic acids in a single process without using other reagents.
Additionally, reactive extrusion is a continuous process that has commercial viability, and
it is easy to adapt to industrial scales, offering short reaction time (2–3 min) [12,16,31–33].

The use of reactive extrusion to obtain esterified and crosslinked starches through
reaction with organic acids is an interesting research topic that could be further investigated
to contribute to knowledge in the area. Recently, Farhat et al. [22], Hong et al. [23], and
Ye et al. [13] reported the use of reactive extrusion to obtain starch citrates from native
corn, waxy corn, and rice starches, and they stressed that this process can be considered a
promising alternative to obtain esterified and crosslinked starches.

There are few reports in the literature about the production of starch citrates by
reactive extrusion [13,22,23], while starch hydrogels obtained through reaction with TA
by reactive extrusion have not yet been reported in the literature. Reactive extrusion
can be considered an ecofriendly process to obtain esterified and crosslinked starches,
and this study intended to explore the potential of this technology for the obtainment
of new biobased materials, such as starch hydrogels, contributing to the generation of
knowledge in this area. Therefore, this study aimed to obtain cassava starch hydrogels by
reactive extrusion using CA and TA as crosslinking and esterifying agents and to study
their physicochemical and microstructural properties.

2. Materials and Methods

2.1. Materials

Cassava starch (20% amylose and 80% amylopectin) was purchased from Pinduca
Co., Ltd. (Araruna, Brazil). CA and TA of analytical grade were purchased from Synthlab
(Synthlab, Diadema, Brazil), similar to all other chemicals and solvents employed in
this study.

2.2. Reactive Extrusion Process

CA and TA were employed at different concentrations (0, 2.5, 5.0, 10.0, 15.0, and
20.0%—g acid/100 g starch) as esterifying/crosslinking agents. Crosslinked starch hydro-
gels were prepared by dissolving the different concentrations of CA or TA in distilled water,
which were mixed with starch to obtain samples with a moisture content of 32%. Each sam-
ple was stored in plastic sealed bags for 1 h before extrusion. A control sample (S0) was also
extruded in the presence of water (without Ca or TA), resulting in a moisture content of 32%.
The reactive extrusion parameters were based on previous study of Gil-Giraldo et al. [34].
The extrusion process was performed in a single screw extruder (AX Plastics, Diadema,
Brazil) with a screw length/diameter ratio (L/D) of 40 and a screw diameter of 1.6 cm, and
a cylindrical matrix of 0.8 cm in diameter. The temperature in all four heating zones was
100 ◦C, and the screw speed was 60 rpm. Each sample was collected from the extruder and
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air-dried (45 ◦C) to a constant weight and ground. Then, each sample was washed three
times with absolute ethanol to remove the unreacted CA or TA, as described by Ye et al. [13]
and Gil-Giraldo et al. [34]. Finally, samples were air-dried at 45 ◦C to a constant weight,
ground, and sieved through an 80-mesh sieve to obtain powders that were employed for
characterization. Starch hydrogel samples prepared by reaction with CA were labeled as
SC2.5, SC5, SC10, SC15, and SC20 throughout the study. Starch hydrogel samples prepared
with TA were labeled as ST2.5, ST5, ST10, ST15, and ST20 throughout the study.

2.3. Degree of Substitution (DS)

The DS of each sample was determined in triplicate employing the method described
by Volkert et al. [12] and Ye et al. [13] by titration, with some modifications. Each sam-
ple (1 g) was placed in a 250 mL Erlenmeyer flask, 20 mL of deionized water and two
drops of phenolphthalein were added. The solution was titrated with a sodium hydrox-
ide solution (0.1 mol/L) until the endpoint was reached, indicating that all the free Ca
or TA had been neutralized. After that, 25 mL of aqueous sodium hydroxide solution
(0.5 mol/L) was added, and the sample was agitated for 60 min at room temperature.
The excess alkali was back-titrated with a standard aqueous hydrochloric acid solution
(0.5 mol/L) until the endpoint. A blank titration using extruded starch without CA or TA
was carried out. Esterified carboxyl groups (EG, %) and DS were calculated as follows:
EG = [((v0 − v1) × c × M × 100))/m], and DS = (162 × EG)/(100M − (M − 1)EG; where
EG is the content of esterified carboxyl groups (%); v0 is the volume of aqueous hydrochlo-
ric acid solution consumed by the blank (mL); v1 is the volume of aqueous hydrochloric
acid solution consumed by the esterified starch sample (mL); c is the concentration of
aqueous hydrochloric acid solution (mol/L); M is the molar mass of the substituent (citrate
or tartarate); and m is the mass of the samples (mg).

2.4. Fourier Transform-Infrared Spectroscopy (FTIR)

Pulverized hydrogels samples were mixed with potassium bromide and compressed
into pellets. The FTIR analyses were performed using a spectral resolution of 4 cm−1 and a
spectral range of 4000–500 cm−1 in a Shimadzu FTIR-8300 (Kyoto, Japan) equipment.

2.5. X-ray Diffraction (XRD)

XRD analysis was carried out in a Panalytical X’Pert PRO MPD diffractometer (Almelo,
The Netherlands) with copper Kα radiation (λ = 1.5418 Ǻ) under operational conditions of
40 kV and 30 mA, with a with a ramp rate of 1◦/min. The relative crystallinity index (CI)
was calculated using the method described by Cheetham and Tao [35].

2.6. Scanning Electron Microscopy (SEM)

SEM analyses were performed with an FEI Quanta 200 microscope (Hillsboro, OR,
USA) using an accelerating voltage of 20 kV. Each hydrogel sample was mounted for
surface visualization on bronze stub, and then its surface was coated with a thin gold layer
(40–50 nm).

2.7. Water Holding Capacity (WHC)

WHC was determined according to the methodology described by Butt et al. [36], with
minor modifications. Approximately 1 g of each sample was weighed, and 10 mL of water
was added to a pre-weighed centrifuge tube (W1). The samples were shaken for 30 min
on a shaker at 25 ◦C and 200 rpm (Quimis Q 225M, Diadema, Brazil) and then centrifuged
for 30 min at 2200 rpm (Hettich Centrifuge, Model 320R, Germany). After centrifugation,
the supernatant was decanted, and tubes with residue were weighed (W2). The WHC was
calculated as WHC (g/g) = ((W2 − W1) − (initial mass of sample))/(initial mass of sample).
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2.8. Swelling Power at Different Times and Temperatures

The swelling power at different times was determined according to the procedure
described by Yoshimura et al. [37]. Dried samples (0.5 g) were left to swell within permeable
nylon tea bags (Japanese Industrial Standard, JIS K 7223). The tea bags were immersed
in water at 25 ◦C for 1, 24, and 48 h, and then each tea bag was removed from the water,
and excess water was drained for 1 min. The weight of the tea bag and samples was
then measured (Wt), and the swelling was calculated according to the following equation:
Swelling (g/g) = ((Wt − Wb) − Wp)/(Wp)), where Wb is the weight of a blank tea bag after
water treatment, and Wp is the weight of the dry sample. Swelling power was determined
in the same way at different temperatures (10, 25, and 55 ◦C) for 24 h.

2.9. Statistical Analysis

Statistical analysis was carried out employing the Statistica software version 7.0 (Stat-
soft, OK, USA) and Tukey’s test was employed for mean comparison (p ≤ 0.05).

3. Results

3.1. Degree of Substitution (DS)

Starch is composed of two polymers of D-glucopyranose, amylose, and amylopectin.
Amylose is the linear fraction consisting of α-D-glucopyranose linked through α (1 → 4)
linkages, and amylopectin is the branched fraction containing linear fractions linked
through α (1 → 4) linkages, and ramifications at α (1 → 6); each glucopyranosyl unit
in linear chains presents three reactive hydroxyl groups at position C2, C3, and C6 that
have potential for functionalization [6,38]. DS is a useful parameter in the study of starch
modification, and it can be defined as average number of hydroxyl groups substituted per
D-glucose unit [38].

DS values of modified samples are presented in Table 1. For samples modified with
CA and TA, the increase in the acid concentration resulted in higher DS values, while
comparing CA- and TA-modified samples, CA-modified samples had higher DS values
(Table 1). According to Seidel et al. [39], the use of different polyfunctional carboxylic acids
as crosslinking and esterifying agents results in different materials, which is related to their
structures. CA (C6H8O7) is a tricarboxylic acid formed by two carboxylic groups spaced by
three CH2 groups with one OH group and one COOH group linked at the central carbon,
while TA (C4H6O6) is a dicarboxylic acid spaced by two CH2 groups, each bearing one
OH group. The difference in length of the spacer between CA and TA molecules and the
kind and number of functional groups possibly resulted in a more efficient CA reaction
with starch. Shen et al. [10] also stressed that carboxylic acids that have more than two
carboxyl groups act more efficiently as crosslink agents than dicarboxylic acids. These
authors reported that CA (tricarboxylic) was more efficient as a crosslinking agent than
succinic acid (dicarboxylic).

A higher DS value was obtained for the SC20 sample (DS = 0.365), and a lower DS
value was obtained for the ST2.5 sample (DS = 0.023) (Table 1). The values observed in this
study were close to the values reported by Ye et al. [13] who chemically modified rice starch
by reactive extrusion with CA; they reported values ranging from 0.037 to 0.138 using
CA levels between 10 and 40% (g CA/100 g starch). Farhat et al. [22] reported DS values
of 0.52 to 0.99 in starch citrates obtained from corn starch by reactive extrusion with CA
concentrations of 40 and 100% (g CA/100 g starch). According to Ye et al. [13], reactive
extrusion can be efficiently used for the obtainment of starch citrates.

The DS values of modified starch samples obtained in this study were slightly higher
than those obtained for starch citrate prepared by high-temperature/long-term reactions in
semidry conditions, as reported by other authors [14,25]. Mei et al. [14] reported that when
CA concentration was increased from 10 to 30%, DS values increased from 0.058 to 0.178 in
cassava starch citrates obtained after 8 h of reaction at room temperature.
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Table 1. Degree of substitution (DS) and water holding capacity (WHC) of native starch, control
sample (S0) and starches hydrogels obtained by reactive extrusion.

Samples DS WHC (g/g)

Native starch 0 1.84 ± 0.01 g

S0 0 4.99 ± 0.05 d,e

SC2.5 0.137 ± 0.003 e 3.03 ± 1.31 f

SC5 0.160 ± 0.011 e 4.62± 1.12 e

SC10 0.262 ± 0.003 d 5.90 ± 2.13 c

SC15 0.352 ± 0.002 b 6.22 ± 2.07 a,b

SC20 0.365 ± 0.001 a 7.02 ± 0.74 a

ST2.5 0.023 ± 0.001 f 4.99 ± 0.07 d,e

ST5 0.103 ± 0.004 e 4.92 ± 0.05 e

ST10 0.137 ± 0.002 e 6.10 ± 0.03 b,c

ST15 0.285 ± 0.001 c 6.95 ± 0.04 a

ST20 0.285 ± 0.004 c 6.66 ± 0.09 a,b

Different letters in the same column indicate significant difference by Tukey’s test (p ≤ 0.05).

3.2. Fourier Transform-Infrared Spectroscopy (FTIR)

The FTIR spectra of starch samples are shown in Figure 1. It was possible to identify
a new important band at 1730 cm−1 in all hydrogel samples that indicates the stretching
vibration of the carbonyl ester group, which provides clear evidence that the ester bonds were
formed successfully. These results agreed with other authors’ results [11,13,15,19,22,26,28]
who used CA and/or TA as crosslinking and esterifying agents for starch modification. It is
important to highlight that all modified samples were washed with ethanol before analysis to
prevent free CA or TA from remaining in the samples; thus, the band at 1730 cm−1 observed
in all modified samples resulted from the formation of a covalent ester bond between the CA
or TA and starch.

Figure 1. FTIR spectra of native starch, the control sample (extruded without reagent—S0) and starch
hydrogels obtained by reactive extrusion through reaction with CA (a) and TA (b).
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Other bands are also observed in the FTIR spectra of all samples: a broad band
at 3400–3500 cm−1 that was associated with O-H elongation and hydrogen bond vibra-
tion; a band at 2900 cm−1 associated with C-H asymmetric elongation and vibration;
a band at 1650 cm−1 associated with water adsorbed in amorphous regions of starch,
and a band at 1200 cm−1 that was attributed to the stretching vibration of C-O in C-OH
groups [13,15,20,22,26,28,40].

3.3. X-ray Diffraction (XRD)

The diffractograms and relative crystallinity are shown in Figure 2. Native cassava
starch presented diffraction peaks at 2θ = 15.03◦, 17.03◦, 17.93◦, and 23.02◦ (Figure 2), which
are typical of an A-type crystallinity [41,42].

Figure 2. X-ray diffraction (XRD) patterns and relative crystallinity index (CI) of native starch, the
control sample (extruded without reagent—S0) and starch hydrogels obtained by reactive extrusion
through reaction with CA (a) and TA (b).

The crystallinity index (CI) of native starch was 37%, which is typical of a semicrys-
talline material, and a similar value (37.64%) was reported by Mei et al. [14] for native
cassava starch. The CI for all extruded samples (with and without reagent) decreased,
and the CI values ranged from 8 to 11% (Figure 2). During the reactive extrusion process,
the starch granules were exposed to high temperatures and high shear forces, strongly
affecting their crystalline structure, resulting in the disappearance of diffraction peaks and
samples with low crystallinity indices (Figure 2). These results agreed with other authors
that used reactive extrusion to modify starches [13,27]. Cai et al. [27] reported that rice
starch crosslinked by reactive extrusion with sodium trimetaphosphate and propylene
oxide had its crystalline structure almost completely disrupted, with CI values very close
to those obtained in this study, ranging from 11 to 14%.
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Relative crystallinity affects the physicochemical properties of starch [43]. Some
authors claim that the lower crystallinity of starch hydrogels can be important for their
application as carriers of various compounds, such as in a drug and chemical element
delivery system and in agricultural applications [41,44,45].

3.4. Scanning Electron Microscopy (SEM)

As observed in the SEM micrograph (Figure 3), native cassava starch granules exhib-
ited an elliptical or truncated elliptical shape, with a smooth surface without disruption.
These results agreed with those reported by other authors [41,42].

Figure 3. SEM images of native starch, the control sample (extruded without reagent—S0), and starch
hydrogels obtained by reactive extrusion through reaction with CA (SC2.5 and SC20) and TA (ST2.5
and ST20).

After being subjected to extrusion, all extruded samples showed structural morpho-
logical differences in relation to native cassava starch. During reactive extrusion, the starch
granules undergo changes in their structure, disintegrating totally or partially, depending
on the input energy level, forming rougher structures with irregular and fragmented ag-
gregates. SEM micrographs also demonstrated that the sample surfaces did not contain
residual starch granules, which indicated that the granules were destroyed due to the
thermomechanical and chemical modification effects, which agreed with the XRD results.
Other authors also reported the disintegration of the granular structure of starch subjected
to reactive extrusion [29,46,47].

In addition to the extrusion process, the hydrolytic action of CA and TA can also
favor the breakdown of starch granules [15,20]. All samples presented several pores on
their surfaces (Figure 3); however, the SC20 and ST20 samples presented more compact
structures, which can occur because the higher acid concentration possibly resulted in a
lower viscosity of these samples during extrusion, yielding more homogeneous structures.
The presence of pores can be interesting in the case of superabsorbent hydrogels for use in
agriculture because they can facilitate the entry of water into their structure. According to
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Duquette et al. [20], starch hydrogels prepared by reaction with itaconic acid and CA in
aqueous medium present highly irregular surfaces with the presence of pores, which can
favor the diffusion of solvent and ions inside the hydrogel matrix, and additionally can
favor trap particles by physical entrapment.

3.5. Water Holding Capacity (WHC)

WHC is the capacity of the sample to absorb and hold water in its polymeric net-
work [48]. Native cassava starch presented the lowest WHC (1.84 g/g) value (Table 1).
The S0 sample (extruded without reagent) and all crosslinked starch hydrogels presented
significant improvements in WHC values (Table 1).

WHC depends on the presence of hydrophilic groups that can absorb and bind water
molecules, leading to more swollen materials. Hydrophilic functional groups on the starch,
CA and TA chains can form hydrogen bonds with water, allowing the hydrogels to hold
water without dissolving. During reactive extrusion, the intramolecular bonds and the crys-
talline structure of starch granules were broken, resulting in the weakening of associative
forces between starch chains, increasing the retention of water at low temperature by the
hydrophilic groups that were exposed, which was also reported by other authors [13,33].

The sample with the higher WHC was prepared with 20.0% CA (SC20 sample, Table 1);
also the sample with the higher DS, which is indicative that the starch chains were
crosslinked, resulted in a more reinforced polymeric matrix capable to retain water. Ac-
cording to Lemos et al. [2], modified starches are reinforced by crosslinking the polymeric
chains because of the covalent bonds formed, which improves their capacity to maintain
water in their matrix without dissolving. Butt et al. [36] reported that the introduction of
hydrophilic groups from CA resulted in increased water binding capacity of citrates due to
the insertion of more hydrophilic substituent groups.

Other authors reported a contrary trend, with reductions in water holding capacity in
crosslinked starch samples obtained by reactive extrusion with CA [13] and they reported
that at a sufficiently high DS, it is difficult for water to penetrate into the starch citrate.
Probably, in this study, the DS were not high enough to prevent the water to penetrate into
the hydrogel internal structure.

The S0 sample (extruded without reagents) presented a WHC value of 4.99 g/g, a
value that was higher than that presented by the crosslinked sample with CA 2.5, and
similar to those presented by SC5, ST2.5 and ST5 (Table 1). During extrusion, the granular
and semicrystalline structure of starch was destroyed, as observed by XRD and SEM,
resulting in materials with lower crystallinity, which certainly contributed to the increase
in the WHC of this sample. Heebthong and Ruttarattanamongkol [33] reported that the
thermomechanical energy from the extrusion process results in disruption of the starch
molecular arrangement and that water can be transferred easily into its internal structure.

3.6. Swelling Power at Different Times and Temperatures

The swelling power of samples is shown in Figure 4. It can be observed that the
swelling of native starch was significantly lower than those of the S0 and samples crosslinked
with CA and TA at all swelling times. The swelling of hydrogels crosslinked with CA
after 1 h ranged from 3.1 (SC2.5) to 4.2 g/g (SC20), while the hydrogels crosslinked with
TA ranged from 2.9 g/g (ST2.5) to 3.7 (g/g) (ST20). For all samples, the increase in time
from 1 to 24 h resulted in samples with significantly higher swelling values (Figure 4), and
between 24 and 48 h the swelling degree stabilized.

After 48 h of immersion in water, the higher values were 8.7 and 8.1 g/g for SC20
and ST20 samples, resulting in 870 and 810% of water retention, respectively, suggesting
that crosslinked samples can swell and retain water at room temperature. Batista et al. [49]
reported that superabsorbent hydrogels can absorb over 100% and up to thousands of
times their dry weight in water, and they can be driven for several applications, including
agriculture, drug delivery, food packaging, or as adsorbent materials to decontaminate soil
and water, between others [3,18,20,49].
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Figure 4. Effect of time on swelling of native starch, the control sample (extruded without reagent)
and starch hydrogels obtained by reactive extrusion through reaction with CA and TA. Different
letters indicate significant difference between means by Tukey’s test (p ≤ 0.05).

The high concentrations of CA and TA improved granule swelling due to better starch
hydration, and samples SCA.20 and STA.20 also showed higher DS values (0.36 and 2.85, re-
spectively). During reaction with 20.0% CA and TA, the starch acquires a three-dimensional
matrix, which possibly results in individual chains that repel each other due to steric
hindrance, as crosslinked starch derivatives try to exist in the lowest and most stable
state. The repulsion between the chains can increase the capacity for expansion without
dissolving, preserving the structure of the material [11,46]. Duquette et al. [20] reported
that the amount of CA in starch hydrogels affects the swelling by acting as a crosslinking
agent ensuring the stability of their swollen structure, and also by acting as a source of
hydrophilic functional groups.

When the temperature was evaluated, all the samples presented significant increases
in their swelling with increases in temperature from 10 to 55 ◦C (Figure 5). Hung et al. [50]
reported the increase in swelling of CA-crosslinked rice starches with increasing temper-
ature. Samples obtained through reaction with 20.0% CA and TA presented the higher
swelling values at all temperatures.

After 48 h of immersion in water at 25 ◦C, the S0 sample presented a swelling value
of 7.5 g/g, a value that was higher than those presented by the crosslinked samples with
CA and TA at 2.5 and 5.0% (Figure 4), which had the lowest swelling capacity values.
During extrusion, the starch granules are subjected to high temperature and pressure, and
the hydrogen bonds and the crystal structure are broken, resulting in disruption of their
granular structure. The free hydroxyl groups of starch chains when in contact with water
can form hydrogen bonds and swell [35,51]. Similar results have also been described by
Monroy et al. [42], who observed that ultrasound-modified starches lose their crystallinity
and present increased swelling values.
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Figure 5. Effect of temperature on swelling of native starch, the control sample (extruded without
reagent) and starch hydrogels obtained by reactive extrusion through reaction with CA and TA.
Different letters indicate significant difference between means by Tukey’s test (p ≤ 0.05).

4. Conclusions

Reactive extrusion was effectively used for the production of cassava starch hydrogels
through reaction with two crosslinking agents, CA and TA. Evidence for the occurrence
of chemical modification was verified by FTIR spectroscopy with the appearance of a
new band at 1730 cm−1, resulting in materials with different degrees of substitution,
which were higher for hydrogels obtained by crosslinking with CA. XDR showed that the
starch crystalline structure was broken during reactive extrusion, and morphology analysis
showed that the original granular structure of starch was lost and replaced with a rougher
and more irregular structure, which resulted in hydrogels with higher water holding
capacity than native starch and the control sample (extruded without the crosslinking
agents). Hydrogel samples obtained with the highest CA or TA concentrations (15.0 and
20.0%) resulted in the higher DS values and water holding and swelling capacities.

Reactive extrusion was effective in obtaining starch hydrogels by reaction with organic
acids, with the advantages of reduced processing time and low effluent generation when
compared to conventional processes, with great possibilities to be adapted to an industrial
scale, expanding the potential of starch hydrogels for several applications, including the
obtainment of food-grade products.
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and their derivatives: A review. Molecules 2015, 20, 19554–19570. [CrossRef]
19. Miskeen, S.; Hong, J.S.; Choi, H.D.; Kim, J.Y. Fabrication of citric acid-modified starch nanoparticles to improve their thermal

stability and hydrophobicity. Carbohydr. Polym. 2021, 253, 117242. [CrossRef]
20. Duquette, D.; Nzediegwu, C.; Portillo-Perez, G.; Dumont, G.M.; Prasher, S. Eco-Friendly synthesis of hydrogels from starch, citric

acid, and itaconic acid: Swelling capacity and metal chelation properties. Starch-Staerke 2020, 72, 1900008. [CrossRef]
21. Alimi, B.A.; Workneh, T.S. Structural and physicochemical properties of heat moisture treated and citric acid modified acha and

iburu starches. Food Hydrocoll. 2018, 81, 449–455. [CrossRef]
22. Farhat, W.; Venditti, R.; Mignard, N.; Taha, M.; Becquart, F.; Ayoub, A. Polysaccharides and lignin based hydrogels with potential

pharmaceutical use as a drug delivery system produced by a reactive extrusion process. Int. J. Biol. Macromol. 2017, 104, 564–575.
[CrossRef] [PubMed]

23. Hong, J.S.; Chung, H.J.; Lee, B.H.; Kim, H.S. Impact of static and dynamic modes of semi-dry heat reaction on the characteristics
of starch citrates. Carbohydr. Polym. 2020, 233, 115853. [CrossRef] [PubMed]

24. Kapelko-Zeberska, M.; Buksa, K.; Szumny, A.; Zieba, T.; Gryszkin, A. Analysis of molecular structure of starch citrate obtained by
a well-stablished method. LWT. 2016, 69, 334–341. [CrossRef]

49



Polysaccharides 2022, 3

25. Srikaeo, K.; Hao, P.T.; Lerdluksamee, C. Effects of heating temperatures and acid concentrations on physicochemical properties
and starch digestibility of citric acid esterified tapioca starches. Starch-Staerke 2019, 71, 1800065. [CrossRef]

26. Zhou, J.; Tong, J.; Su, X.; Ren, L. Hydrophobic starch nanocrystals preparations through crosslinking modification using citric
acid. Int. J. Biol. Macromol. 2016, 91, 1186–1193. [CrossRef]

27. Cai, C.; Wei, B.; Tian, Y.; Ma, R.; Chen, L.; Qiu, L.; Jin, Z. Structural changes of chemically modified rice starch by one-step reactive
extrusion. Food Chem. 2019, 288, 354–360. [CrossRef]

28. Lipatova, I.M.; Yusova, A.A. Effect of mechanical activation on starch crosslinking with citric acid. Int. J. Biol. Macromol. 2021, 185,
688–695. [CrossRef]

29. Cai, C.; Tian, Y.; Yu, Z.; Sun, C.; Jin, Z. In vitro digestibility and predicted glycemic index of chemically modified rice starch by
one-step reactive extrusion. Starch-Staerke 2019, 72, 1900012. [CrossRef]

30. Gutiérrez, T.J.; Valencia, G.A. Reactive extrusion-processed native and phosphated starch-based food packaging films governed
by the hierarchical structure. Int. J. Biol. Macromol. 2021, 172, 439–451. [CrossRef]

31. González-Seligra, P.; Goyanes, S.; Famá, L. Effect of the Incorporation of Rich-Amylopectin Starch Nano/Micro Particles on the
Physicochemical Properties of Starch-Based Nanocomposites Developed by Flat-Die Extrusion. Starch-Stärke 2022, 74, 2100080.
[CrossRef]

32. Formela, K.; Zedler, L.; Hejna, A.; Tercjak, A. Reactive extrusion of bio-based polymer blends and composites—Current trends
and future developments. Express Polym. Lett. 2018, 12, 24–57. [CrossRef]

33. Heebthong, K.; Ruttarattanamongkol, K. Physicochemical properties of cross-linked cassava starch prepared using a pilot-scale
reactive twin-screw extrusion process (REX). Starch-Staerke 2016, 68, 528–540. [CrossRef]

34. Gil-Giraldo, G.A.; Mantovan, J.; Marim, B.M.; Kishima, J.O.F.; Mali, S. Surface modification of cellulose from oat hull with citric
acid using ultrasonication and reactive extrusion assisted processes. Polysaccharides 2021, 2, 218–233. [CrossRef]

35. Cheetham, N.W.H.; Tao, L. Variation in crystalline type with amylose content in maize starch granules: An X-ray powder
diffraction study. Carbohydr. Polym. 1998, 36, 277–284. [CrossRef]

36. Butt, N.A.; Ali, T.M.; Hasnain, A. Rice starch citrates and lactates: A comparative study on hot water and cold water swelling
starches. Int. J. Biol. Macromol. 2019, 127, 107–117. [CrossRef]

37. Yoshimura, T.; Matsuo, K.; Fujioka, R. Novel biodegradable superabsorbent hydrogels derived from cotton cellulose and succinic
anhydride: Synthesis and characterization. J. Appl. Polym. Sci. 2006, 99, 3251–3256. [CrossRef]

38. Namazi, H.; Dadkhah, A. Convenient method for preparation of hydrophobically modified starch nanocrystals with using fatty
acids. Carbohydr. Polym. 2010, 79, 731–737. [CrossRef]

39. Seidel, C.; Kulicke, W.M.; Heß, C.; Hartmann, B.; Lechner, M.D.; Lazik, W. Influence of the cross-linking agent on the gel structure
of starch derivatives. Starch-Staerke 2001, 53, 305–310. [CrossRef]

40. Hasanin, M.S. Simple, economic, ecofriendly method to extract starch nanoparticles from potato peel waste for biological
applications. Starch-Staerke 2021, 73, 2100055. [CrossRef]

41. Minakawa, A.F.K.; Faria-Tischer, P.C.; Mali, S. Simple ultrasound method to obtain starch micro- and nanoparticles from cassava,
corn and yam starches. Food Chem. 2019, 283, 11–18. [CrossRef] [PubMed]

42. Monroy, Y.; Rivero, S.; García, M.A. Microstructural and techno-functional properties of cassava starch modified by ultrasound.
Ultrason. Sonochem. 2018, 42, 795–804. [CrossRef] [PubMed]

43. Zobel, H.F. Molecules to Granules: A Comprehensive starch review. Starch-Stärke 1998, 40, 44–50. [CrossRef]
44. Biduski, B.; Silva, W.M.F.; Colussi, R.; Halal, S.L.; El, M.; Lim, L.T.; Dias, A.R.G.; Zavareze, E. Starch hydrogels: The influence of

the amylose content and gelatinization method. Int. J. Biol. Macromol. 2018, 113, 443–449. [CrossRef] [PubMed]
45. Borges, A.F.; Silva, C.; Coelho, J.F.J.; Simões, S. Oral films: Current status and future perspectives: I—Galenical development and

quality attributes. J. Control. Release. 2015, 206, 108–121. [CrossRef]
46. Fonseca-Florido, H.A.; Soriano-Corral, F.; Yañez-Macías, R.; González-Morones, P.; Hernández-Rodríguez, F.; Aguirre-Zurita, J.;

Ávila-Orta, C.; Rodríguez-Velázquez, J. Effects of multiphase transitions and reactive extrusion on in situ thermoplasticiza-
tion/succination of cassava starch. Carbohydr. Polym. 2019, 225, 115250. [CrossRef]

47. Murúa-Pagola, B.; Beristain-Guevara, C.I.; Martínez-Bustos, F. Preparation of starch derivatives using reactive extrusion and
evaluation of modified starches as shell materials for encapsulation of flavoring agents by spray drying. J. Food Eng. 2009, 91,
380–386. [CrossRef]

48. Mehfooz, T.; Ali, T.M.; Ahsan, M.; Abdullah, S.; Hasnain, A. Morphological, functional and thermal characteristics of
hydroxypropylated-crosslinked barley starches. J. Food Meas. Charact. 2021, 15, 237–246. [CrossRef]

49. Batista, R.A.; Espitia, P.J.P.; Quintans, J.S.S.; Freitas, M.M.; Cerqueira, M.A.; Teixeira, J.A.; Cardoso, J.C. Hydrogel as an alternative
structure for food packaging systems. Carbohydr. Polym. 2019, 205, 106–116. [CrossRef]

50. Hung, P.; Van, V.; Vien, N.L.; Lan, N.T. Resistant starch improvement of rice starches under a combination of acid and heat-
moisture treatments. Food Chem. 2016, 191, 67–73. [CrossRef]

51. De Graaf, R.A.; Broekroelofs, A.; Janssen, L.P.B.M. The acetylation of starch by reactive extrusion. Starch-Staerke 1998, 50, 198–205.
[CrossRef]

50



Citation: Marano, S.; Laudadio, E.;

Minnelli, C.; Stipa, P. Tailoring the

Barrier Properties of PLA: A

State-of-the-Art Review for Food

Packaging Applications. Polymers

2022, 14, 1626. https://doi.org/

10.3390/polym14081626

Academic Editors: Alexey Iordanskii,

Valentina Siracusa, Michelina Soccio

and Nadia Lotti

Received: 20 March 2022

Accepted: 8 April 2022

Published: 18 April 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

polymers

Review

Tailoring the Barrier Properties of PLA: A State-of-the-Art
Review for Food Packaging Applications

Stefania Marano 1,*, Emiliano Laudadio 1, Cristina Minnelli 2 and Pierluigi Stipa 1

1 Department of Science and Engineering of Matter, Environment and Urban Planning,
Marche Polytechnic University, 60131 Ancona, Italy; e.laudadio@staff.univpm.it (E.L.);
p.stipa@staff.univpm.it (P.S.)

2 Department of Life and Environmental Sciences, Marche Polytechnic University, 60131 Ancona, Italy;
c.minnelli@staff.univpm.it

* Correspondence: s.marano@staff.univpm.it

Abstract: It is now well recognized that the production of petroleum-based packaging materials has
created serious ecological problems for the environment due to their resistance to biodegradation. In
this context, substantial research efforts have been made to promote the use of biodegradable films as
sustainable alternatives to conventionally used packaging materials. Among several biopolymers,
poly(lactide) (PLA) has found early application in the food industry thanks to its promising properties
and is currently one of the most industrially produced bioplastics. However, more efforts are
needed to enhance its performance and expand its applicability in this field, as packaging materials
need to meet precise functional requirements such as suitable thermal, mechanical, and gas barrier
properties. In particular, improving the mass transfer properties of materials to water vapor, oxygen,
and/or carbon dioxide plays a very important role in maintaining food quality and safety, as the
rate of typical food degradation reactions (i.e., oxidation, microbial development, and physical
reactions) can be greatly reduced. Since most reviews dealing with the properties of PLA have mainly
focused on strategies to improve its thermal and mechanical properties, this work aims to review
relevant strategies to tailor the barrier properties of PLA-based materials, with the ultimate goal of
providing a general guide for the design of PLA-based packaging materials with the desired mass
transfer properties.

Keywords: PLA; barrier properties; food packaging; nanoconfinement; biocomposites; clay nanopar-
ticles; copolymers; molecular dynamics

1. Introduction

The increasing use of petroleum-based plastics has raised serious environmental issues
closely related to their resistance to biodegradation. In the specific case of materials used
in packaging, food-contaminated plastics cannot be recycled, so significant amounts of
non-degradable material are constantly accumulating in the natural environment and
landfills [1]. In this context, growing research interest is directed toward a greater use
of renewable resources for the production of bio-based polymers with certain desired
functionalities that are, at the same time, fully biodegradable and recyclable [2]. Among a
large number of biopolymer candidates, environmentally friendly thermoplastic polylactide
(PLA), derived from renewable agro-resources, has certainly attracted much attention due
to its promising attributes for packaging applications. These include biotic and non-
biotic degradability, clarity, stiffness, low-temperature heat sealability, GRAS (Generally
Recognized as Safe) status as well as suitable barrier properties to flavors and aromas, which
have made PLA the most widely produced bioplastic at present for certain biological food
contact applications [3]. For instance, BiotaTM PLA-bottled water, NobleTM PLA-bottled
juices, and DannonTM yogurts are the main PLA-based packaging examples available on
the market.
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In this context, however, it should be noted that not all PLA grades are suitable for
packaging applications, as the properties of PLA strongly depend on the physical state of
the polymer, which in turn is primarily influenced by the stereochemistry, composition, and
molecular weight of PLA. In fact, lactide (the cyclic dimer of the chiral lactic acid moiety)
exists in three diastereoisomeric forms such as L-lactide, D-lactide, and meso-lactide, whose
polymerization via a ring-opening reaction (ROP) affords several different PLA grades [4].
Optically pure PLA such as isotactic poly(L-lactide) (PLLA) and poly(D-lactide) (PDLA) are
crystalline in nature with a melting point around 180 ◦C, while atactic poly-(meso-lactide)
(PDLLA) is a fully amorphous material with a glass transition temperature of 50–57 ◦C.
Depending on the ratio of optically active L- and D,L-monomers, it is possible to tune the
amorphous and crystalline content of PLA and thus its properties. Detailed information
on this subject can be found by interested readers in [5,6]. In addition, it has been widely
reported that other factors such as the chain orientation and crystal packing of PLA also
affect the crystallinity content, crystal thickness, spherulite size, and morphology, which in
turn can strongly influence the final polymer properties [7].

PLA samples with the highest content of amorphous regions and low molecular
weight (MW) are not used in packaging as they are less thermally stable and degrade
much faster than their enantiomerically pure counterparts with high MW PLA (PLDA
or PLLA) [8]. However, as shown in Table 1, even the highest performing PLA grades
with the highest degree of crystallinity (typically PLA with 96–99% L-lactide) are not good
enough to extend the applicability of PLA in packaging. They show relatively poor barrier
performance as well as poor heat resistance and brittle fracture behavior compared to
conventional petroleum-based plastics [9–11]. In terms of mass transfer properties, PLA
exhibits moderate permeability (P) values for oxygen (O2) and carbon dioxide (CO2), which
are higher than those of polyhydroxy butyrate-co-valerate (PHBV), polyvinylidene chloride
(PVDC), ethylene vinyl alcohol (EVOH), polyethylene terephthalate (PET), and polyvinyl
alcohol (PVOH), but mostly lower than those of the other polymers. However, with the
exception of PVOH and EVOH, PLA has a very high PWater compared to the other polymers,
which also limits applications that require a high barrier to water vapor.

While most recent review articles have focused on the functional properties of PLA
materials (i.e., mechanical and thermal properties) [12–16], there are no studies that have
provided a comprehensive understanding of PLA barrier performance and reported the
available methods to improve it. Therefore, this review provides a critical overview of
recent strategies to improve the barrier properties of PLA-based plastics, focusing on the
approaches that have the least environmental impact. These include crystallization and
orientation, crystal modifications, blending with other impermeable biopolymers and/or
nanofillers, and co-polymerization. In addition, this review presents several models for
predicting the permeability of PLA-based plastic films through a molecular dynamics
simulation approach (MD). To provide an overview of the strategies used by researchers,
this review begins with a brief introduction to the key parameters used to characterize gas
transport properties in polymer films and ends with a summary and outlook on the design
of PLA-based packaging materials with the desired mass transfer properties.
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Table 1. Comparison of the main barrier (permeability coefficient for O2, water, and CO2 in
Kg·m·m−2·s−1·Pa−1) and the thermal and mechanical properties of polymers used in food packaging.

Polymer *
Crystallinity
Content (%)

PO2
a PWater

b PCO2
c Tdeg

d Onset
(◦C)

Tensile
Strength

(MPa)

Young
Modulus

(GPa)

Elongation
at Break (%)

Ref.

PLA 0–40 310 ± 150 161 ± 41 2811 ± 842 270 20–70 3.1–4.8 3.6–8.8 [9,12,13,17–20]
PHBV 40–60 1.1–3.2 15–24 14–40 230 35–40 3.6–5.2 4–970 [21–23]

PP 30–60 1790 312 10,500 335–450 31–48 0.2–1.4 550–1000 [20,24,25]
PET 17–40 35.9 7.8 35.9 406 45 2.7–4.1 335 [20,24–29]
PVC 10 449 16.5 247 250 4–23 2.7–3.0 200–240 [20,30–33]

PVDC 40–50 0.1–0.3 1.2–7.3 2.3–12 130 25–110 1.2–1.8 30–80 [34–36]
PVOH 15 0.7–9.5 430–840 18.2 200 31 0.08–0.7 57–122 [20,37–42]
EVOH 58–70 0.5–7.1 320–560 5.1–14.3 397 55–65 0.4–1.2 100–225 [38,43,44]
LDPE 47 3100 5.5 18,600 395 33 0.3–0.6 1075 [20,45–49]
HDPE 74 424 2.1 538 389 16–21 0.5–1.2 10.7–13.7 [20,48,50,51]

* PHBV, polyhydroxy butyrate-co-valerate; PP, polypropylene; PET, polyethylene terephthalate; PVC, polyvinyl
chloride; PVDC, polyvinylidene chloride; PVOH, polyvinyl alcohol; EVOH, ethylene vinyl alcohol; LDPE, low-
density polyethylene; HDPE, high-density polyethylene. a Oxygen permeation coefficient (P): P × 10−20 Kg m

m2s Pa ;
b Water vapor permeation coefficient (P): P × 10−16 Kg m

m2s Pa ; c Carbon dioxide permeation coefficient (P):

P × 10−20 Kg m
m2s Pa ; d Onset of degradation temperature measure by thermogravimetric analysis.

2. Concept of High Gas Barrier Material: Fundamentals of Permeation and Diffusion

The term ‘barrier’ refers to the inherent ability of a material to allow the exchange
or permeation of low molecular weight chemical species such as gases, water vapor, and
certain organic compounds (aroma molecules) [52]. This capability is extremely important
in the food packaging industry, as the most important function of any packaging system is
to maintain the quality and safety of the contents. In fact, foods are chemically unstable
by nature and therefore need to be protected from various spoilage possibilities, lipid
oxidation, and microbial contamination being the main causes of their deterioration [53].
Therefore, polymeric materials intended for use in many packaging applications must form
a “high barrier” (i.e., they must prevent the penetration of substances from the packaging
environment into the food and vice versa) as much as possible. The gases typically involved
in food packaging are oxygen, water vapor, and carbon dioxide, and the corresponding
permeability rates are known as O2TR, WVTR, and CO2TR, respectively.

It is well-known that permeation of low molecular weight chemicals through a non-
porous polymer matrix occurs via a combination of two processes (e.g., solution and
diffusion). Figure 1 shows that gas molecules are first dissolved on one side of the polymer
film, followed by molecular diffusion to the other side (postulated by Thomas Graham
in 1866) [54]. These processes, can therefore be described by a simple solution–diffusion
mechanism using Henry and Fick’s laws, which can be formally expressed in terms of
permeability P, solubility S, and diffusion D, according to Equation (1):

P = D·S =
J·d
Δp

=
amount · material thikness

sur f ace area · time · pressure di f f erence
=

[cm3] (SATP) [cm]

[cm2] [s] [Pa]
(1)

where J is the amount of material transported per unit time through a unit area with
thickness d at standard ambient temperature and pressure (SATP; 298.15 K and 105 Pa) and
Δp is the constant partial pressure difference between both sides of the polymer matrix [55].
Therefore, the magnitude of permeability is determined by the diffusion rate (D), which
is a kinetic parameter, and the solubility (S), a thermodynamic parameter related to the
amount of permeate sorbed by the polymer membrane. In the specific field of packaging,
it is worth noting that the permeability p values at different locations in a package can
vary greatly and are only an approximate estimate of the actual overall permeability. This
could be attributed to different material thicknesses of the walls and seals, multilayer
compositions, and/or the presence of defects (i.e., pores or leaks). Therefore, it is critical
to more accurately calculate the overall permeability Q of the package using the flux J,
according to Equation (2) [36]:

Q = ∑n
i Pidi = ∑n

i Ai Ji (2)

53



Polymers 2022, 14, 1626

Figure 1. Schematic representation of the general mechanism of the permeation of small molecules
through semicrystalline polymers.

Q is thus the sum of the permeability values Pi for each individual packaging com-
ponent i relative to its wall thickness di. Based on Equation (1), this is equal to the sum of
the corresponding flux Ji multiplied by the surface area Ai of the component. In practice,
there are several methods for measuring the permeability of plastics in the form of films,
sheets, laminates, co-extrusions, or plastic-coated materials, all of which are published by
standards organizations such as the American Society for Testing Materials (ASTM Interna-
tional) and the International Organization for Standardization (ISO) [56]. These include the
isostatic method [20] (also known as the continuous-flow method) and the quasi-isostatic
method [57] (also known as the lag-time or constant-volume/variable-pressure method).
In the latter method, a polymer film is exposed to the permeant on one side and the concen-
tration is accumulated to values below 5 wt% on the other side. The samples are quantified
at specific time intervals to produce a graph showing the amount of permeant versus time.
The intercept of the x-axis is taken from the steady-state portion of the graph. This is the
lag time (tθ) used to estimate D as follows:

tθ =
L2

6D
(3)

when the permeation is in a steady-state, P can be estimated from the slope of the linear
part of the permeation plot.

For semicrystalline polymers (e.g., PLA), transport properties are generally evaluated
using a two-phase model that identifies an impermeable crystalline phase and a permeable
amorphous matrix [58]. According to this model, sorption can only occur in the amorphous
regions as the denser crystalline organization makes it difficult for the permeant molecules
to reach the sorption sites due to limited mobility. However, deviations from this simpli-
fied model have been reported [59–63] because, in addition to crystallinity/amorphous
fraction, permeation can be influenced by other intrinsic and/or extrinsic factors such as
crystal architecture, polarity, polymer microstructure, chain packing, amorphous phase
morphology, presence of additives, and environmental conditions (i.e., temperature and
relative humidity) [64,65].

In light of developing highly efficient and economically viable PLA-based packaging
materials, the main approaches to optimize the transport properties of PLA including
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molecular dynamics simulations are presented below to identify the main factors that
determine the permeability performance of the material.

3. PLA Morphology Modifications

3.1. Degree of Crystallinity and Crystal Polymorphism

It is well-established that the degree of crystallinity affects a variety of polymer prop-
erties including gas and/or water vapor permeability behavior. In fact, the crystalline
phase is highly ordered, aligned, and denser than the amorphously oriented phase, which
does not exhibit repeating patterns in the solid state. Common film-forming polymers
used in packaging are semi-crystalline polymers (e.g., PET, PP, polyethylene (PE), PVDC,
polyamide (PA), and EVOH), in which both the amorphous and crystalline regions coexist
within the polymer matrix. Since gas diffusion through polymers is primarily controlled by
the packing mode of the molecular chain segments, it is generally assumed that ordered
crystalline domains should act as an effective barrier to the diffusion of gases and small
molecules, making the amorphous phase the only pathway available for permeation [66].
Moreover, penetrants cannot sorb in crystalline structures because their solubility coef-
ficients are lower compared to those of their amorphous counterparts [67,68]. For this
reason, a high degree of crystallinity is particularly desirable for polymers intended for the
food packaging industry [69,70]. Therefore, in a similar way to many other semicrystalline
polymers, an increase in the degree of crystallinity in PLA should result in a decrease in
the permeability of most low molecular weight compounds. As previously mentioned, the
degree of crystallinity of PLA can be easily tuned by polymerizing a controlled mixture
of the L-, D-, and meso-lactide. Depending on the isomer ratio, PLA can be fully amor-
phous or semicrystalline and the more optically pure polymers display higher crystallinity
fractions because of higher chain symmetry. In particular, the degree in crystallinity (Xc)
increases as L-lactide increases, except for PLA 50% L-lactide and 80% L-lactide, which both
present 0% of Xc [9]. Alternatively, a higher degree of crystallinity can also be obtained by
post-processing corona treatment and drawing (i.e., uniaxial or biaxial orientation of amor-
phous PLA samples) [71–73]. Xc in polymers is commonly measured using the differential
scanning calorimetry (DSC) technique by dividing the enthalpy of fusion of the studied
samples with the reference enthalpy value for 100% crystalline PLA (93 J/g) [12]. The gas
permeability performance of several PLA grades as a function of crystallinity content has
been widely investigated over the last couple of decades, and a large body of data can be
found in the literature in this regard [73–79]. However, contrary to expectations, there did
not appear to be a clear relationship between PLA barrier performance and its degree of
crystallinity. In particular, the decrease in the gas permeability and water sorption did not
occur linearly or specifically, not to the expected extent, with increasing crystallinity of PLA.
For example, Tsuji and coworkers [78] conducted an in-depth investigation of the effect of
the Xc of various PLA films on their water vapor permeation coefficient (Pwater). PLA raw
polymers were supplied or synthesized by ROP and the resulting samples were solution-
cast to form thin films (thickness of ~50 μm). Films were subsequently made amorphous
by melt quenching and recrystallized at different time and temperature to obtain samples
with Xc ranging from 0 to 35%. Results showed (summarized in Table 2) that the Pwater of
PLLA films decreased monotonically from 2.18 to 1.14×1014 Kg/m/m2/s/Pa as a function
of increasing Xc from 0 to 20%. However, at higher Xc a plateau in the Pwater values was
reached, reporting no further reductions.

Similarly, Drieskens et al. [74] subjected compression-molded (amorphous) PLA sam-
ples to cold crystallization at different temperatures and times to obtain samples with
various Xc and morphologies. They found that at low level of crystallinity (~30–35%), the
oxygen permeability coefficients decreased almost linearly with increasing crystallinity,
while at higher Xc (>40%), the opposite trend was observed. An analogous observation
was reported in the work conducted by Guinault et al. [75], whereby the analysis of mea-
sured oxygen and helium permeability values showed that for crystallinity degrees higher
than around 35%, the diffusion coefficient increased with increasing Xc, confirming the
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poor relationship between crystallinity and barrier properties for PLA. As a last example,
Colomines et al. [79] obtained, from oxygen and helium permeation measurements, com-
parable permeability coefficients between amorphous PLA and semicrystalline PLA film
samples prepared by compression molding, showing that the degree of crystallinity does
not appear to have any effects on PLA permeability behavior.

Table 2. Water vapor permeation coefficient (Pwater) of PLA films measured at 25 ◦C as a function of
degree of crystallinity (Xc) and crystallization time. Data taken from [78].

XL
a (%) Crystallization Time b (min) XC

c (%) P × 1014 (Kg m/m2/s/Pa)

72.2 0 0 1.90
50 0 0 1.95

99.7 0 0.6 2.08
99.4 0 0.7 2.18
99.4 0 1 1.91
99.4 5 5.7 1.90
99.4 7.5 19.1 1.14
99.4 10 32 0.99
99.4 12.5 34.9 1.04

a L-lactyl unit content XL of P(LLA-DLA). b Crystallization time equal to 0 means that the specimens were
melt-quenched. c Crystallinity content obtained from the DSC first run.

These studies and other similar ones suggest that the barrier properties of PLA might
be less dependent on the crystalline content than expected and the effect of the resulting
post-processing PLA microstructures should be further explored in relation to their different
permeability behaviors. In this context, some investigations have attempted to find a
correlation between the barrier properties and potential PLA crystal structure modifications.
In fact, depending on processing conditions, PLA can crystallize in up to four polymorphs:
α, β, γ, and the more recently reported α′ (or otherwise known as δ) form [80]. Among all,
the α form, obtained by simple crystallization from the melt at high temperature, is the most
stable polymorph. β and γ forms are obtained in more extreme or special conditions such as
employing high energy stretching of the α form at high temperature (β form) or conducting
crystallization on the hexamethylbenzene substrate (γ form) [81]. However, the α′ form
reported by Zhang et al. [82] was obtained at low crystallization temperature and the
resulting crystal structure was found to differ only slightly from the α structure. By simply
changing the crystallization temperature from low to high values, it is therefore possible to
obtain samples containing PLA in either the pure α form or α′ form, or a mixture of the
two polymorphs in the same system. Differences between the α and α′ forms lie only in
their chain packing mode, whereby the larger lattice dimension and the weaker interchain
interactions make the α′ form somewhat more disordered compared to the α form. This
peculiar difference in the packing conformation between the two crystal microstructures
may affect the barrier properties of processed PLA samples. Cocca et al. [83] undertook
this investigation by subjecting a series of compression-molded PLA samples to different
crystallization temperatures ranging from 85 up to 165 ◦C. Based on the wide angle X-ray
(WAXD) results, the heating treatment afforded PLA samples with different α/α′ ratios:
samples in the pure α form (Tc > 145 ◦C), samples in the pure α′ (Tc < 95 ◦C) form, and
samples containing a mixture of both crystal structures (105 ◦C < Tc < 125 ◦C). Figure 2A–C
shows the estimated fractions of the α form in PLA compression-molded films and the
related optical micrographs after cold crystallization as well as the corresponding water
vapor permeability of crystallized films as a function of Xc. The water vapor permeability
behavior of PLLA films showed a clear dependence on the crystal conformation. In
particular, samples uniquely containing the α′ form showed the maximum permeability
value, which started to progressively decrease with larger ratios of α to α′ content until the
minimum value was reached for samples containing only the α form. Similar results were
also observed in another following study [75]. This clearly indicates that the molecular
packing mode strongly influences the permeability behavior of PLA and caution should be
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paid in choosing appropriate crystallization conditions to favor the formation of the more
impermeable α crystal structure.

Figure 2. (A) Water vapor permeation estimated fraction of the α form in PLLA films; (B) optical mi-
crographs of compression molded PLLA films after cold crystallization; (C) water vapor permeability
of PLLA films crystallized as a function of degree of crystallinity. Adapted from [83] with permission
from Elsevier. Copyright © 2011.

3.2. Amorphous Phase Conformation

Besides the crystallinity content and crystal conformations, the amorphous phase dynamics
and particularly its degree of coupling with the crystalline phase have been reported to play
an important role in the barrier properties of many polymeric materials [68,84–87]. In fact, as
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displayed in Figure 3, the amorphous regions in semicrystalline polymers (i.e., PLA) are
typically affected by constraints imposed by the crystalline regions, which identify two
different amorphous phases: the “free” mobile amorphous fraction (MAF) and the more
rigid amorphous fraction (RAF) [88–90].

Figure 3. Schematic representation of the arrangement of crystalline, rigid amorphous and mobile
amorphous fractions.

The latter does not relax as it is confined by crystalline lamellas in such a way that the
amorphous phase chain mobility is greatly reduced. This creates an excess of free volume
attributed to a de-densification effect [91]. For this reason, this particular constrained
amorphous region appeared to have a more important role on PLA permeability behavior
compared to the crystalline fraction content [61,74,77,87]. For example, Drieskens et al. [74]
investigated the potential correlation between the morphology of isotropic PLA (mod-
ified by cold crystallization at different temperatures and times) and changes in PLA
oxygen transport characteristics (permeability, diffusion and solubility). Amorphous PLA
samples were obtained by direct quenching from the melt and subsequently annealed
at the corresponding crystallization temperature (Tc) for different times (from 10 min up
to 24 h). Following isothermal crystallization, different PLA crystal morphologies were
reported, and the resulting microstructures characterized using DSC, electronic, and op-
tical microscopy. In accordance with previous results, at low crystallinity increment, gas
permeability was reduced due to an increase in the number and size of crystals, which
in turn, increased the tortuosity of the transport path. However, at higher crystallinity
contents, when the polymer matrix was completely filled with crystals, the glass transition
fully shifted to higher temperatures, indicating that a constrained amorphous phase (RAF)
was formed during PLA crystallization. By measuring the thermodynamic gas solubility
component, it was observed that samples containing increasing amounts of the RAF frac-
tion showed much higher gas solubility values. This was ascribed to be the major cause
of plateauing in the permeability behavior at higher crystallinity levels. In line with these
results, Guinault and coworkers [77] undertook an in-depth study to further elucidate the
relationship between gas properties, crystallinity (ranging from ~2 to 61%), and RAF con-
tent (ranging from ~0 to 20%) in twenty PLA film samples. The permeability performance
was analyzed using two model molecular probes: oxygen (‘red sea mechanism’ transport)
and helium (‘fluid like mechanism’ transport). In the first mechanism, the gas transport is
dependent on the volume accessible based on the microstructure of the polymer matrix,
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while the second one, having a much smaller size, behaves more like a “liquid” through the
polymer microvoids. In both the PLLA and PDLA samples, a significant drop in helium
permeability was observed upon crystallization of the fully amorphous extruded samples.
However, when oxygen transport was analyzed, which is more sensitive to the polymer
microstructure, there was only a small reduction in the permeability with increasing crys-
tallinity up to approximately 35% for both sample groups. At higher crystallinity levels, the
permeability to oxygen was observed to increase as a function of increasing RAF fraction.
This anomalous behavior was ascribed to an increase in the overall free volume due to poor
coupling between RAF and the crystalline fraction. This observation was also found in
accordance with a previous study conducted by Del Rio et al. [92], whereby the evolution
of the free volume was measured upon annealing of an amorphous PLLA sample using
positron annihilation lifetime spectroscopy (PALS). This technique allowed for the identifi-
cation of an increase in the free volume within the annealed PLLA matrix due a change in
conformation of the amorphous regions occurring during crystallization: from a folded or
coil conformation in the quenched samples containing exclusively MAF to a more open
conformation in samples containing greater content of RAF and crystalline fraction. While
this change in conformation caused a decrease in the average hole size from 95.7 to 86.5 Å3,
the number of holes significantly increased with higher RAF content, which could explain
a greater overall free volume available for the diffusion of gas molecules after a certain
level of crystallinity is reached in PLA samples. More recently, these results have been fur-
ther investigated and clarified by other authors [61,87]. For example, Fernandes et al. [61]
prepared a set of PLA samples with well-defined microstructures, spherulite size, and RAF
content as a function of crystallization temperature and annealing time. It was observed
that the extent of the formation of RAF in the samples was the preponderant factor gov-
erning the oxygen permeability as the solubility and diffusion coefficients were seen to
increase as a function of higher RAF content. Moreover, it was interesting to note that
samples that were highly nucleated prior to crystallization provided the best results in
terms of oxygen barrier properties, indicating that a pre-nucleation step and the short
crystallization times hinder the formation of RAF. To close the loop, Sangroniz et al. [87],
via a combination of techniques (i.e., PALS, DSC, and density tester), clearly confirmed that
the formation of de-densified RAF in annealed PLA samples increased the free volume as
the polymer chains had a more rigid conformation than in MAF. Moreover, they found that
due to the higher solubility of RAF in water, the overall free volume was further increased
due to the plasticization effect of the water molecules, and therefore both factors would
contribute together to the increase in the permeability values. Overall, all of these studies
reported thus far indicate that an increasingly higher amount of RAF has a detrimental
effect on the PLA barrier properties. To minimize the conversion of MAF into RAF with
time, a pre-nucleation step and short crystallization time at high temperature may be used.

3.3. Polymer Drawing

Another common way to improve the polymeric materials’ barrier properties is
through molecular orientation, whereby a polymer is stretched in either one (uniaxial) or
two (biaxial) predetermined directions (i.e., by extrusion or injection molding). In other
words, orientation involves the use of mechanical and thermal energy to rearrange the
polymer in an oriented position at the molecular level. The reduced gas and vapor per-
meation of oriented semicrystalline polymers is well documented [66,86,93–96], and the
main mechanism involves the transformation from a spherulitic structure (the lamellar
crystals propagate radially from the nucleation site) to a densely packed microfibrillar
conformation (growth of lamellar crystals perpendicular to the direction of strain). This
transformation induces an effective reduction in the diffusion coefficients by increasing
the tortuosity of gas transport paths [66]. In the specific case of PLA, while the use of
molecular orientation has been widely implemented for improving its thermal and mechan-
ical properties, a limited number of papers could be found on how the drawing process
affects its permeability behavior [62,97–99]. One relevant example is the study conducted
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by Delpouve and co-workers [62], whereby the effects of three different drawing modes on
the water permeability properties were investigated on compression-molded PLA films
(Table 3). Samples were subjected to uniaxial constant width (UCW) drawing (films are
drawn only in one longitudinal direction (LD), simultaneous biaxial (SB) drawing (films
are drawn in two perpendicular directions), and sequential biaxial (SEQ) drawing (films
are first drawn in LD then in the transversal direction). The permeability behavior of
the drawn samples was compared to those of fully amorphous and thermally unoriented
crystallized samples. As shown in Table 3, results showed that the water permeability
coefficient (P) of the drawn materials were in all cases lower than the amorphous and the
thermally unoriented crystallized samples, regardless of the drawing modes used. Among
all of the drawn samples, a significant decrease in the permeability coefficient was obtained
with the SB drawn samples, followed by the UCW and SEQ ones. In particular, the water
permeability was observed to decrease from 2.15 ± 0.07 × 10−12 for the amorphous film
(maximum p value) to 1.63 ± 0.07 × 10−12 mol m−1 s−1 Pa−1 for the SB sample (minimum
p value), accounting for about 35% of reduction.

Table 3. Values related to samples’ crystallinity degree (Xc), mobile amorphous phase degree (Xam),
rigid amorphous fraction degree (Xar) as well as permeability coefficient P. Data taken from [62].

PLA Sample XC
a (%) Xam

b (%) Xar
c (%) Pwater

d

Amorphous film 0 100 0 2.15
Thermally crystallized film 31 41 28 2.04

UCW drawn (3 × 1) 28 66 6 2.04
SEQ drawn (3 × 3) 27 70 3 1.97
SB drawn (2 × 2) 13 86 1 1.76
SB drawn (3 × 3) 25 66 9 1.63
SB drawn (4 × 4) 31 62 7 1.63

SB drawn (3 × 3) thermos-fixed 31 59 10 1.70
a Crystallinity degree. b Mobile amorphous phase degree. c Rigid amorphous fraction degree. d Water permeability
coefficient (10−12 mol m−1 s−1 Pa−1).

As shown in Figure 4 (WAXD patterns), the best performance of SB compared to
those obtained via uniaxial or sequential drawing modes was ascribed to the resulting
homogeneous orthotropic structures of the SB drawn films, whereby PLA macromolecules
were oriented perpendicularly to the water diffusion path. Between UCW and SEQ, the
resulting worse performance of SEQ compared to UCW samples was linked to partial
destruction of the crystallites because of the two sequential chain orientations. Likewise,
Dong et al. [99] investigated both the oxygen and water vapor permeability of two types of
uniaxial drawn PLA samples, one simply stretched with a twin-screw extruder system and
the other one was first stretched and then annealed at 90 ◦C for two hours. All samples
were stretched at different draw ratios, namely R = 1, 2, 3.5, 5, and 6.5. While the sample
crystallinity content was seen to increase as a function of draw ratio, the morphological
analysis of the samples’ surfaces indicated that too high a stretching strength (higher than
R = 3.5) promoted the formation of cracks and a porous structure with high permeability
to both gas and water vapor. However, samples with draw ratios up to 3.5 showed
smooth surfaces. Compared to the undrawn PLA films, both the stretched and annealed
samples (at R = 3.5) showed a significant reduction (~25%) in the oxygen and water vapor
permeability. A slightly better performance was obtained with the annealed samples, and
this was attributed to the annealing process, which increased the density of the annealed
PLLA films relative to the simply stretched one. These results confirm that the drawing
process does promote higher barrier properties in PLA films compared to the corresponding
undrawn samples. However, care must be taken in order not to exceed the maximum
tolerated stretch, as this could have a negative impact on both film morphology and
permeability performance.
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Figure 4. WAXD patterns of drawn and thermally crystallized PLA films. Adapted from [62] with
permission from American Chemical Society. Copyright © 2012.

3.4. Nucleating Agents

As widely discussed in the previous paragraphs, the crystallization process and the
resulting crystal size, orientation, and morphology can have a drastic effect on a wide
range of polymer physical properties including the gas and water vapor permeability.
PLA crystallization has been shown to be very slow [100–102], making common polymer
processing operations (i.e., injection molding, extrusion, fiber spinning, melt blowing, etc.),
time-consuming steps for industrial production [103]. One way to speed up these processes
involves the use of effective nucleating agents, which will lower the surface free energy
barrier toward nucleation and thus promote faster crystallization rates. Moreover, depend-
ing on the type, size, and aspect ratio of nucleant particles, preferential crystal orientation
and/or specific crystal superstructures with tailored properties can be obtained [104–108].
Typical nucleating agents for PLA include talc, lactide, montmorillonite, boron nitride,
calcium carbonate, magnesium carbonate, titanium oxide, or graphene oxide, to name
a few. While these have all shown to significantly increase PLA crystallization rate to
a greater or lesser extent [102,109–111], only a few of them have also been found to be
particularly effective in improving its barrier properties through different mechanisms. For
example, Ghassemi et al. [105] demonstrated that the addition of 3 wt% of talc resulted
in a 25–30% decrease in the gas permeability and diffusion coefficients of extruded PLA
films to five different gases (hydrogen, oxygen, dioxide carbon, nitrogen, and methane).
This was ascribed to the plate-like structure of talc that limited gas motion within the PLA
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matrix (increase in the tortuosity). Likewise, Buzarovska et al. [112] demonstrated that the
addition of 5 wt% of talc lowered the water vapor permeability from 6.71 × 10−12 (neat
PLA) to 2.96 × 10−12 mol m/m2 sPa in solution-casted PLA films, resulting in up to 55%
decrease in the overall water permeability compared to neat PLA. Additionally, in this case,
the resulted lower permeability was ascribed to an increase in the diffusion distance and
tortuous path for the permeants and this was correlated to an even distribution of imperme-
able platelet talc particles within the PLA matrix. Another relevant example to tailor PLA
properties is through the stereocomplex (SC) crystallite formation between enantiomeric
PLLA and PDLA, which can be prepared by a simple physical blending route. As shown in
Figure 5A,B, depending on the ratios of PLLA/PDLA, the resulting mix acts as a proper
nucleating agent by promoting simultaneous folding of the two enantiomeric chains in
triangular (for non-equimolar blends) or hexagonal (equimolar mix) shapes [113–116].

Figure 5. (A) SC crystalline lattice; adapted from [115] with permission from Elsevier. Copyright©
2016. (B) Optical microscopy micrographs of different PLLA/PDLA films with PLLA content of 75%
(a,d), 50% (b,e), and 25% (c,f), crystallized at 200 ◦C; reproduced from [116] with permission from
American Chemical Society. Copyright © 2010.

These peculiar conformations offer favorable positions for the polymer loops during
the crystal growth, which in turn, leads to a significant reduction in the induction period
for the formation of highly dense spherulites. Given the advantageous crystallization
process, the potential effects of stereocomplexation on PLA barrier properties were also
investigated [117–121]. For example, Tsuji and Tsuruno [117] found that the water vapor
permeability values of PLLA/PDLA solution-casted stereocomplex-based films (SC-PLA)
were significantly reduced compared to those of the corresponding homopolymers. In
particular, the WVP of SC-PLA was reduced by 14–23% than those of pure PLLA and
PDLA with Xc in the range of 0–30%, indicating that superior barrier properties were
achieved, even for fully amorphous SC-PLA. In a more detailed study, Varol et al. [121]
conducted an in-depth investigation into the effect of PLA stereocomplexation on the
transport properties toward a wider range of permeants (water, nitrogen, oxygen, and
carbon dioxide). The water permeation data revealed a drastic barrier improvement of
up to 70% for SC-PLA with respect to the corresponding homopolymers with the same
Xc content. Moreover, it was interesting to note that the water permeability coefficient
of fully amorphous SD-PLA at 25 ◦C was comparable with those of pure semicrystalline
PLLA and PDLA (Xc = 48%). More interestingly, the gas barrier properties of SC-PLA
toward all gases were exceptionally enhanced compared to both the parent homopolymers.
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For example, the permeability coefficient of pure PDLA and PLLA was seen to decrease
from 339 ± 44 and 71 ± 25, respectively, up to 0.14 ± 0.02 (Barrer) in SC-PLA measured
at the same conditions. Similar trends were observed toward N2 and CO2. The overall
significant improvement in the barrier properties of SC-PLA was attributed to a change
in the crystal conformation from the common α type (pseudo-orthorhombic unit cell with
103-helical chain conformation) of the pure homopolymers to the triangular-like crystal
shape (triclinic unit cell with 31-helical chain conformation) for SC-PLA, which resulted in
a smooth and non-porous polymeric matrix. These results clearly highlight the importance
of the crystal superstructure on the barrier performance of semicrystalline PLA. In line with
this research direction, many authors have reported that the addition of specific nucleating
agents could manipulate the crystal superstructure of polymers [103,122–124]. In particular,
it was recently shown that 1,3,5-benzenetricarboxylamide derivatives (known family of
amide nucleating agents for polypropylene) can tailor the crystal superstructure of PLA,
affording three distinct crystal morphologies by melt crystallization such as cone-like,
shish-kebab, and needle-like structures [103]. As demonstrated by in situ polarized op-
tical microscopy (POM) and rheological measurements, the nucleant easily dissolves in
PLA melt and can self-organize into fine fibrils prior to PLA crystallization. These fibrils
act as shish, from which the peculiar PLA crystal structures are formed, depending on
the amount of nucleant added (0–0.5 wt%). Among all structures, the shish-kebab-like
structure obtained at 0.3–0.5 wt% was further explored (by the same author) as a potential
ideal conformation to enhance the barrier properties of PLA [125]. In fact, as shown in
Figure 6A,B, the epitaxial growth of crystals occurred orthogonally to the long axis, which,
in turn, could form a densely packed wall structure along a vertical direction of the gas
diffusion path. The oxygen permeability results shown in Figure 6C display a drastic im-
provement in the barrier properties of PLA crystallized with increasingly higher amounts
of N,N′,N”-tricyclohexyl-1,3,5-benzene-tricarboxylamide (trade name TMC-328), an ac-
tive model nucleating agent belonging to the 1,3,5-benzenetricarboxylamide derivative
family. The best oxygen permeability value was observed for the PLA sheet containing
0.5 wt% of nucleant (p = 1.989 × 10−20 m3·m/m2 sPa), exhibiting a reduction of about
300× compared to the corresponding parent PLA sheet with isotopic spherulitic crystals
(p = 5.244 × 10−18 m3 m/m2 sPa). In a similar study, comparable results of enhanced bar-
rier properties for PLA due to a shish-kebab-like structure were obtained using a different
active nucleating agent belonging to the benzhydrazide family, namely octamethylene
dicarboxylic dibenzoyl hydrazide (TMC-300) [126]. Like TMC-328, TMC-300 fibrils induced
epitaxial growth of the PLA lamellae orthogonally to their fibrillary direction, affording
“lamellae-barrier walls” stacked perpendicular to the direction of gas diffusion. By em-
ploying a series of layer-multiplying elements at the end of the extrusion setup, multilayer
samples with up to 64 layers were produced. The oxygen permeability coefficient showed
a gradual reduction with increasing layer number of the dense and impermeable “lamellae-
barrier walls”, reaching the lowest value (up to 85.4% decrease) with the 16-layer sample
compared to the control one. This particularly high resistance to gas permeation was asso-
ciated with the highest content of branch fibrils in the 16-layer sample that contributed to a
more regular in-plane arrangement of PLA lamellae. The impact of multilayer formation
on the barrier properties of PLA-based films is further discussed in the following section.
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Figure 6. (A,B) POM and cross-sectional micrograph of crystal morphology for PLA with a nucleating
agent showing an epitaxial growth lamellae and interlocked structure, respectively; (C) Oxygen
permeability coefficient (p) values for all PLA samples as a function of nucleating agent content.
Adapted from [125] with permission from American Chemical Society. Copyright © 2014.

3.5. Nanoconfinement Approach

Another way to improve the performance of packaging materials is based on the
formation of coatings or multilayers [127,128]. In this context, the use of nanotechnology
has recently shown that the formation of nanoscale layers (i.e., nanolayers) can result in
unique crystalline morphologies that can have a profound impact on the barrier properties
of the packaging films [129]. Common technologies for developing these nanostructured
multilayer films include the layer-by-layer (LbL) technique [130], the electrohydrodynamic
processing (EHDP) [131], and the layer-multiplying “forced assembly” coextrusion (Lm-
FAC) method [132]. The latter method, introduced 40 years ago by Dow and recently
updated by Baer’s group, has attracted particular attention because it can control the
crystallization habits of polymers and improve properties not possible with the bulk [129].
Briefly, this technique consists in combining two or three polymers into a continuous al-
ternating layered structure with hundreds or thousands of layers of nanometric thickness.
The molecular and chain organization of the polymers in a confined nanometer-scale space
(ultrathin films) prevents isotropic spherulitic growth of the lamellar crystals, resulting in
unique crystal orientations. As can be seen in Figure 7, these are “on-edge”, where the poly-
mer chains are oriented parallel to the substrate plane, and “in-plane”, where the polymer
chains are oriented perpendicular to the substrate plane [133]. Due to the high-aspect ratio
and peculiar orientation of the highly ordered interlayer lamellae, the latter has led to a
substantial reduction in the gas permeability by several orders of magnitude compared
to their bulk film controls for a wide range of confined/confiner polymers [118,134–136]
including PLA, albeit in a very limited part [137–139]. The general principles of mass
transport in polymeric multilayers have been carefully summarized elsewhere, so we refer
readers to the following articles: [140,141].

The orientation of crystals is undoubtedly a crucial parameter for tailoring barrier
properties and is directly affected by crystallization temperature, film thickness, chain
mobility, and substrate–polymer interactions. However, when PLA was chosen as a model
semicrystalline polymer to study the impact of confinement on barrier properties, the
results showed that the dynamics of the amorphous phase (i.e., the occurrence of RAF in the
multilayer samples) also plays a crucial role in the overall barrier performance [133–137].
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Figure 7. Example of typical AFM phase images of multilayered film cross-section with on-
edge and in-plane orientations. Adapted from [133] with permission from John Wiley and Sons.
Copyright © 2011.

For example, Messin et al. [137] provided new insights into the relationships be-
tween microstructure implying RAF and barrier performances of a 2049-layer film of
poly(butylene succinate-co-butylene adipate) (PBSA) confined against PLA prepared using
LmFAC technology. The content of the multilayer was 80 wt% PLA and 20 wt% PBSA. The
continuity of the PLA/PBSA layers can be clearly seen in Figure 8A using an atomic force
microscopy (AFM) image. The confinement effect caused by the PLA resulted in a slight
orientation of the crystals in both the transverse and extrusion views and an increase in RAF
in PBSA with densification of this fraction. As shown in Figure 8B, these structural changes
significantly improved the water vapor and gas barrier properties of the PBSA layer by up
to two decades in the case of CO2 gas, mainly due to the reduction in solubility. However,
it is important to note that the results of these authors contradict recent findings from other
studies (see Section 3.2) that RAF is responsible for a de-densification of the amorphous
phase and a decrease in the overall barrier performance. In this context, Nassar et al., in
a more recent study [138], investigated the barrier properties of PLA in multinanolayer
systems with two amorphous polymers (polystyrene, PS; and polycarbonate, PC), probing
the effect of confinement, the compatibility between the confiner and the confined polymer,
crystal orientation, and amorphous phase properties. WAXD measurements showed that
the PLLA lamellae between PS layers had a mixed in-plane and on-edge orientation, while
the PLLA lamellae between PC layers were clearly oriented in-plane. More importantly,
the RAF content of semicrystalline PLLA was about 15% in PC/PLLA, whereas it was
negligible in PS/PLLA. Oxygen permeability results showed that the occurrence of RAF in
PC/PLLA samples had a detrimental impact on the barrier properties of the multilayer
films, which could not be compensated by the presence of in-plane crystals. Moreover,
annealing PS/PLLA films to minimize RAF content allowed for a barrier improvement
of the PLLA layers by a factor of two compared with semicrystalline bulk PLLA. Over-
all, it can be pointed out that work conducted thus far in this regard is still limited and
contradictory. Therefore, further investigation is recommended to elucidate the effects of
amorphous-phase dynamics and nanoconfinement on the barrier properties of PLA-based
multilayer films.
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Figure 8. (A) AFM images of the multilayer film with PLA in light and PBSA in dark; (B) gas
permeability and solubility coefficients for the monolayer films of PLA and PBSA and the multilayer
film of PLA/PBSA. Adapted from [137] with permission from American Chemical Society. Copyright
© 2017.

4. Bio-Blends and Composites

Blending is a well-established low-cost technology to develop next generation plastics
with enhanced properties compared to the single components. Polymer blending is indeed a
straightforward and user-friendly process, whereby materials are easily and rapidly mixed
either in co-solution or in the molten state. It is therefore not surprising that this approach
has been largely applied for improving PLA performance in many applications [142–144]
including food packaging [12,145–147]. Among the uncountable number of co-additives
employed, bio-fillers and other biodegradable polymers have recently attracted a great deal
of attention, viewed in the context of minimizing environmental impacts and encouraging
greater use of sustainable and renewable sources [148–153]. Those materials include natural
fibers, especially as reinforcing agents (i.e., wood, cellulose, sisal, kenaf, flax, and hemp)
and common biodegradable polymers (lignin, starch, polycaprolactone (PCL), polybutylene
succinate (PBS), and polyhydroxyalkanoates (PHAs)). Moreover, the implementation of
nano-additives (i.e., nanoclay, nanowhiskers, and 3D-isodimensional nanoparticles) for the
formation of bionanocomposites in the field of food packaging have rapidly increased over
the last decade due to their exceptional ability to improve PLA film properties [154–159].
However, as for all blends and composites (polymer–filler, polymer–polymer, polymer–
nanomaterial), the resulting properties may vary widely as they do not depend only on the
intrinsic nature of the components, but they are also highly affected by the final morphology.
As shown in Figure 9, common morphologies of blends include laminar, ordered, fibrillar,
droplet-type, and co-continuous. Each structure has its own advantages in terms of me-
chanical, thermal, and barrier properties. However, among all, laminar and co-continuous
microstructures are the most desired ones for barrier improvement as the two phases are
complementary reversed and the surface of each phase is an exact topological replica of the
other, both contributing equally to the blend properties [160]. To obtain these structures,
besides the degree of miscibility between components, the volume fraction and the choice
of appropriate compatibilizers play a fundamental role in the achievement of a high degree
of dispersion, which in turn, determines the overall end-product quality [161–164]. In the
following paragraphs, the most relevant PLA-based bio-blends and composites are briefly
reviewed in terms of the morphology–property relationship to give an update on the
progress made in the improvement of PLA barrier properties.

66



Polymers 2022, 14, 1626

Figure 9. Types of morphology in immiscible polymer blends.

4.1. Bio-Based Reinforcing Agents

The use of bio-based reinforcing agents to produce PLA-based biocomposites with
improved properties has become one of the key investment trends [165–170]. In this context,
low-cost bio-renewable fibers such as cellulose, wood, kenaf, sisal, flax, and hemp have
received increasing attention due to their reinforcing ability, non-toxicity, low-density, and
large availability. As the name implies, these materials are commonly introduced into the
polymer matrix as a reinforcement, thus enhancing its mechanical properties and stability.
Concerning the barrier properties, little work has been conducted so far, as these materials
are hydrophilic in nature with aa high tendency to adsorb water from the environment [171].
Moreover, the very low affinity with hydrophobic polymers (i.e., PLA) further hinders
the formation of a well-dispersed system, which is one of the key factors for an efficient
barrier. In light of the foregoing, Sanchez-Garcia et al. [172] investigated the morphology
and transport properties of solvent-casted PLA biocomposites loaded with different ratios
of purified alfa micro-cellulose (MC) fibers. Scanning electron microscope (SEM), AFM, and
Raman imaging investigations showed that a good degree of dispersion was obtained only
for samples with the lowest MC content (1 wt%), while at higher fiber incorporation (i.e.,
10 wt%), clear presence of fiber agglomerates and phase discontinuity was reported to in-
crease as a function of loading. As a matter of fact, water permeability data showed that the
barrier properties of PLA biocomposites was only reduced by 10% in the sample containing
1 wt% of fiber content and at higher content, the permeability was seen to increase by
80%. Likewise, Luddee et al. [173] prepared a series of PLA biocomposite films containing
grounded bacterial cellulose (BC) as a reinforcement and the water permeability behavior
was studied as a function of filler particle size. Results showed that the incorporation of
BC led to an increase in the water vapor permeability for all biocomposites compared to
neat PLA. Moreover, the permeability coefficients increased linearly with the BC particle
size, suggesting that BC particle sizes greatly affected the filler dispersability and their
tendency to agglomerate within the PLA matrix, as also confirmed by SEM images. In order
to improve compatibility between components, natural fillers (with free OH groups) can be
chemically surface-modified with coupling agents. Those involve alkaline and peroxide
treatment [174,175], vinyl grafting [176], acetylation [177], bleaching [170], and organosi-
lane coating [178], to name a few. These types of treatments aim to increase the interfacial
bonding strengths between the natural fibers and the polymeric matrix either through the
formation of covalent bonds or mechanical interlocking. For instance, D. Kale et al. [179]
carried out surface acylation of microcrystalline cellulose (MCC) to reduce the overall filler
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polarity. The resulted acylated MCC (AMCC) was loaded into the PLA matrix and the
barrier performance of the resulting PLA biocomposites investigated. As expected, results
showed that the addition of untreated MCC in the PLA matrix increased the water vapor
permeability coefficients due to the low degree of dispersion and particle agglomeration
compared to neat PLA. In contrast, the addition of AMCC resulted in a better filler-PLA
dispersion and the overall water permeability was reduced by up to 10% compared to
pure PLA. On the other hand, Tee et al. [180] investigated the barrier properties to water
vapor and oxygen of the PLA biocomposite containing silane-grafted cellulose (SGC) as a
filler. While water permeability coefficients increased for all biocomposites tested (with
treated and untreated cellulose), oxygen permeability values decreased by up to 50% for
biocomposites containing 30 wt% SGS compared to pure PLA. This was attributed to the
improvement in interfacial adhesion between the filler and matrix and the higher degree of
affinity after silane treatment.

4.2. Biodegradable Polymers Blends

Except for a few cases (i.e., PCL and PHAs), most of the biodegradable polymers
that have been co-blended with PLA are highly polar in nature. Similar to the above
case of hydrophilic reinforcing agents, blending immiscible polymers results in poor in-
terfacial adhesion and phase-separated systems, which typically show very low overall
performance; thus, appropriate compatibilization must be accomplished to obtain the
desired end-properties. Among all compatibilization strategies, the use of reactive coupling
agents and catalysts is considered the most viable solution for industrial application. As
an example, there has been a great research interest in blending PLA with several types
of starch (i.e., granular and thermoplastic) for many applications including food packag-
ing due to its good food contact compatibility, suitable barrier properties, and low cost.
However, the hydrophilic nature of starch leads to the formation of a two-phase system
with very poor properties [181–183]. Many compatibilizers have been used and those
include glycerol [184], polyethylene glycol [185], citric or stearic acids [186–190], maleic
anhydride [187], lignocellulosic materials [188], methylenediphenyl diisocyanate [189], and
adipate or citrate esters [190]. In most of the works conducted in this regard, thermoplastic
starch (TPS) has been preferred over naturally granular starch as it can be deformed and
dispersed to a much finer state, which in turn, greatly improves material processability. For
instance, Shirai et al. [191] investigated the barrier properties of PLA/TPS biodegradable
sheets with citric (CA) and adipic (AA) acids as additives (in the range of 0–1.5 wt%),
prepared by a calendering–extrusion process at pilot scale. Prior to mixing, PLA and TPS
were separately plasticized with 10 wt% of diisodecyl adipate (DIA) and 30 wt% of glycerol,
respectively, as this pre-plasticization step has been reported to significantly improve the
blend processability (extrusion). As shown in Figure 10A, all formulations could be pro-
cessed continuously and the resulting sheets containing CA had a much smoother surface,
homogeneous distribution, and compact structure compared to the other formulations,
which, in contrast, revealed rough surfaces due to partial phase separation. The water
vapor permeability studies showed that sheets containing CA exhibited the lowest WVP
value, which accounted for about 70% of reduction compared to the plasticized reference
sample. This was associated with a more effective interaction between starch and PLA
(increases the interfacial adhesion), which in turn promoted mobility reduction over poly-
meric chains. The higher CA concentration (1.50 wt%) did not improve the evaluated
property, suggesting that this component is efficient at lower concentrations (0.75 wt%).
Comparatively, AA did not exhibit the same performance, even when mixed with CA, the
WVP values were even increased in the presence of AA, probably due to partial degra-
dation through acidolysis. In another interesting study, Muller et al. [192] studied the
effect of cinnamaldehyde incorporation on the properties of the amorphous starch-PLA
bilayer films intended for packaging applications. The particular compatibilizer was chosen
as it is classified as GRAS (Generally Recognized As Safe) by the FDA (Food and Drug
Administration) and offers antibacterial, antifungal, anti-inflammatory, and antioxidant
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activity to the resulting packages. The PLA/starch bilayer films were successfully obtained
by compression molding followed by thermo-compression and the barrier performance
studied in the presence and absence of cinnamaldehyde. Despite the lower ratio of the
PLA sheet in the bilayer assembly (1/3 of the film thickness), a significant improvement in
the gas barrier properties was achieved in the absence of the compatibilizer, specifically,
a 96% decrease in WVP with respect to the neat starch films and a 99% decrease in OP
compared to the amorphous PLA films. Surprisingly, when cinnamaldehyde was added,
films exhibited lower mechanical resistance due to relevant plasticization of the amorphous
regions, and WVP and OP did not notably change.

PHAs represent another relevant class of polymers that offer great potential in the
food packaging industry due to good thermomechanical and barrier properties [193–202].
PHAs are derived from renewable resources and due to their bacterial origins, this class
of polyesters shows good degradability features [197]. Poly(3-hydroxybutyrate) (PHB) is
a homopolymer of 3-hydroxybutyrate and is the most common type of the PHA family,
together with its copolymer with polyhydroxyvalerate (PHV), PHBV, which shows su-
perior flexibility and processability. Due to the great potential of this class of polyesters,
PLA-PHAs blends have attracted increasing interest in the last two decades [196,198–200].
Although both PLA and PHAs are compatible polyesters, several studies have shown
that they form miscible blends only when low molecular weight (MW) fraction polymers
are mixed and/or low polymer ratios (up to about 25 wt%) are incorporated into one an-
other [21,193,201,202]. As an example, Boufarguine et al. [21] demonstrated that blending
PLA with only 10 wt% PHBV using a multilayer co-extrusion process resulted in well
dispersed films (up to 17 layers) and the gas barrier properties significantly improved
compared with neat PLA. In particular, the helium permeability showed a reduction of
about 35% with respect to pure PLA. In another study conducted by Zembouai et al. [193],
it was shown that PHBV/PLA blends prepared by melt mixing in different ratios (100/0,
75/25, 50/50, 25/75, and 0/100 wt%) were not miscible, forming a two-phase system at all
compositions (see Figure 10B). On the other hand, the water and oxygen barrier properties
of PHBV/PLA blends were significantly improved with increasing PHBV content. At a
PHBV content of 75 wt% in the blend, a reduction of about 75% and 81.5%, respectively,
was achieved compared to pure PLA. However, even at a PHBV content of only 25 wt%, a
reduction in the permeability coefficients for oxygen and water of about 35.3% and 22.7%,
respectively, was obtained. This apparently anomalous behavior was further investigated
in a comprehensive study reported by Jost and Kopitzky [202], whereby the miscibility
of PLA-PHBV cast films and the resulting barrier properties were reviewed under ther-
modynamic aspects and correlated to their experimental results. In addition, blends were
produced with different polymer molecular weight fractions and the final properties were
studied in the presence and absence of selected compatibilizers. It was found that the
incorporation of PHBV into the PLA matrix in the range between 20 and 35 wt% resulted in
miscible blends. The reference blend (PLA:PHBV 75:25; MW: 10–40 kDa) with or without
compatibilizers showed lower permeability values (to water vapor and oxygen) than the
calculated values for the corresponding system. In agreement with previous findings
(miscibility, crystallization, and melting of PHBV/PLA blends), this phenomenon was
ascribed to the quick formation of interpenetrating PHBV spherulites, which interlock with
the PLLA structures, leading to a reduction in the overall free volume. This may explain
why, even for immiscible blends, the incorporation of PHBV into the PLA matrix enhances
the barrier properties of PLA.
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Figure 10. SEM images of (A) PLA/TPS sheets with CA (including WVP values), adapted from [191]
and (B) fracture surface of neat PHBV, neat PLA, and their blends (including WVP and oxygen
permeability values), adapted from [193] with permission from Elsevier. Copyright © 2013.
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5. PLA-Based Nanocomposites

Nanocomposites are multicomponent systems, whereby the major constituent is typi-
cally a polymer and the minor one consists of a material with a length scale below 100 nm,
referred to as nanofiller or nanoload. Nanoparticles can be classified into three major
categories according to their particle geometry:

(i). layered nanoparticles that are characterized by one dimension ranging from several
angstroms to several nanometers (i.e., layered silicates);

(ii). elongated particles that consist of fibrils with a diameter ranging between 1 and
100 nm and length up to several hundred nanometers (i.e., cellulose nanofibers); and

(iii). isodimensional particles that have the same size in all directions and an aspect ratio
close to unity (i.e., metal oxide nanoparticles).

Due to clear evidence of their outstanding performance in many applications [203–205],
it is no wonder that these systems have attracted a great deal of research interest worldwide
in recent years. In the packaging field, introducing impermeable nanofillers with high
aspect ratio and large surface area in the polymer matrix has appeared to be a promising
approach to enhance the barrier properties of polymers [206,207]. As shown in Figure 11,
this can be achieved by two specific mechanisms [208]: first, a tortuous path for gas
diffusion is created though the polymer matrix as the evenly dispersed nanofillers are
impermeable inorganic particles and act as an obstacle; and second, the nanoparticulate
fillers may positively interact with the polymer matrix, “immobilizing” the polymer strands
at the polymer–nanofiller interface and thus decreasing the overall free volume available
for the gas molecules to diffuse through the polymer surface. It is therefore clear that
nanocomposites offer encouraging opportunities for the food packaging industry. In the
following paragraphs, the progress made in the development of PLA-based nanocomposites
as high barrier materials are briefly reviewed.

Figure 11. Simplified drawing of the “tortuous path” produced by the incorporation of exfoliated clay
nanoparticles into a polymer matrix. (A) Neat polymer (diffusing gas molecules follow a pathway
perpendicular to the film orientation); (B) non-interacting nanocomposite (impermeable platelets
hinders direct diffusion); (C) interacting nanocomposite (the polymer strands are “immobilized” at
the polymer–nanofiller interface and the overall free volume available is reduced.

5.1. Layered Nanofillers

Among all available nanosystems, nanoplatelets of layered silicate clay are by far the
most researched nanofillers [209–212]. As shown in Figure 12, layered silicates consist of
very thin films associated with counterions (exchangeable cations) [212]. Based on the types
and relative content of the unit crystal lamellae, they can form three different structures:

(i). 1:1 clay types: the unit lamellar crystal consists of only one crystal sheet of silica
tetrahedra in combination with an octahedral sheet, i.e., single crystal lamellae of
alumina octahedra;
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(ii). 2:1 clay types: consist of two crystal layers of silica tetrahedra forming the unit
lamellar crystal bounded by a crystal layer of alumina octahedra located in the middle
of the two layers; and

(iii). 2:2 clay types: consist of four crystal layers, alternating crystal layers of silica tetrahe-
dra and alumina (or magnesium) octahedra.

Figure 12. Example of the typical structure of the 2:1 layered silicates. Redrawn from [212] with
permission of Elsevier. Copyright © 2015.

Typically, the layer thickness does not exceed 1 nm and the adjacent dimensions can
vary from 300 Å up to several micrometers, depending mainly on the clay types and prepa-
ration methods [213]. For this reason, the aspect ratio (values > 1000) and the surface area
(~700–900 m2/g) are particularly high. These particular morphological features usually
lead to impressive improvements in barrier properties when the nanoclays are uniformly
distributed in the polymer matrices. Several studies have focused on the preparation of
PLA-based layered silicate nanocomposites with improved barrier properties [148,214–217].
Among all types, the impermeable 2:1 layered phyllosilicate montmorillonite (MMT) is
certainly the most commonly used prototype clay for this application [216,217]. The par-
ticular layered structure of MMT, consisting of an octahedral layer (mainly composed of
Al4(OH)12) intercalated between two tetrahedral layers (composed of SiO4 units), allows for
the formation of multilayered polymer arrays with a high barrier. However, MMT, similar
to most other clays, is inherently hydrophilic and has a high surface energy. This leads
to a high segregation tendency and agglomeration of clay nanoplatelets, especially when
dispersed in non-polar polymer materials (e.g., PLA) [218,219]. Agglomeration of clay
platelets leads to the formation of tactoid structures with lower aspect ratios and thus lower
barrier properties. To circumvent this problem, nanoclay surfaces are organically modified
with cationic surfactants (usually quaternary alkylammonium compounds) by an ion ex-
change process with the inorganic cations naturally present in clay minerals [220–222]. Such
a process reduces the surface energy of the silicates and the intercalated cationic surfactants
act as compatibilizers between the hydrophilic clay and the hydrophobic polymer. The most
common commercially available organically modified MMT clays include Cloisite (CH)
20A (with dimethyl dihydrogenated tallow ammonium chloride) and 30B (with methyl
tallow bis-2-hydroxyethyl ammonium chloride), which have been shown to provide the
greatest interlayer spacing and improved interactions with nonpolar polymers [223–225].
Moreover, to ensure homogeneous dispersion and delamination of the nanoclays in the
polymer matrix, appropriate processing conditions should be applied. These may include,
but are not limited to, high-pressure homogenization [226], a pre-sonication step [227]
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to disaggregate the clay platelets, and/or two-stage extrusion masterbatch processing to
obtain a fine dispersion. The barrier performance of PLA-based nanocomposites containing
CH has been studied by several authors [228–233]. Figure 13A,B shows two examples of
successful CH 30B/PLA-based nanocomposites in terms of barrier performance [231,234].

Figure 13. From left to right: (A) TEM image of PLA based nanocomposite films containing 6 wt%
CH 30B along with oxygen and WVP values of untreated nanocomposites and annealed at 130 ◦C for
10 min as a function of nanoclay content. Adapted from [231] with permission of Wiley Periodicals.
Copyright © 2016. (B) TEM and SEM images of PLA-CH 30B nanocomposites along with the relative
oxygen permeability of nanocomposites with different volume fraction of clays (CNa:CH Na+,
CRDP:Fyrolflex, and C30B:CH 30B). Adapted from [234] with permission from Elsevier. Copyright
© 2016.

Other examples include the work of Najafi et al. [233], in which the effects of different
processing conditions on the dispersion of 2 wt% CH 30B in PLA-based nanocomposites
were studied and the resulting film morphologies were subjected to the oxygen permeability
test. PLA–clay mixtures were prepared with and without the chain extender Joncryl® to
further improve blend compatibility. Nanocomposites were prepared using a twin screw
extruder with different methods. The preparation methods consisted of either simultaneous
extrusion of all components together or a two-step extrusion masterbatch approach, with
the chain extender added in either the first or second pass. In addition, the effect of
multiple extrusion passes was also examined. According to the morphological observations
conducted by SEM, TEM, and XRD, the best clay–PLA dispersions were obtained in the
presence of Joncryl® when processed in the extrusion masterbatch approach, while multiple
extrusion passes led to the formation of large clay aggregates due to the longer extrusion
residence time. As expected, the good dispersion and distribution of clay platelets in PLA–
Joncryl-based nanocomposites resulted in the lowest measured oxygen permeability, which
accounted for 37% of the reduction compared to pure PLA. However, it was interesting
to note that simple addition of the chain extender into pure PLA increased the oxygen
permeability of the corresponding blend. This was explained by the formation of long
chain branches, which reduced the crystallinity of pure PLA from ~7% to ~1%. In another
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study, Tenn et al. [230] investigated the incorporation of various concentrations (from
0 to 20 wt%) of CH 30B (both in the hydrated and pre-dried states) into PLA films by
two-step extrusion masterbatch processing. The transport properties (water and oxygen
permeability) of the resulting systems were correlated with the degree of dispersion and
orientation of the nanoplatelets in the polymer matrix. To investigate the effect of the
hydration state of the clays on the quality of the dispersion, CH 30B was added both in
partially hydrated form (as received) and in a pre-dried state (80 ◦C in a vacuum oven for
12 h). For both systems of PLA–CH (hydrated and anhydrous), a decrease in water and
oxygen permeability values was observed as a function of increasing nanoclay content.
This is generally due to the well-known tortuosity effect, which improves the diffusion
path of the permeants in the PLA matrix. However, comparing the two nanocomposites
at the same nanoclay content, it was found that the system containing the hydrated form
of CH had a higher barrier effect than the corresponding systems containing the dried
clay form (CD). In terms of water permeability (Pw), PLA films containing 15 wt% CH
showed the best performance, achieving a 95% reduction in Pw compared to the pure PLA
film. The difference in water barrier performance between the two systems was ascribed
to the presence of water molecules in the untreated clay component, which favored the
formation of water clusters that hindered water diffusivity. Additionally, in terms of oxygen
permeability, the best performance was obtained with PLA–CH systems, which achieved
a reduction of up to 74% compared to the PLA-only film. The overall better performance
of the PLA–CH nanocomposites was further investigated in terms of dispersion quality
and it was found that in all systems, there was a coexistence of intercalated and aggregated
structures depending on the clay content. However, when CH was incorporated, the
TEM images showed relatively higher intercalation of clay platelets, likely due to better
compatibility between CH and PLA, as observed by DSC and XRD. In addition, CH
nanoplatelets were found to preferentially arrange perpendicular to the diffusion pathway,
confirming the fundamental role of structural orientation in the permeation behavior of
materials. These and similar studies have shown that the uniform distribution of organically
modified MMT layers in the PLA matrix is the key factor for significantly improving the
barrier properties of PLA.

5.2. Nanofibers or Whiskers

With the raising environmental awareness and concerns over sustainability and end-of-
life disposal challenges, the interest in exploiting nanomaterials from renewable resources is
rapidly increasing [235,236]. In the packaging field, nanofibers derived from natural sources
have attracted a great deal of attention, not only for their environmental friendliness over
traditional nanofillers, but also due to their outstanding ability to decrease the permeability
of various polymeric films [237–240]. These include all the nanofibrous materials derived
from cellulose, starch, chitin, and chitosan, which commonly exist in plants, animals,
microorganisms, and bacteria. Among them, cellulose-based nanofillers have been more
widely investigated due to advances in the production of cellulose nanofibrils (CNF) and
cellulose nanowhiskers (CNW) [241–244]. CNF have elongated rod-shaped structures with
large diameters and lengths variations, both ranging from a few up to 100 nm. Due to their
highly crystalline nature, large surface area/aspect ratio and their ability to form a dense
percolating network, CNF are known to have high barrier properties toward most gases
and liquids. However, since cellulose-based materials have water-loving surfaces due to the
abundance of –OH groups, blending CNF (as it is) with hydrophobic materials such as PLA
is not feasible without either the addition of compatibilizing agents or appropriate chemical
modifications. Several strategies have been attempted to overcome this problem such as the
use of surfactants [243,245], surface acetylation [246], and reactive compatibilization [247],
to name a few. For example, Espino-Pérez and co-workers [243], used an in situ surface
grafting method to produce fully compatibilized PLA/CNW bionanocomposites with
enhanced barrier properties. The CNW surface was grafted with a long aliphatic isocyanate
chain (n-octadecyl isocyanate (ICN)) and the barrier performance of PLA/CNW and
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PLA/CNW–ICN nanocomposite solution-casted films were evaluated. Visual observations
of the films indicated that good filler dispersion and film transparency were obtained only
with the lowest CNW and CNW–ICN content (2.5 wt%). At higher CNW concentration,
aggregation of CNW in the matrix could be observed, indicating poor system compatibility.
In fact, the water and oxygen permeability of both samples were not significantly reduced
compared to neat PLA, likely due to the reduction in hydrogen bonds between the fibrils,
which led to poor interfacial adhesion with the PLA matrix. This may suggest that while
surface grafting of CNW with isocyanate is effective in enhancing the hydrophobicity
of CNW, it is probably not the best compatibilizing approach to produce well-dispersed
PLA–CNW systems. More recently, successful compatibilization and enhanced barrier
properties of PLA–CNF nanocomposites was achieved by Nair and co-workers [248] by
preparing CNF with high amounts of lignin (about 20–23 wt%) (NCFHL) from the bark
of various coniferous species. Since lignin contains both polar (hydroxyl) groups and
nonpolar hydrocarbon and benzene rings, its presence naturally enhances the hydrophobic
nature and the barrier properties of CNF without additional modifications. As shown
in Figure 14A–C, morphological examination of solution-casted PLA-NCFHL films with
various NCFHL contents (5, 10, 15, and 20 wt%) revealed that with up to 10 wt% of load,
fibrils were well-embedded within the PLA matrix.

Figure 14. TEM image of (A) neat PLA and (B) the PLA–NCFHL biocomposite (with lignin) in which
fibrils were well embedded within the PLA matrix (indicated by arrows); (C) confocal laser microscope
image showing well dispersed lignin fibrils on the PLA surface; (D) Water vapor transmission rate of
the neat PLA and PLA/lignin biocomposite. Adapted from [248] with permission from American
Chemical Society. Copyright © 2018.

As expected, the good dispersion observed at 5 and 10 wt% of NCFHL loading resulted
in a significant enhancement in the water permeability performance of the nanocomposites,
with WVTR values reduced to about half compared to neat PLA (Figure 14D) [248]. This
was ascribed to the formation of an effective interphase between the lignin and PLA,
which increased the tortuous path for water vapor diffusion. In this specific context,
Rigotti et al. [249] carried out an in depth-investigation on the role of microstructure of PLA
layers located at the clay–matrix interface on the nanocomposites’ gas transport properties.
The barrier performance of solution-casted PLA films containing lauryl-functionalized
cellulose nanofillers (LCNF) was examined using gas phase permeation measurements
(toward CO2, H2, and D2 gases) and thermal desorption spectroscopy (TDS) analysis.
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Results showed that there exists a critical LCNF concentration (6.5 wt%) under which the
permeation flux (P) for all gases decreases with increasing filler content, while at higher
concentrations, flux increases, reaching a similar p value of neat PLA at 10 wt% of filler
load. According to the SEM and TEM analyses, when filler content was lower than 6.5 wt%,
LCNF appeared to be well-dispersed, while at higher concentrations, LCNF clusters and
micrometric agglomerates could be observed. This is typically linked to a change in the
nanostructure as a function of filler content. By analyzing experimental transport data
using the permeation model of mixed matrix membranes, it was possible to conclude
that at concentrations not exceeding 6.5 wt%, the interfacial regions at the filler–matrix
interface were rigidified, likely due to strong lauryl–PLA chain interactions, which led
to local free volume reduction. Therefore, this was suggested to be responsible to the
improved barrier performance of PLA–LCNF systems, confirming that appropriate control
of the nanocomposite interface properties is necessary to obtain systems with enhanced
barrier capabilities.

5.3. Isodimensional Nanoparticles

Nanoparticles with three nanodimensions (less than 100 nm), also known as 3D-
isodimensional nanoparticles, have gained increasing interest in the field of food packag-
ing [250,251]. These include nanoparticles derived from most metals such as silica [252],
copper [253], gold [254], silver [255], zinc [256], magnesium [257], titanium [258], and their
corresponding oxides [259]. Among them, metal oxides have attracted special attention
because they can be produced much more cheaply and are known for their strong an-
tibacterial and ethylene scavenging activity [260]. These particular properties have shown
that they offer an intriguing potential for the development of active nanocomposites for
the packaging of fresh products, which are very sensitive to microbial spoilage. Several
multifunctional PLA-based metal oxide nanocomposites have been prepared and the re-
sulting transport properties investigated [261,262]. In a study by Lizundia et al. [261],
the effect of incorporating different metal oxide nanoparticles (TiO2, SiO2, Fe2O3, and
Al2O3) at 1 wt% on the transport properties of PLA films was investigated. TEM analysis
showed that all nanoparticles had a spherical shape with similar diameters ranging from
10 to 20 nm. However, for the nanocomposites, it was interesting to note that SiO2 and
Al2O3 isotropically distributed in the PLA matrix, while TiO2 and Fe2O3 formed large
aggregates of about 100–150 nm. Unexpectedly, the most efficient metal oxide in the water
permeability measurements was TiO2, whose incorporation resulted in a reduction of about
18% compared to pure PLA, followed by Al2O3 and Fe2O3 particles, which also resulted
in a relatively moderate reduction (13% and 16%, respectively). The least efficient system
was PLA–SiO2, which caused only 4% of reduction in water permeability. A different trend
was observed with respect to oxygen: SiO2 and TiO2 improved the barrier performance
of PLA to oxygen, while Al2O3 and Fe2O3 increased the overall permeability to about
5%. The author concluded that in these particular cases, the morphological characteristics
(such as size, filler dispersion, and free volume) did not seem to play the most important
role in the permeation process. The different barrier behavior observed in the samples
was related to differences in the nature of the nanoparticles and possible filler–matrix
interactions. In both cases, the best performance of TiO2 was attributed to its large hy-
drophobicity, while the worst barrier performance of SiO2 for water molecules was related
to its high hydrophilicity, which favored a faster diffusion path. Moreover, PLA–ZnO
antibacterial nanocomposite films were prepared in a composition range from 0.5 to 3 wt%
of nanofillers by melt extrusion, and the barrier properties to water vapor were analyzed
by Pantani et al. [262]. Since untreated ZnO can lead to severe degradation of the PLA
matrix during the melt mixing process due to transesterification and depolymerization
reactions, the surfaces of the nanoparticles were previously treated with protective agents
(silane), which also acted as compatibilizers. TEM images in Figure 15A show a relatively
continuous and well-dispersed rod-like ZnO distribution in the PLA matrix for all com-
positions [262]. However, only a slight reduction (~20%) in water vapor permeability

76



Polymers 2022, 14, 1626

(6.43 × 10−7 wt%/atm × cm2/s) was obtained with 3 wt% of filler compared to unfilled
PLA (8.26 × 10−7), which was attributed to an increased difficulty for molecules to diffuse
into the polymer matrix. In a similar work, Shankar et al. [158] prepared solution-cast
PLA–ZnO nanocomposite films with concentrations of less than 2 wt% (0.5, 1.0, and 1.5).
Morphological analysis reported in Figure 15B shows that the ZnO nanoparticles had a
cubic and rod shape with a size in the range of 50–100 nm. However, it is worth noting
that the surface of the nanocomposite films was relatively rough compared to that of
neat PLA and the overall roughness appeared to increase with increasing ZnO content.
Nevertheless, a reduction in the water vapor permeability of up to 30% was achieved
compared to unfilled PLA, even for the composite with the lowest ZnO content (0.5 wt%).
No further reduction was observed at higher ZnO contents, likely due to the formation of
ZnO-based microagglomerated structures. In another study, Marra et al. [263] reported that
homogeneous dispersion of 1 wt% ZnO in PLA-based nanocomposites in an increase in
water vapor transmission rate to about 16% compared to normal PLA. This was associated
with potential changes induced by the presence of ZnO particles at PLA–filler interfaces,
resulting in an increase in free volume. In the same way, Swaroop and Shukla [264] studied
the barrier properties of solution-cast PLA-based films reinforced with MgO nanoparticles.
At 1 wt% metal oxide content, the resulting films showed a 20% increase in water vapor
permeability. Morphological studies revealed that the nanoparticles were in the form of
agglomerates, resulting in a very rough film surface. This was probably the main cause of
changes in free volume, absorption, and solubility at the interfaces near the “highly polar”
MgO nanoparticles, which overall contributed to the high water permeability measured.
These results suggest that spherical composites with metal oxide exhibit relatively poor
filler–polymer compatibility because the polarity of the particles does not match that of the
PLA matrix.

Figure 15. (A) TEM images of surface coated PLA nanocomposites filled with 1 and 3 wt% of ZnO
nanoparticles (even dispersion), adapted from [262] with permission from Elsevier. Copyright© 2013.
(B) SEM images of PLA nanocomposites containing 1–1.5 wt% of ZnO without any surface treatment
(particle agglomeration indicated by red arrows), adapted from [158] with permission of Elsevier.
Copyright © 2018.

6. Other Emerging Approaches toward High-Barrier PLA-Based Plastic

With the advent of new polymerization techniques, PLA-based block and graft copoly-
mers with tailored properties have been synthesized based on judicious selection of co-
monomers and the variation of copolymer compositions [265–267]. However, due to the
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good biocompatibility of PLA, the great majority of these copolymers have been mostly
exclusively studied for applications in the field of biomedicine [268–272] and only little
attention has been paid to the design of “high barrier” PLA-based copolymers for the
food-packaging sector [17,273–278]. A few random studies, mainly focusing on improv-
ing the mechanical properties of PLA by copolymerization, have also shown somewhat
promising results in terms of gas permeability performance of the resulting copolymers.
For example, Genovese et al. [273] synthesized PLA-based ABA triblock copolymers with
a hydroxyl-terminated poly(propylene/neopentyl glycol succinate) copolymer as a mid-
block, through ROP followed by chain extension reaction. Depending on A/B ratio, the
resulting bio-based copolymers showed enhanced mechanical and barrier properties com-
pared to the PLA homopolymers. In particular, the oxygen permeability of the copolymer
containing 33% of the midblock unit was two times lower than that of neat PLA. These
results were directly related to an increase in the degree of crystallinity and the presence of
the two methyl groups in the neopentyl glycol sub-unit, which was suggested to hinder
the passage of small molecules. Other examples include the copolymerization of PLA
with rubbery-type monomers to afford versatile thermoplastic elastomers (TPEs) with
good barrier properties [277]. TPEs are commonly referred to as ABA triblock copolymers
containing an incompatible A hard block (component with high Tg) and a B soft block
(component with low Tg). Typical examples include petroleum-derived styrene-based TPEs
(PS–TPEs), which are extensively used in the packaging field [278] due to their well-known
versatile properties and low cost. In fact, depending on the ratio between the soft and hard
components, these materials’ properties can be easily tuned based on the required appli-
cations, ranging from slightly flexible plastics to highly elastic gums. With the increasing
demand for eco-friendly alternatives, PLA-based TPEs could potentially substitute styrenic-
based TPEs in this specific field. For example, Ali et al. [272] synthesized four different
PLA thermoplastic polyurethane (PLAPU) copolymers with different compositions of hard
PLA and soft PCL units via a chain-extension reaction. Depending on PCL content, the
copolymers exhibited excellent flexibility and gas barrier properties. In particular, at the
highest PCL content, the oxygen permeability was reduced by approximately 85 times
compared to that of the PLA homopolymer. This behavior was ascribed to the incorporation
of high molecular weight PCL segments, which led to an increase in the chain density, thus
decreasing the effective path for diffusion. In a more recent study, Yuk et al. [274] prepared
a series of thermoplastic superelastomers based on poly(isobutylene)-graft-poly(L-lactide)
copolymers by a “grafting from” controlled polymerization in a one-pot, two-step pro-
cess as reported in Figure 16A. These copolymers were based on a graft structure, which
typically leads to superior physical and mechanical properties compared to linear block
copolymers. As shown in Figure 16B, the oxygen barrier properties of the PLA-based
graft copolymer films were evaluated and compared to those of commercial PLA and
poly(styrene)−b−poly(isoprene)−b−poly(styrene) (SIS), which is one of the most widely
used TPEs in food packaging applications [274]. Depending on compositions, the resulting
superelastomers showed high-performance gas barrier characteristics. The oxygen perme-
ability performance of copolymers with the highest PLA content (45 wt%) was 60-fold and
5-fold better than that of SIS and neat PLA, respectively. This was attributed to the presence
of the largest fraction of homogeneously distributed semicrystalline PLA domains, which
tied up the rubbery isobutylene segments, thus decreasing the channel for gas permeability
through the copolymer matrix.

78



Polymers 2022, 14, 1626

Figure 16. (A) Schematic synthesis of semicrystalline or amorphous poly(isobutylene)-graft-
acetylated poly(lactide) (PIB-g-(P(L)LA−Ac)). (B) Comparison of oxygen permeability values be-
tween the newly synthesized polymers and common ones. Adapted from [274] with permission from
American Chemical Society. Copyright © 2020.
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7. Molecular Dynamics Simulations for Permeability Investigation of PLA-Based Materials

7.1. Most Important Tools to Study PLA-Based Plastic

In line with the growing computing power and with an ever increased number of
precise and rigorous programs available to the scientific community, there have been several
proposed theoretical models for the prediction of polymer permeability that are discussed
in this section. Among the available approaches, molecular dynamics (MD) simulations
have been successfully applied in different research areas [279] including mass transport
property investigations to elucidate the sorption and diffusion mechanisms of small gas
molecules in varieties of potentially useful polymers such as PLA [280]. Applying these
methods, many results, difficult or impossible to detect from conventional experiments,
can be obtained.

Different MD approaches can be used to investigate the permeability of PLA-based
materials. Sun and Zhou [281] performed full-atomistic simulations of oxygen sorption
and diffusion in amorphous PLA. The oxygen solubility coefficient (S) was calculated
by fitting the dual-mode sorption model to the simulation data. The simulated S value
was much higher than the experimental data obtained from the time-lag method, but
slightly lower than the measurement from quartz crystal microbalance. This discrepancy
was probably due to the predominant Langmuir type sorption mechanism, which holds
for oxygen sorption in PLA. The time-lag method only considers oxygen molecules that
are involved in the diffusion process. The allowed rotation states of successive bonds
between adjacent atoms are determined from probability functions by energy consideration
using the standard Monte Carlo method [282]. The solubility coefficient of gas in a glassy
polymer is defined as the ratio of gas concentration to gas pressure at equilibrium, following
Equation (4):

S =
C
p
= kD + CH

′ b
1 + bp

(4)

where kD, CH
′, and b can be determined by nonlinear regression fit of the oxygen sorption

data that are obtained by GCMC simulations.
Information about the structural features of different PLA models at the atomic level

can be provided by the radial distribution function (RDF). The RDF indicates the probability
density of finding A and B atoms at a distance of r following Equation (5):

gA−B(r) =
( nB

4πr2dr

)
/
(

NB
v

)
(5)

where nB is the number of B particles located at the distance r in a shell of thickness dr
from particle A; NB is the number of B particles in the system; and v is the total volume
of the system. The free volume inside the polymer matrix can be obtained by rolling a
spherical probe over the Connolly surface of polymer atoms. It should be noticed that the
available volume for the probe to pass through is dependent on the radius of the probe [78].
Regardless of the specific computational type to use, the diffusivity of a gas in an organic
solvent, polymer, or zeolite can be calculated by running a MD simulation and determining
the mean square displacement (MSD) of the gas in the material. MSD is a measure of the
deviation of the position of a particle with respect to a reference position over time. It is
the most common measure of the spatial extent of random motion, and for this reason, it
is the most useful tool to detect the small molecule diffusion from a starting state [283].
The motion pattern of penetrant gases in the host polymer can be qualitatively studied
by monitoring the penetrant’s displacement |r(t) − r(0)| from its initial position. The
diffusion coefficient D is then obtained from the slope of a plot of the MSD against time t.

H. Ebadi-Dehaghani et al. used a MD simulation to investigate and predict the gas
permeability through polymer blends and nanocomposites [284]. They demonstrated that
the oxygen permeation was highly dependent on blend composition, clay loading, and
state of clay dispersion governed by compatibilization in the PP/PLA/clay nanocomposite
film. Compared to the PLA-rich system, they found that the PP-rich films showed a greater
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barrier to oxygen. The lower permeability of PP-rich films was mainly due to the reduced
size of dispersed domains of the oxygen barrier component (i.e., PLA in the PP matrix),
leading to a more tortuous permeant path, while the higher degree of crystallinity observed
in PP-rich films compared to the PLA-rich system was found to also be responsible for the
higher barrier properties of the PP-rich films.

7.2. Different MD Approaches to Use for PLA Systems

The use of explicit full-atom (FA) simulation model (Figure 17A) for PLA polymers
has been found to be suitable for approximately reproducing different important physical
properties of amorphous PLA solids. In particular, Xiang and Anderson adopted this
kind of approach to calculate material density, water sorption isotherm, and diffusion
coefficient of PLA systems, thus verifying potential utilities in designing PLA based drug
delivery systems, particularly for predicting drug–PLA miscibility. They combined MD
simulations, the particle insertion method of Widom [285], and a theoretical sorption
relation to calculate the water sorption isotherm in PLA. They found that at 0.6 (wt%) of
H2O, water molecules localized next to polar ester groups in PLA because of hydrogen
bonding. Local mobility in PLA as characterized by the atomic fluctuation was sharply
reduced near the Tg, decreasing further with aging at 298 K [286]. The non-Einsteinian
diffusion of water was found to be correlated with the rotational β-relaxation of PLA
carbonyl groups at 298 K. A relaxation–diffusion coupling model proposed by the authors
provided a diffusion coefficient of 1.3 × 10−8 cm2/s at 298 K, which is comparable to the
reported experimental values [287]. In other studies, MD simulations have been performed
to estimate the diffusivity coefficients of the gases CO2, O2, and N2 from polypropylene
(PP)/poly(lactic acid) (PLA)/clay nanocomposite films with various compositions (PP-rich
and PLA-rich). Diffusion temperature dependency of the PP-rich sample for O2 gas has
been also investigated. The MSD of the gases has been calculated via MD simulation
according to the Charati and Stern method [288], which consists of the generation of the
initial microstructure of a polymer containing penetrant gas molecules as an amorphous
cell module, and the use of a full atom approach. The diffusion coefficients of gases in
PLA can also be controlled by the amount of free volume, the free-volume distribution,
and the dynamics of the free volume of the polymers. Penetrant molecules reside most
of the time in microcavities inside the PLA matrix, and the microcavities are elements of
“free volume” (or “empty” volume) between the surrounding polymer chains. This reliable
computational method showed that solubility increased with increasing temperature, which
was in accordance with the experiments.

Figure 17. Representations of PLA nanoparticles using (A) full atoms (FA), (B) united atoms (UA),
and (C) course grained (CG) methods.

Another explicit FA computational model for PLA was developed by Xiang and
Anderson (2014). MD simulations of PLA glasses were carried out to explore various
molecular interactions and predict certain physical properties such as material density,
water sorption isotherm, and diffusion coefficient. The combined use of MD simulations,
the particle insertion method of Widom, which is a statistical thermodynamic approach
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to the calculation of material and mixture properties [285], and a theoretical sorption
relation allows us to efficiently calculate the water sorption isotherm in PLA. Weak sorption
of water in amorphous PLA solids can be predicted, with results that can be similar to
the experimental ones. Inspection of molecular structures of the simulated PLA glasses
provided further understanding of the distribution of water in PLA polymers, which has
been difficult to obtain experimentally.

The FA MD studies of fundamental properties such as water solubility, diffusivity, and
distribution in PLA polymers are only a few, due to the enormous computational resources
required to conduct atomistic simulations with explicit solvent models. United atom (UA)
MD has also been proposed to obtain cheaper calculations than those obtained for all
atom MD, retaining a high accuracy degree. This method subsumes nonpolar hydrogen
atoms into their adjacent carbon atom (Figure 17B), decreasing the computational costs.
While the accuracy of the united atom MD simulation has been found to be reliable for
protein modeling [289], this approach was found to be unreliable in estimating the diffusion
coefficients of small penetrant molecules through polymers.

Coarse-grained (CG) modeling represents a valid way to overcome the huge require-
ments for computing resources while maintaining high calculation efficiency. It consists of a
less sensitive method than the FA and UA approaches (Figure 17C), but its accuracy degree
remains high enough to describe short- and long-range phenomena at various granularity
levels [290,291]. Two CG computational methods can be considered for the investigation of
PLA-based material permeability: a mesoscale approach—dissipative particle dynamics
(DPD) [292]—and MD simulations using the MARTINI force field in conjunction with the
GROMACS package [293]. DPD simulations group atoms and molecules into fluid beads
and use bead level interactions to describe the evolution of a system. For any two beads
i and j, the pair wise interaction force (FDP

ij) is the sum of the conservative force (FC
ij),

dissipative force (FD
ij), and random force (FR

ij), as shown in Equation (6):

FDP
ij = FC

ij + FD
ij + FR

ij (6)

where FC
ij is a soft repulsive force, while FD

ij is a drag force or frictional force and FR
ij is

a random force. Of these three, the conservative force (FC
ij) best describes the energy of

the system. Groot and Warren (1997) established a connection between DPD beads and a
real fluid by defining a relationship between the maximum repulsion between particles
(aij), which is a function of the conservative force (FC

ij), and the Flory–Huggins interaction
parameter (x). The MARTINI force field uses, on average, a four to one mapping of non-
hydrogen atoms to interaction centers (although sometimes fewer or more than four atoms
are mapped on to an interaction site) and defines the interaction sites into four main types:
polar (neutral water soluble atoms), non-polar (mixed groups of polar and apolar atoms),
apolar (hydrophobic groups), and charged (groups bearing an ionic charge) [294].

FA and CG MD simulations represent different ways to carry out MD simulations
for the permeability investigation of PLA-based materials. There is no specific method to
conduct this as the choice to use one protocol with respect to the other depends on the size
of the conditions of the system (PLA size, presence of solvent, number of gas molecules, and
simulation time). Recent studies [295] have shown that it is possible to use both methods.
This combined approach is based on starting from an all-atom MD simulation to obtain
input parameters such as angles, bonds, and dihedrals of PLA chains, taking into account
the crystalline and amorphous phases. After that, the MARTINI force field could be used to
map PLA with various polymer segment lengths against the presence or absence of other
molecules in the system.

8. Concluding Remarks and Future Outlook

With the aim of minimizing the environmental impact, several PLA-based biodegrad-
able plastic packaging materials with improved barrier properties have been developed
in the last decades. In this work, all recent strategies to improve the barrier properties of
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PLA were reviewed including crystallization, orientation, stereocomplexation, blending,
incorporation of nanoparticles, and copolymerization. Considering the enormous number
of available approaches and the wide range of processing conditions applied, it is often
difficult to establish clear relationships between the structure and barrier properties. How-
ever, the current review of the literature has identified some strategies that appear to have
a greater impact on the gas permeability of PLA than others.

Starting with crystallinity content, although it has been generally demonstrated that
barrier properties depend on the degree of crystallinity for many semi-crystalline poly-
mers, increasing the crystallinity content of PLA from 0 to 40% does not always lead to a
decrease in gas permeability, as expected. For PLA materials with a comparable degree of
crystallinity, several studies have shown that gas permeability strongly depends on chain
orientation, amorphous phase morphology, and crystalline forms (i.e., ordered α-form
crystals and less ordered α′-form crystals in PLA). More importantly, further studies on the
wide variety of crystalline and amorphous phase organization of PLA have revealed the
importance of the crystalline superstructure and lamellar arrangement in improving gas
barrier properties. In other words, the crystalline phase acts as an impermeable barrier, but
its supermolecular microstructure must be properly tailored. Numerous data show that
gas barrier properties can be reduced by up to two orders of magnitude if the arrangement
of PLA lamellae is tuned along a perpendicular direction of the gas diffusion path. To
achieve this, specific crystallization protocols must be applied to create regularly spaced
lamellae in PLA packaging materials. The most successful approaches involve either molec-
ular orientation, crystallization under nanoconfinement, addition of vertically aligned
nanoplatelets, and/or use of specific fibrillar nucleating agents as templates to construct
parallel-aligned shish-kebab-like crystals with well-interlocked boundaries. Consistent
with these promising findings, most recent studies have focused on the development of
nanocomposite structures by incorporating small amounts of nanoparticles (i.e., typically
clays with at least one dimension less than 100 nm) into polymeric matrices. By acting as
physical barriers to the diffusion and permeation of small molecules, such nanostructures
have been shown to significantly improve the barrier properties of PLA. This phenomenon
is attributed to the well-known tortuosity effect. In this context, theoretical models and
empirical studies have suggested that, in addition to the aforementioned nanoparticle
orientation, other key factors in achieving high-barrier materials are maximizing the aspect
ratio of the nanoparticles and improving the interfacial adhesion between the nanofillers
and the PLA matrix. However, despite extensive research efforts, none of these materials,
with the level of gas permeability required by the end-users and at reasonable costs, have
reached the market yet. As this film will be in contact with food, potential risks to human
health are questioned as nanomaterials may migrate from the packages to foodstuff. In
addition, the effect of nanoparticle incorporation on the biodegradability/compostability
of the polymer must be thoroughly investigated. In the absence of these detailed studies,
nanocomposites cannot be approved for legal utilization in industry.

Meanwhile, recent progress in polymerization methods such as controlled radical
polymerization (CRP) has enabled the synthesis of interesting copolymerization products
for a wide range of applications, while fitting with some of the principles of green chemistry
such as the use of bio-based monomers, solvent-less protocols, and mild conditions (low
temperature). Using these methods, PLA barrier properties can be enhanced by copolymer-
ization with appropriate monomers to widen its applicability in the food packaging field.
Despite the impressive developments, there are still challenges that need to be addressed.
For instance, there is a huge need to discover new selective catalysts in light of expanding
the range of monomers that can be used. In addition, current polymerization protocols are
difficult to scale-up due to the lack of automatic systems. However, further developments
are expected in the near future as growing research interest is focusing on strategies to
simplify the current polymerization protocols and allow for more scalable methodologies
to be implemented.
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Abstract: Process-induced changes in the morphology of biodegradable polybutylene adipate
terephthalate (PBAT) and polylactic acid (PLA) blends modified with various multifunctional chain-
extending cross-linkers (CECLs) are presented. The morphology of unmodified and modified films
produced with blown film extrusion is examined in an extrusion direction (ED) and a transverse
direction (TD). While FTIR analysis showed only small peak shifts indicating that the CECLs modify
the molecular weight of the PBAT/PLA blend, SEM investigations of the fracture surfaces of blown
extrusion films revealed their significant effect on the morphology formed during the processing.
Due to the combined shear and elongation deformation during blown film extrusion, rather spherical
PLA islands were partly transformed into long fibrils, which tended to decay to chains of elliptical
islands if cooled slowly. The CECL introduction into the blend changed the thickness of the PLA
fibrils, modified the interface adhesion, and altered the deformation behavior of the PBAT matrix
from brittle to ductile. The results proved that CECLs react selectively with PBAT, PLA, and their
interface. Furthermore, the reactions of CECLs with PBAT/PLA induced by the processing depended
on the deformation directions (ED and TD), thus resulting in further non-uniformities of blown
extrusion films.

Keywords: poly(butylene adipate terephthalate); poly(lactic acid); chain-extending cross-linker;
process-induced morphology; blown film extrusion

1. Introduction

The largest market in the plastics industry is the packaging segment, with more than
40% of plastics demand in Europe [1]. Fifty percent of all goods are packed in plastics [1].
Blown film extrusion is the most important industrial manufacturing process of polymeric
films [2,3]. In this process, a molten polymer is extruded into a tube shape and subsequently
drawn by nip rollers in an extrusion direction (ED). Simultaneously, the extruded melt is
blown by injecting air to a substantially larger tube ratio [4–7]. As the polymer melt is drawn
in both the extrusion and transverse directions (TD), the film blowing process represents
a biaxial elongational flow process. The orientation of the macromolecules and the final
morphology of blown films depend strongly on the chosen process parameters [2–7].

The majority of biodegradable blends are based on polybutylene adipate terephthalate
(PBAT) and polylactic acid (PLA) compounds [8–11]. Their chemical reactivity is typically
governed by ester, amide, and ether functional groups. PBAT is a random copolymer
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of butylene adipate and terephthalate, which owes its biodegradability to the butylene
adipate groups and its stability and mechanical strength to the terephthalate groups [11–14].
PLA is biodegradable and entirely renewable if it originates from starch [15–18]. It often
exhibits a brittle behavior, and therefore it is inappropriate for applications requiring high
deformation strains [19,20]. Therefore, blending with ductile polymers such as PBAT is a
reasonable approach.

Investigations on PBAT/PLA blends showed that the interfacial compatibility between
PLA and PBAT is poor but can be improved by compatibilizers [21,22]. Recent develop-
ments showed that chain-extending cross-linkers (CECL) might increase melt strength,
thermal stability, and phase compatibility of noncompatible polymer blends. However,
only a few investigations deal with CECLs’ influence on PBAT/PLA blends [16,21,23–27].

Chiu et al. [16] showed on injection molded PBAT/PLA blends that the annealed
PLA has a brittle and low-deformed breaking structure, and break tracks presented a
considerable acute angle. The PBAT also exhibited a brittle break, but its break angle was
alleviative, and its break tracks were longer than for the PLA. The break cross-sections of
PBAT/PLA (30/70) and PBAT/PLA (50/50) were similar to those of PLA. The PBAT/PLA
(30/70) presented an irregular layer break cross-section with PLA spheroid-dispersed
in the PBAT continuous phase, and the PBAT/PLA (50/50) showed a directive-layer
break cross-section.

Wang et al. [21] found that an epoxy-terminated branched polymer (ETBP) enhances
the interfacial compatibility and mechanical properties of PBAT/PLA compounds. PBAT
was dispersed in the continuous PLA phase in droplet form. The phase separation structure
between PLA and PBAT could be seen. The interface image between the two phases was
clear and loosely bonded, showing a sea-island structure. The average size of PBAT particles
in PBAT/PLA blends was 2.87 μm, indicating a typical thermodynamically immiscible
system. After the addition of ETBP, the size of the dispersed PBAT particles decreased (the
average size reduced by up to 0.38 μm). Moreover, the interface between PLA and PBAT
became fuzzy as more PLA and PBAT were combined together. With the increase of ETBP,
the tensile fracture surface became ductile, and the sea island structure nearly disappeared,
indicating that the addition of more than 1.0 phr of ETBP can significantly improve the
compatibility between PLA and PBAT as well as the toughness of PBAT/PLA blends [21].

Al-Itry et al. [23] modified PBAT/PLA blends with CECLs (Joncryl®, BASF, Germany)
and confirmed improved thermal stability, increased molecular weight, intrinsic viscosity,
and elastic modulus of the PBAT/PLA.

Dong et al. [24] investigated PBAT/PLA blends with and without two chain-extending
cross-linkers. SEM analysis of the reference PBAT/PLA (20/80) blend showed that the
PBAT was dispersed non-uniformly in the PLA matrix with the large domain size (1~5 μm),
while adhesion between the PLA and PBAT phases was poor, as evidenced by interfacial
debonding and oval cavities left by the PBAT domains after cryo-fracture. The dispersion
of the PBAT domains became uniform, and the average PBAT domain size was reduced to
approximately 0.5 and 1 μm after the addition of 1 wt.% of Joncryl® and 1,6-hexanediol
diglycidyl ether, respectively. The interfacial adhesion between the PLA and PBAT phases
improved, and results indicated that the compatibility between the PLA and PBAT was
greatly enhanced by the incorporation of both CECL, which reasonably affected other
properties of the blends.

To the best of our knowledge, only Arruda et al. [25] investigated PBAT/PLA blends
modified with Joncryl® on the films produced via blown film extrusion. Regarding the films
without chain extenders, the PLA dispersed phase presented itself as an elongated and fibril-
lar structure preferably arranged towards the drawn direction of the film. Arruda et al. [25]
assumed that this fibrillar morphology was caused by the elongational strain derived from
the film drawing process. In the films containing 0.3 and 0.6% Joncryl®, the dispersed
phase appeared as ellipsoids oriented towards the film drawing. The CECLs were expected
to produce the PBAT/PLA copolymer.
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Pan et al. [26] studied PBAT/PLA melt compounded with methylene diphenyl diiso-
cyanate as CECL. SEM micrographs showed that when the dispersed phase concentration
reached a 1:1 ratio, complex structures, such as platelet, ribbon- or sheet-like, stratified, and
co-continuous, were formed. The PBAT with a size of approximately 10 mm showed almost
no wetting, with the PLA phase indicating very low compatibility of the reference blend.
By the formation of a PBAT/PLA copolymer due to the addition of CECL, a decrease in the
size of the PBAT phase was attained.

Phetwarotai et al. [27] investigated PLA grafted with maleic anhydride (PLA-g-MA)
synthesized via reactive maleation and PBAT/PLA compounds compatibilized with toluene
diisocyanate (TDI). Fracture surfaces after the tension of compression-molded films ex-
hibited poor interfacial adhesion between PLA and PBAT phases. Upon the addition of
TDI, SEM showed many elongated fibrils as the addition of the TDI enabled the strong
formation of urethane and/or amide linkages between PLA and PBAT phases, which
improved interfacial adhesion. Further, the SEM image of the grafted blend after tension
indicated the enhanced adhesion and wettability between PLA and PBAT compared to
non-grafted material. The anhydride groups of PLA-g-MA could react with the hydroxyl
groups of PLA and PBAT to form the ester linkages. This strong chemical bonding was an
important factor that increased the interfacial adhesion between the components.

Currently, very little is known concerning the effect of multi-functional CECLs on
morphology and resulting mechanical properties of the PBAT/PLA films produced via
blown film extrusion. The vast majority of the studies available were carried out on samples
prepared by compression or injection molding, thus not considering the process-induced
changes introduced by blown film extrusion. In our previous study [28], we showed that
the chemical reactions caused by CECLs incorporation into PBAT/PLA were incomplete
after compounding and that the elongation during blow film extrusion brought appropriate
molecular groups into reach and thus promoted crosslinking or chain scission. Therefore,
the objective of this study was to investigate in detail the effect of four CECLs on the
morphology of PBAT/PLA resulting from the molding route in order to optimize their
processability and usage performance.

2. Materials and Methods

Four chain-extending cross-linkers (1 wt.%) were compounded into a reference PBAT/
PLA (REF) M·VERA® B5029 [29] from BIO-FED, a branch of AKRO-PLASTIC GmbH,
Köln, Germany:

V1—tris(2,4-di-tert-butylphenyl)phosphite, SongnoxTM 1680 (Songwon Industrial Co,
Ulsan, Korea) [30];

V2—1,3-phenylenebisoxazoline, 1,3-PBO powder (Evonik, Essen, Germany) [31];
V3—aromatic polycarbodiimide, Stabaxol® P110 (Lanxess, Cologne, Germany) [32];
V4—poly(4,4-dicyclohexylmethanecarbodiimide), CarbodiliteTM HMV-15CA (Nissh-

inbo, Tokyo, Japan) [33].
The REF compound contained 24% by weight of calcium carbonate particles (D50

1.2 μm, top cut 4 μm), PBAT represented the matrix, and PLA represented the dispersed
phase. All ingredients were evenly mixed using a Mixaco CM 150-D (Mixaco Maschinenbau,
Neuenrade, Germany) and compounded with a twin-screw extruder (FEL 26 MTS, Feddem
GmbH, Sinzig, Germany) with a diameter of 32 mm and an L/D of 26, a screw speed of
260 rpm and an output rate of 20 kg h−1.

The 25 μm thick films were produced via blown film extrusion using an LF-400
(Labtech Engineering Company, Thailand) machine with an extrusion temperature of
165 ◦C and a blow-up ratio (BUR) of 1:2.5. The blown film machine had a single screw
with a diameter of 25 mm and an L/D of 30. From an extrusion gap of 0.8 mm, the draw
ratio was estimated to be between 12 and 14. The extrusion pressures were 240 bar for the
REF blend and 290 bar (V1), 159 bar (V2), 230 bar (V4), and 313 bar (V4) for the modified
compounds. Storage time to testing was 24 h at 23 ◦C/50% r.h.
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Fourier Transform Infrared Spectroscopy (FTIR) was used to identify structural changes
due to chemical reactions of the CECLs with PBAT and PLA on the compounded material
(granules). IR-spectra were recorded in the wavenumber range 2000 to 600 cm−1 using
an FTIR Microscope System (Perkin Elmer Spectrum Spotlight 200, Waltham, MA, USA)
with Attenuated Total Reflectance (ATR) in continuous scan mode, a spectral resolution of
16 cm−1 and 15 scans averages per spectrum.

Films were fractured under cryogenic conditions in extrusion (ED) and transverse
(TD) directions, as seen in Figure 1, using liquid nitrogen, and sputtered with gold at
20 mA for 3 × 30 s. Afterwards, fracture surfaces of the samples were investigated using a
field-emission Scanning Electron Microscope SEM (JSM-7200F, Jeol, Tokyo, Japan) at an
acceleration voltage of 5.0 kV and amplifications of 3.000 and 10.000.

Figure 1. Sample orientation with respect to extrusion direction (ED), transverse direction (TD),
and thickness directions; ED shows a TD-thickness direction-plain, and TD shows an ED-thickness
direction-plain.

3. Results

PBAT and PLA are immiscible polymers [34]. Their blend morphology results from
the process variables (temperature, deformation types, and rates) and the properties of the
components (composition, viscosity ratio, interfacial tension, continuous phase viscosity,
and elasticity of the components). Due to the blown film extrusion with different draw
ratios in ED and TD, anisotropic mechanical properties and corresponding differences in a
morphological structure may be expected. Recently, Azevedo et al. [28] showed (based on
differential scanning calorimetry data of granules and films) that the chemical reactions
were incomplete after compounding and that blown film extrusion intensified them even
for rapidly cooled 25 μm films. This behavior can be explained by assuming that the
CECL molecules are linked with one reactive site to polymer chains during compounding,
whereas the other reactive sites remain unaffected. Depending on the kind of CECL, this
may also lead to chain scission. Only the chain slip due to the elongation during blown
film extrusion brings appropriate molecular groups into reach. Then, the unreacted sites
can react with neighboring polymer chain segments. These reactions may lead either to
further chain scission or cross-linking. The fact that the elongations at the break in extrusion
direction (ED) decreased with aging and remained unaltered in the transverse direction (TD)
indicates that the reactions linked to chain scission and cross-linking depended also on the
introduced draw ratios during film blowing, which differed for ED and TD. Furthermore,
chain scission and cross-linking altered viscosity and consequently the structure, e.g.,
dimensions of the dispersed phase and its geometry (spherical or fibrillar). According to
dynamic mechanical analysis [28], for V1 CECLs, the Tg of PLA and PBAT phases were
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hardly affected, whereas for V2 to V4, an increase of Tg in the PBAT phase and a decrease in
the PLA phase were observed. This means that cross-linking mainly occurred in the PBAT
phase, whereas in the PLA phase, the free volume was mainly increased by partial reaction
with CECL. Finalized cross-linking in the PLA phase (with corresponding Tg increases)
was found for V3 and V4 compounds after the second melting.

To confirm the interactions expected from DSC and mechanical analysis, FTIR-ATR
was performed on the blown films (Figure 2) as well as the granules (Supplementary
Materials: Figure S1). According to Standau et al. [35] and Yuniarto et al. [36], the PLA
band around 752 cm1, together with the vibration of the α-methyl band around 864 cm−1,
is associated with the ester (O-CH-CH3), while that many weaker peaks in the range of
1250-1050 cm−1 are assigned to C-O from carboxyl groups and C-O-C stretching vibrations,
and the peak at 1748 cm−1 is associated with the carbonyl C=O stretching vibration.

Figure 2. FTIR spectra of the blown films of unmodified PBAT/PLA (REF) and the CECL-modified
samples (V1 to V4).

It has been reported [23] that there are three possible linkages in polyesters: carbon-
oxygen ether linkage (β-H-C hydrogen transfer), carbonyl carbon-carbon linkage, and
carbonyl carbon-oxygen, which can undergo scission. The functional groups of PBAT are
described as follows (Figure 2): the peak at around 1710 cm−1 represents carbonyl groups
(C=O) in the ester linkage, while at 1265 cm−1, a peak intercepts C-O in the ester linkage,
and at around 725 cm−1 a peak represents methylene (-CH2-) groups. Bending peaks of
the benzene substitutes are located at wavenumbers between 700 and 900 cm−1.

After CECL modification of the REF blend, the PLA band at 864 cm−1 was slightly
shifted for V2, V3, and V4 to smaller wavenumbers up to 850 cm−1, indicating reactions
that enhance vibrations of the α-methyl group. A weak band occurring at 920 cm−1 is
characteristic of unsaturated vinyl groups.

Overall, the spectra of V1 to V4 do not differ significantly from that obtained for
REF, suggesting only small changes in the chemical structure of PBAT/PLA within the
sensitivity limit of FTIR. This is in accordance with Wu et al. [37], who investigated how
dicumyl peroxide (DCP) modifies the spectra of PBAT/PLA blends and found that DCP
generated free radicals by thermal decomposition, initiating the formation of branching
structures via hydrogen abstraction, resulting in minimal changes in the FTIR spectra.

Furthermore, FTIR performed on the granules does not show significant differences
from those obtained on blown films. Therefore, regardless of its frequent usage, FTIR may
not be an efficient tool to detect the CECL-attributed chemical interactions, possibly due to
the strong self-interactions of PBAT and PLA [38].
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SEM of fracture surfaces of blown extrusion films, as seen in Figure 3, reveals that the
dimensions of the dispersed PLA phase differed among the samples and depended on the
orientation of the fracture surfaces.

Figure 3. SEM of fracture surfaces of unmodified PBAT/PLA (REF) and CECL-modified (V1 to V4)
films in ED and TD blown film extrusion directions. The rectangles represent the magnified areas
displayed in Figure 4.
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Figure 4. Detailed (magnification of 10,000) SEM of fracture surfaces of unmodified PBAT/PLA (REF)
and CECL-modified (V1 to V4) films in ED and TD blown film extrusion directions.

REF blend exhibited a clear dispersion of PLA in the PBAT matrix with “sea-island”
morphologies < 500 nm; see Figure 3—arrows 1 and 6, confirming nonhomogeneous
dispersion reported in the literature [25–27]. Such morphology is associated with poor
mechanical properties due to a weak interfacial adhesion between PBAT and PLA as well
as internal stresses at an interface. Furthermore, the skin-core structure was found in REF
consisting of coarsely dispersed PLA in the core region of the sample and fine PLA fibrils
in the skin regions; see Figure 3—arrows 4 and 5 in the TD direction.

The comparison of fracture surfaces of V1 to V4 with respect to REF shows that CECLs
changed the fracture appearance as follows: V1 fails brittle, V2 slightly more ductile, and
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V3 to V4 significantly more ductile and tougher, as shown in Figures 3 and 4. REF and V1
to V3 exhibit fibrils, as shown in Figure 3—arrows 2, 8, 12, and 23, indicating the tough and
ductile behavior of the PBAT matrix).

The calcium carbonate particles having diameters of 2 to 3 μm (D50 of 1.2 μm) were
well visible on the fracture surfaces, although they were completely covered by the PBAT
matrix (Figure 3—arrows 3, 5, 21, and 22), indicating a good adhesion due to a complete
matrix wetting, especially for V4.

The introduction of CECLs modified the morphology of the PBAT/PLA and the
structure of the fracture surfaces with respect to the dimension and geometry of the PLA
islands. However, there were morphological similarities in all compounds as the structure
of the dispersed PLA was circular or spherical, Figure 3—arrows 1, 6, 7, 11, 13, 18, 19, 24,
28, and 30. This and the coarser islands support the process of chain scission for V1 and V2.

The differences in ED and TD were to be expected, and PLA fibrils were found only
in TD (Figure 3—arrows 5, 12, 17, 23, and 28) but not in ED. In ED, the fibrils seem to be
decayed in spherical or ellipsoidal PLA islands with a maximum aspect ratio of about 3,
whereas in TD, both spherical PLA islands and fibrils occur. The exception is V4 modified
blend, which did not exhibit PLA fibrils in TD, suggesting a better interface adhesion, where
the fibrils were completely embedded in the matrix. In addition to processing-induced PLA
fibrils, fracture-induced fibrils of the PBAT matrix having 5 to 10 times smaller diameters
were also found (Figure 4—arrows 31, 35, 39, 40, and 46).

The morphology of the modified blends has to be interpreted also with respect to
structure formation during film blowing with a BUR of 1:2.5, a drawing ratio (DR) of 12 to
14, and temperature. During the blow phase, the elongation flow stretched and oriented
the melt at the beginning in TD due to blowing and subsequently in ED due to drawing.
Simultaneously, the melt cooled down the faster the film was stretched and melt viscosity
increased. The occurrence of the fibrils suggests that cooling and freezing exceeded the
orientation relaxation.

At temperatures below 130 ◦C, PLA started to crystallize, freezing in the islands in the
current geometry. Due to DR >> BUR, the initially spherical PLA particles in the melt were
much more stretched in ED than in TD, explaining why PLA fibrils were found only in TD.
After the solidification of PLA, only the PBAT matrix could be further stretched until it
had been cooled below Tg at around 60 ◦C. During this stretching, the calcium particles are
oriented perpendicular to the thickness direction.

At larger magnifications, the fibrils due to fracturing of the PBAT matrix were well
visible (Figure 4—arrows 31, 35, 39, 40, and 46). This can be explained by the lower
stiffness and yield stress of PBAT (E ≈ 400 MPa, σy ≈ 35 MPa) [9,11] compared to PLA
(E = 3500 MPa, σy ≈ 60 MPa) [20], leaving the PLA in an almost nondeformed state during
the fracture. Furthermore, it also enhances the fracture propagation along the PBAT/PLA
interface. Rather poor adhesion is indicated with many small PLA particles (D < 200 nm),
(Figure 4—arrows 32, 34, 37, 41, 44, 48, 51, 52, 56, and 58).

The cracks appearing on the fracture surfaces of V2 to V4 (Figure 4—arrows 45, 49,
55, and 59) were presumably not a result of the CECL modification, but of electron beam
heating of the surface causing the relaxation of internal stresses and void formation.

In V1 and V3, the dispersed PLA was not covered by the PBAT matrix, indicating that
the CECLs hardly affected compatibilization. The more elliptic shape of the PLA islands
could have arisen due to the fact that the processing-induced liquid PLA fibrils to decay in
ellipsoidal droplets, which were frozen in the current shape.

Finally, the morphological features of REF and V1 to V4, considered with respect to
the degree of brittleness, structure of the PLA phase, interface adhesion of the dispersed
PLA, and interface adhesion of filler particles, are summarized in Table 1.
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Table 1. Summary of structure features seen on fracture surfaces of unmodified PBAT/PLA (REF)
and CECL-modified (V1 to V4) films in ED and TD blown molding directions.

Cpd Feature ED TD

REF

brittleness semi-brittle semi-tough

dispersed PLA circular D ≈ 100–400 nm
no fibrillar structure

circular D ≈ 100–400 nm
partly fibrillar in ED: D ≈ 100 nm,

L ≈ 1000–2000 nm

interface adhesion of
dispersed PLA

rather poor
PLA surface visible, holes of PLA

phase dimensions

rather poor; PLA surface visible, holes of PLA
phase dimensions; lines in fracture surface
indicating poor interface adhesion of fibrils

particle adhesion filler particles completely covered with PBAT indicating good to excellent adhesion

V1

brittleness brittle semi-brittle

dispersed PLA
Circular/slightly elongated D ≈

100–200 nm; lines in fracture surface:
D ≈ 150 nm, L ≈ 1000–1500 nm

circular D ≈ 100–200 nm; elongated fibrils
fibrils: D ≈ 200 nm, L ≈ 1000–4000 nm

Interface adhesion
of dispersed PLA

bad; PLA surface visible, holes of
PLA phase dimensions

bad; well visible PLA islands and fibrils;
lines in fracture surface indicating bad

adhesion

particle adhesion filler particles completely covered with PBAT indicating good to excellent adhesion

V2

brittleness ductile tough with partly fibrillated matrix

dispersed PLA circular D ≈ 100–200 nm
no fibrils

circular islands D ≈ 100–200 nm
elongated fibrils: D ≈ 100 nm,

L ≈ 1000–2000 nm

interface adhesion
of dispersed PLA

poor
well embedded islands with cracks in

all directions, max L ≈ 1000 nm

bad to poor
deformed islands/fibrils in fracture surface

indicating some adhesion

matrix particle adhesion filler particles completely covered with PBAT indicating fair to excellent adhesion

V3

brittleness ductile to tough ductile with fibrillated matrix

dispersed PLA circular/slightly elliptic D ≈ 200–500
nm; no fibrils

circular, partly elongated D ≈ 200–500 nm
no fibrils

interface adhesion
of dispersed PLA

bad to mean
well-embedded islands with visible
surface and cracks, max L ≈ 500 nm

bad to mean
some islands partly embedded

particle adhesion filler particles completely covered with PBAT, indicating fair to excellent adhesion

V4

brittleness ductile to tough poor to tough with fibrillated matrix

dispersed PLA circular islands D ≈ 100–300 nm circular islands D ≈ 100–300 nm
no fibrils; lines with max L ≈ 2500 nm

interface adhesion of
dispersed PLA

poor; PLA surface partly
covered with matrix

poor; no visible fibrils
PLA surface partly covered with matrix

particle adhesion filler particles were hardly visible indicating good dispersion of the particles in the matrix

4. Conclusions

The PBAT/PLA compound was modified with four multi-functional chain-extending
cross-linkers (CECL). Previous calorimetric investigation of PBAT/PLA films revealed
their selective reactions with the introduced CECL. The cross-linking effect occurred only
for aromatic polycarbodiimide and poly(4,4-dicyclohexylmethanecarbodiimide, whereas
chain scission was attained for modification with tris(2,4-di-tert-butylphenyl)phosphite and
1,3-phenylenebisoxazoline. FTIR did not prove to support the results of calorimetry and me-
chanical performance in a convincing way. Only slight shifts to lower wavenumbers were
obtained for aromatic polycarbodiimide and poly(4,4-dicyclohexylmethanecarbodiimide,
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but also for 1,3-phenylenebisoxazoline. Morphological analysis was in accordance with
the resulting mechanical properties. Tris(2,4-di-tert-butylphenyl)phosphite and aromatic
polycarbodiimide showed a dispersed PLA phase that was not covered by the PBAT matrix,
indicating that these two CECLs do not provide compatibilization, whereas poly(4,4-
dicyclohexylmethanecarbodiimide) showed the dispersed PLA partially covered by the
PBAT matrix. The most synergetic effect was obtained for 1,3-phenylenebisoxazoline,
where the PLA phase was well embedded in the PBAT matrix, indicating adhesion and
improved compatibilization.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/polym14101939/s1, Figure S1: FTIR spectra of the granules of unmodified PBAT/PLA (REF)
and the CECL-modified samples (V1 to V4).
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Abstract: Poly(lactic acid)-poly(hydroxybutyrate) (PLA-PHB)-based nanocomposite films were pre-
pared with bio-based additives (CNCs and ChNCs) and oligomer lactic acid (OLA) compatibilizer
using extrusion and then blown to films at pilot scale. The aim was to identify suitable material
formulations and nanocomposite production processes for film production at a larger scale targeting
food packaging applications. The film-blowing process for both the PLA-PHB blend and CNC-
nanocomposite was unstable and led to non-homogeneous films with wrinkles and creases, while the
blowing of the ChNC-nanocomposite was stable and resulted in a smooth and homogeneous film.
The optical microscopy of the blown nanocomposite films indicated well-dispersed chitin nanocrys-
tals while the cellulose crystals were agglomerated to micrometer-size particles. The addition of
the ChNCs also resulted in the improved mechanical performance of the PLA-PHB blend due to
well-dispersed crystals in the nanoscale as well as the interaction between biopolymers and the chitin
nanocrystals. The strength increased from 27 MPa to 37 MPa compared to the PLA-PHB blend and
showed almost 36 times higher elongation at break resulting in 10 times tougher material. Finally,
the nanocomposite film with ChNCs showed improved oxygen barrier performance as well as faster
degradation, indicating its potential exploitation for packaging applications.

Keywords: poly(lactic acid); poly(hydroxybutyrate); film blowing; cellulose nanocrystals; chitin
nanocrystals; liquid-assisted extrusion; biodegradability; oxygen barrier properties

1. Introduction

Petroleum-based plastics are currently the most popular choice for packaging applica-
tions because of their low cost, ease of processability, and tunable properties, which can
be modified to meet the specific needs of the products [1]. The most popular polymers
used in the packaging industry are polyethylene (PE), polypropylene (PP), polyethylene
terephthalate (PET), and polystyrene (PS), which together account for more than 90% of
the total volume of plastics used in food packaging [2]. Traditional thermoplastics used in
packaging are often made from non-renewable fossil fuels. In addition, most fossil fuel-
based polymers are non-biodegradable; as a result, poor waste management contributes to
several environmental issues, including high amounts of plastic waste in the environment,
the emissions of toxic gases during the incineration of polymers, and the shortage of landfill
space [3]. Thus, it is essential to replace these with sustainable and biodegradable polymers.
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Among biopolymers from renewable resources, polylactic acid (PLA), is a potential
candidate to replace petroleum-based non-biodegradable polymers due to its good me-
chanical performance (stiffness and strength) [4], transparency, excellent printability [5],
processability [6], and economic feasibility compared to many other biodegradable poly-
mers. However, despite the mentioned advantages, PLA has some disadvantages, which
consequently limit its use in food packaging applications. These are its inherent brittleness,
which is also reflected in the difficulty of producing thin-blowing films, and its moderate
gas barrier performance [7].

Gas barrier properties are critical when considering a polymer for food packaging
applications because many food products are sensitive to oxidation; hence, packages with
low oxygen permeability are preferred. It is well known that the crystalline phase has a
significant influence on the oxygen barrier properties of a material; as a consequence, in-
creasing the crystallinity of PLA is required for food packaging applications. To enhance the
crystallinity, blending PLA with other more crystalline biopolymers, such as poly(hydroxy
alkanoates) (PHAs), has subsequently received a lot of attention in the food packaging
industry. The most common representative of PHAs is poly(hydroxybutyrate) (PHB) [8]
which has been extensively researched for its potential applications in food packaging [9].
Our previous research demonstrated that blending PLA with 25 wt% of PHB resulted in
the formation of small, finely dispersed, and highly crystalline PHB spherulites in the PLA
matrix [10]. This resulted in a significant increase in the crystallinity of the material, which
ultimately improved its barrier performance. Likewise, Zhang et al. [11] reported that melt
blending PLA with 25 wt% of PHB showed optimal miscibility between the two polymers.

Film blowing is the most widely accepted process for manufacturing polymer-based
films in the packaging industry, such as barrier films (used to protect daily meat and
vegetables), frozen food packaging, and shopping bags [12,13]. However, this processing
is often challenging for both PLA and PHB because of their inherent brittleness, low melt
strength, and reduced elongation as compared to PP and PE [14], resulting in unstable and
wrinkled bubbles that tend to collapse during the film-blowing operations [15]. In addition,
most food packaging applications require ductile properties and increased flexibility, which
cannot be obtained with neat PLA:PHB blends. To address these concerns, different
strategies have been proposed, such as the addition of plasticizer to improve the fluidity
of the polymer blend [16,17], the use of viscosity enhancers to improve the material melt
strength [18], or the development of nanocomposites by the introduction of nanomaterials
such as chitin nanocrystals (ChNCs) or cellulose nanocrystals (CNCs) which concurrently
improve the processability and the barrier properties of the produced films [15,19]. In this
context, Herrera et al. [15] demonstrated the effectiveness of ChNCs in producing PLA-
based nanocomposite blown films with improved processibility and mechanical properties.

Recently, cellulose and chitin nanocrystals have drawn the attention of researchers as
promising reinforcing nanomaterials for producing bionanocomposites due to their large
aspect ratios with good mechanical properties, as well as their biocompatible and renewable
nature [20–22]. In addition to the improvement in mechanical properties, CNCs and ChNCs
also act as nucleating agents for polymers, thereby enhancing the crystallization rate and
increasing the crystallinity of the material. CNCs have been widely used as reinforcements
to improve the thermal, mechanical, crystalline, and barrier properties of PLA [23] and
PLA-PHB blends [19,24]. Singh et al. [25,26] showed that the addition of a small amount of
ChNCs to PLA results in a significant improvement in PLA nucleus numbers due to faster
crystallization speed and thus increased crystallinity. In addition, our previous study [10]
demonstrated that the addition of 1 wt% ChNCs has a strong effect on the oxygen barrier
properties of the PLA:PHB blend, which is generated simultaneously by the inherent barrier
properties of ChNCs and the induction of a higher degree of crystallinity. Furthermore,
ChNCs acted as an antistatic additive, resulting in less electrostatic interaction between
the film surfaces, making it easier for the films to open [15]. Arrieta et al. [19] showed
that the plasticized PLA-PHB-based bionanocomposite with 1 wt% functionalized CNC
achieved higher elongation at break of about 150%, compared to the material without
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CNCs, showing comparable values to those of commercial stretchable films used for food
packaging. In addition, Jandas et al. [27] reported that reactive extrusion of a PLA-PHB
blend using MA (maleic anhydride) to form an interpenetrated network structure together
with modified nanoclays resulted in excellent impact strength and high elongation at break.

Although CNCs and ChNCs have great potential as mentioned above, the hydrogen
groups on the surface induce high attraction between the crystals, resulting in irreversible
strong hydrogen bonds between them during preparation, which makes it difficult to
achieve homogeneous dispersion of nanocrystals in polymers [28]. To avoid aggregation,
nanocrystals generally undergo hydrophobic surface modifications before nanocomposite
preparations [24,29,30]. Unfortunately, these hydrophobic surface modifications frequently
have significant economic and environmental drawbacks, which limit their industrial
potential [31]. Previously, a scalable liquid-assisted extrusion approach was proposed to
improve the dispersion of nanocrystals and, as a consequence, improve the final properties
of the final formulations [32–34]. According to this process, nanomaterials in aqueous
form along with the dispersing aid are fed into polymer melt via extrusion. OLA has been
considered an effective plasticizer for PLA [35] as well as for PLA-PHB blends [36,37];
additionally, it counteracts the inherent brittleness of PLA and PHB [38] and thereby
improves the processability of the biopolymer and other properties required for food
packaging applications. Hence, in this study, an oligomer lactic acid (OLA) was used
as a compatibilizer and dispersing aid for CNCs and ChNCs in the manufacturing of
bionanocomposite films.

The present study is the final phase of a pilot-scale project for the production of
PLA-PHB-based bionanocomposite films by the film-blowing process. The aim of the
study was to minimize the limitations of PLA films, which include processing difficulties,
stiffness, brittleness, and low barrier properties, by incorporating PHB, nanoreinforcements
(cellulose and chitin nanocrystals), and OLA with a focus on developing food packaging
applications. In addition, we compared two different nanomaterials in different forms
to be used as reinforcement for PLA-PHB: freeze-dried CNCs, which were added via
conventional melt compounding, and ChNCs in an aqueous form, which was added as
liquid dispersion into the melt compounding process. The processability of the materials
and the morphological, thermal, and mechanical properties were studied, and the best
films were selected for evaluation of their barrier and biodegradation behavior.

2. Materials and Methods

2.1. Materials

A commercial PLA, NatureWorks Ingeo Biopolymer 2003D, for fresh food packaging
and tableware was purchased from Resinex Italy srl (Mornico al Serio, BG, Italy) and
was used as the main biopolymer component in the biopolymer blend. Ingeo 2003D is
an extrusion grade semicrystalline polymer with a melt flow index (MFI) of 6 g/10 min
(measured at 210 ◦C and with a load of 2.16 kg), the tensile strength of 53 MPa, 3.5 GPa
tensile modulus, and 6% elongation at break, as reported by the manufacturer.

A commercial polyhydroxyalkanoate PHB, IAM NATURE B6 E15, purchased from
Gruppo MAIP srl (Settimo Torinese, TO, Italy) was used as the second component in the
biopolymer blend. The PHB is an extrusion-grade biopolymer with an MFI of 3 g/10 min
(measured at 170 ◦C and with a load of 5 kg), and the tensile strength of 20 MPa was
reported by the manufacturer.

A biobased and biodegradable low-molecular-weight oligomer lactic acid (OLA, (Gly-
plast OLA2 purchased from Condensia Quimica SA, Barcelona, Spain) was used as a
compatibilizer and processing aid. The OLA is a viscous liquid having a molecular weight
of 500–600 g/mol, ester content >99%, a density of 1.10 g/cm3, and a viscosity of 90 mPa·s.

Microcrystalline cellulose (MCC) and shrimp chitin were used as starting materials for
the production of the nanocrystals (CNCs and ChNCs) and were purchased from Glentham
Life Sciences Ltd., Corsham, UK.
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The used chemicals, sulfuric acid (H2SO4) and potassium phosphate (K3PO4), and
sodium hydroxide (NaOH) used in the acid hydrolysis were purchased from Brenntag N.V.
(Deerlijk, Belgium).

The CNCs were prepared at a pilot scale, the MCC was hydrolyzed with 60 wt%
H2SO4 at 40 ◦C for 3 h, and the suspension was neutralized by the addition of K3PO4
and NaOH, followed by desalting with a ceramic ultrafiltration membrane (diameter
3 × 25 × length 1178 mm) (TAMI Industries, Nyon, France). Larger MCC particles were
removed via a centrifugation step using a separation centrifuge from GEA Westfalia S1 1-01
(Oelde, Germany). The produced CNCs were concentrated at 55 ◦C, using a 0.5 bar steam
pressure in a custom-made wiped film evaporator, a filling volume of 69 L, a maximum
vacuum pressure of 1 bar, and a maximum temperature of 200 ◦C (GEA Canzler GmbH &
Co. KG, Düren, Germany), and then lyophilized using an SP VirTis Genesis pilot freeze
dryer 35 L (Barcelona, Spain) to obtain 1.4 kg of dry CNCs. The drying was performed
with thermal treatment, primary drying, and secondary drying of −40 ◦C at 500 μbar,
−40 ◦C to 25 ◦C for 44 h at 500 μbar, and 25 ◦C for 25 h at 80 μbar (condenser vacuum and
temperature constant at 600 μbar and −45 ◦C), respectively. The freeze-dried CNCs are
shown in Figure S1 in the Supplementary Materials.

The ChNCs were produced via sulfuric acid hydrolysis on a pilot scale by following
the process reported in our earlier study [10]. Briefly, the shrimp chitin was hydrolyzed
in a glass-lined reactor custom-made by Thaletec GmbH (Thale Germany) with 35 wt%
H2SO4 at 60 ◦C for 2 h followed by centrifugation, dialysis, and homogenization to produce
ChNCs. Isolated ChNCs had diameters and lengths ranging from 5 to 15 nm and 200 to
480 nm, respectively [10]. The supplied ChNCs (4 wt%) were then concentrated using a
vacuum rotary evaporator to achieve the 18 wt% concentration.

2.2. Methods
2.2.1. Blend Processing

The compositions of the prepared formulations are shown in Table 1. A masterbatch
of PLA:PHB blend was prepared by ensuring the homogeneous mixing of biopolymers
in a co-rotating twin-screw extruder (Leistritz 27E, Nuremberg, Germany) with a screw
diameter (D) of 27 mm and a length/diameter ratio of 40. The screw speed was kept
constant at 300 rpm, and the temperature profile was set in the range of 165–175 ◦C. The
composition of the blend was preliminarily defined, and PLA and PHB were mixed in the
specific ratio of 75:25 (wt%), respectively.

Table 1. Compositions of the biopolymer blends and nanocomposites are given in weight %.

Materials PLA-PHB (75-25) OLA CNC ChNC

PLA-PHB 100 - - -
PLA-PHB-OLA 96 4 - -

PLA-PHB-OLA-CNC 95 4 1 -
PLA-PHB-OLA-ChNC 95 4 - 1

2.2.2. Nanocomposite Processing

The PLA:PHB nanocomposite with OLA and CNCs was produced using conventional
melt extrusion, in which the requisite amount of freeze-dried CNCs along with OLA was
added to PLA-PHB blend using a twin-screw extruder (Leistritz 27E), at 300 rpm and the
temperature profile in the range of 185–195 ◦C.

The PLA-PHB, OLA, and ChNCs were prepared via a liquid-assisted extrusion process
using a co-rotating twin-screw extruder (Coperion W&P ZSK-18 MEGALab, Stuttgart,
Germany). The PLA-PHB blend was fed using K-Tron gravimetric feeder (Niederlenz,
Switzerland) attached to the extrusion. An aqueous suspension of ChNCs and OLA in the
requisite amounts was added to produce nanocomposites. The suspension used for the
liquid-assisted process was prepared by pre-dispersing a concentrated ChNC gel (18 wt%)
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in ethanol at a ratio of 1:5 (water:ethanol) using magnetic stirring for 2 h, followed by the
addition of OLA. The suspension was ultrasonicated prior to extrusion and preliminarily
heated at 50 ◦C with a heating plate before dosing.

2.2.3. Film Blowing

The pellets from each formulation were dried at 80 ◦C for at least 4 h prior to extrusion.
A MiniBlown 25 single-screw monolayer extrusion line (EUR.EX.MA Tradate, Italy) with a
standard screw design (length 80 cm, diam 25 mm) attached with a circular opening die
and chill rolls 380 for blow extrusion was used. For all the formulations, the velocity was
set to 35 rpm and the throughput was 3.5 kg/h. The temperature profile was set at 170 ◦C
in the barrel and 175 ◦C at the die. More than 2 kg of pellets was used for each formulation
to ensure a steady film output. The facilities for the extrusion and film-blowing processes
are shown in Figure 1.

 

Figure 1. Material preparation process: (a) melt extrusion for blending PLA-PHB, OLA, and CNCs or
ChNCs; (b) film blowing process; (c) the final nanocomposite bag.

The melt flow index (MFI) of the prepared pellets was measured as an indication of
the blowability of the polymers using a modular melt flow device (Instron Ceast Model
MF30, Pianezza, TO, Italy). The test was performed in accordance with the ASTM D1238
standard and EN ISO 1133 methods, at 190 ◦C with a 2.16 kg load. The procedure was
repeated at least 3 times for each sample, and the average values are reported in grams per
10 min.

The thermal stability of the films was studied using the thermogravimetric analysis
(TGA) Q500 model from TA Instruments (New Castle, DE, USA). The tests were performed
in a temperature range from 50 to 800 ◦C in N2 atmosphere, with a heating rate of 10 ◦C/min
(gas flow of 60 mL/min).

The thermal properties, glass transition temperature (Tg), cold crystallization tempera-
ture (Tcc), melting temperature (Tm), and degree of crystallinity (Xc) were studied using the
differential scanning calorimetry (DSC) Q800 model from TA Instruments (New Castle, DE,
USA). A single heating scan was set from −50 to 210 ◦C, with a heating rate of 10 ◦C/min,
to analyze Xc, which was calculated using the following Equation (1) [39]:

Xc = (ΔHm − ΔHcc)/ΔH◦
m) × (100/w) (1)

where ΔHm is the melting enthalpy, ΔHcc is the enthalpy of cold crystallization, ΔH◦m = 93 J/g
for PLA, and w is the weight fraction of the measured film.

The morphology of the film fractured surface was studied by scanning electron mi-
croscopy (SEM) using a JEOL JSM-6460LV (JEOL, Tokyo, Japan) at an acceleration voltage
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of 5 kV. The samples were cryo-fractured in liquid nitrogen and the surface was sputter
coated with platinum using an EM ACE200 Leica vacuum coater (Wetzlar, Germany) to
avoid charging.

A Shimadzu AG conventional tensile tester (Kyoto, Japan) was used to test the me-
chanical properties of the materials. The samples were cut with a rectangular press mold
with dimensions of 50 mm in length, 5.5 mm in width, and 44–56 μm in thickness. Prior to
the testing, the samples were conditioned for 24 h at 25 ◦C in 50% RH. The test was carried
out in the blowing direction (MD) using the following test parameters: a gauge length of
20 mm, strain rate of 2 mm/min, and 1 kN load cell. The tensile strength and elongation at
break were directly available from the software, while the toughness and tensile modulus
were calculated from the stress–strain data. The procedure was repeated for at least five
samples and the average value is presented.

Oxygen permeability (OP), water vapor permeability (WVP), and biodegradability
were carried out on the best material formulation based on the preliminary characterizations
to determine the potential of the film used for food packaging.

OP and WVP tests were performed on the films using Multiperm 037 equipment
(ExtraSolution, Fosciana, LU, Italy), according to the ASTM F2622-08 and ASTM F1249-20,
respectively. The surface area of the square-formed films was 2 cm2. The films were previ-
ously conditioned for 6 h under a continuous flux of electronically controlled anhydrous
nitrogen. This preliminary step is necessary to stabilize the specimens and to remove the
oxygen already present inside the sample before the beginning of the test. The duration of
this phase is strongly related both to the barrier properties and to the thickness of the mate-
rial under testing. The greater the thickness of the specimen, the longer the conditioning
phase will be. The test was performed at 23 ◦C and 50% RH relative humidity. The flux
of the oxygen on the surface of the film was maintained at 13.5 mL/min on average. Two
specimens were tested for each formulation.

The biodegradation test under composting conditions of the selected films was per-
formed according to the modified standard ISO 20200. It corresponds to the physical
fragmentation of the organic tested material into very small parts, due to the action of
temperature, humidity, and the presence of micro-organisms. A specific composting envi-
ronment was established in a perforated vessel reactor (30 × 20 × 10 cm3) by following the
precise recipe specified in the standard, which includes 40 wt% sawdust, 30 wt% rabbit
feed, 10 wt% ripe compost, 10 wt% corn starch, 5 wt% saccharose, 4 wt% corn seed oil,
and 1 wt% urea (CAS N. 57-13-6, Merck Life Science, Rahway, NJ, USA). Around 5–6 g
of each test specimen was (cut in 25 mm × 25 mm) buried at 4–6 cm depth in the vessel.
The samples were incubated in a ventilated oven at 58 ◦C, and periodic and standard-
determined monitoring of the weight of the samples was performed manually. Further,
control was performed at 7, 14, 21, 28, and 45 days to control the level of disintegration.
During the first week, a daily control was conducted by weighing the reactor vessel and, if
necessary, adding water to restore the initial mass. After 30 days, the restoration of water
was performed twice a week. After each extraction day, photographs of the films were
taken for a qualitative evaluation of the physical degradation in compost over time.

3. Results

3.1. Material Processability

The MFI for PLA is 6.0 g/10 min, while the MFI of PLA-PHB blend and PLA-PHB-
OLA masterbatch was 6.9 and 10.3 g/10 min, respectively. It appears that the addition of
OLA affected the fluidity of the PLA-PHB blend. The higher MFI value in PLA-PHB-OLA
can be attributed to the high polymer chain mobility, which decreases the melt viscosity
and allows the polymer to flow easier [34]. On the other hand, the addition of CNCs and
ChNCs resulted in a significant decrease in MFI to 6.4 g/10 min and 5.7 g/10 min in PLA-
PHB-OLA-CNC and PLA-PHB-OLA-ChNC, respectively. This behavior is explained by
the nanocrystals restricting the polymer chain mobility, resulting in an increase in polymer
viscosity and melt strength [15,34].
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The film blowing of the prepared material formulations was performed under stable
processing conditions. The blowing process for the neat PLA-PHB blend was quite unstable
due to bubble breaks and strain hardening caused by the poor melt strength and stiffness
of the blend, resulting in wrinkles and creases with high thickness variation (Table 2) in the
resultant film. The addition of OLA in PLA-PHB resulted in the formation of a smooth and
stable process without any melt fracture during the blowing process of the PLA-PHB-OLA
film because of the improved flowability. The addition of dry CNCs also caused difficulties
in the blowing process and exhibited film with non-homogeneous thickness with some
creases. Meanwhile, the film blowing from the nanocomposite pellet PLA-PHB-OLA-ChNC
exhibited stable processing conditions resulting in a smooth and uniform film.

Table 2. The thickness of blown films produced from the compounded materials.

Materials Film Thickness (μm)

PLA-PHB 52 ± 12
PLA-PHB-OLA 48 ± 5

PLA-PHB-OLA-CNC 48 ± 8
PLA-PHB-OLA-ChNC 47 ± 3

Figure 2 shows the visual appearance and microstructure of the prepared films. It was
observed that most of the PLA-PHB blend film surface has wrinkle marks (strain hardening)
in the blowing/machine directions as shown in Figure 2a1. The strain hardening occurs
because of the stiffness of the polymer that is stretched in the machine direction during the
process, causing fluctuation in internal bubble pressure and width of the bubble. However,
this issue was resolved by the addition of OLA, resulting in an even, homogeneous, and
smooth surface. On the other hand, the addition of CNCs to PLA-PHB-OLA resulted in
a rough film with many white dots on the surface (Figure 2a3), which resembled large
flakes when observed through a microscope (Figure 2b3). These particles are most likely
CNC agglomerates that were not dispersed during nanocomposite preparation. The for-
mation of these CNC agglomerates can be attributed to the freeze-drying step before the
melt extrusion process, which resulted in an irreversible agglomeration that cannot be
redispersed in the polymer matrix during the compounding process. Zaccone et al. [40]
reported a similar phenomenon when dry ChNCs were fed into the PHB matrix, resulting
in large ChNC agglomerates on the cast film surface. In contrast, liquid feeding of ChNCs
in PLA-PHB-OLA-ChNC resulted in uniform, even, and smooth film with no evidence of
nanomaterial agglomerates (Figure 2a4), indicating the positive effect of the liquid-assisted
extrusion process, which preserves ChNCs in a dispersed state in the polymer matrix.

The morphology of the blown film cryo-fractured surface and the dispersion of CNCs
and ChNCs in PLA-PHB-OLA-CNC and PLA-PHB-OLA-ChNC, respectively, were eval-
uated using SEM, with the results shown in Figure 3. It can be seen that the PLA-PHB
(Figure 3a) exhibited a brittle fractured surface, while PLA-PHB-OLA (Figure 3b) showed a
smoother and more homogeneous surface due to the plasticizing effect of OLA. A fractured
surface of the PLA-PHB-OLA-CNC blown film exhibited a void (white arrow in Figure 3c)
which was most likely caused by CNC agglomerates present during sample preparation.
However, PLA-PHB-OLA-ChNC (Figure 3d) exhibited a smooth fractured surface with no
evidence of ChNC agglomerates, indicating that the liquid-assisted extrusion technique
combined with the OLA resulted in good ChNC dispersion.

3.2. Material Properties

The thermal properties of PLA-PHB, PLA-PHB-OLA, PLA-PHB-OLA-CNC, and PLA-
PHB-OLA-ChNC films were investigated using TGA and DSC. The influence of the addition
of CNC and ChNC reinforcements on the thermal properties of the PLA-PHB-OLA matrix
was investigated.
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Figure 2. The visual appearance of PLA-PHB, PLA-PHB-OLA, PLA-PHB-OLA-CNC, and PLA-PHB-
OLA-ChNC is shown in (a1–a4), respectively, and optical micrographs of PLA-PHB, PLA-PHB-OLA,
PLA-PHB-OLA-CNC, and PLA-PHB-OLA-ChNC are shown in (b1–b4), respectively (scale bar
500 μm).

 

Figure 3. SEM images of the cryo-fractured surfaces of (a) PLA-PHB, (b) PLA-PHB-OLA, (c) PLA-
PHB-OLA-CNC, and (d) PLA-PHB-OLA-ChNC.

TGA results of the blown film materials are summarized in Table 3, and the thermo-
grams are shown in Figure S2 in the Supplementary Materials. The thermal degradation
of the materials exhibited similar behaviors, and the decomposition process took place
in a stepwise manner; the first decomposition temperature represents the PHB degrada-
tion, while the second temperature is related to PLA degradation. Tonset, the temperature
corresponding to the initial 5 wt% weight loss, was above 200 ◦C for all the formulations,
confirming the stability of the materials under the chosen process temperature without the
risk of thermal degradation. The addition of OLA to the reference compound (PLA-PHB)
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did not change its thermal degradation behavior, as evidenced by the small differences in
Tonset and Tmax between PLA-PHB and PLA-PHB-OLA. The presence of the CNCs and
ChNCs had a noticeable impact on both Tonset and Tmax, which delayed the beginning and
maximum thermal decomposition process in both PLA-PHB-OLA-CNC and PLA-PHB-
OLA-ChNC, resulting in a slight shift toward higher temperatures compared to reference
material. These phenomena were also observed in our previous studies, in which ChNCs
delayed the first degradation step of TEC and GTA plasticizer in PLA-TEC-ChNC [34]
and PLA-PHB-GTA-ChNC [10], respectively. The inorganic residues of all the materials,
obtained at the end of the test, were somewhat similar.

Table 3. TGA of the blown films (* Tonset is initial 5% weight loss).

Materials Tonset * (◦C)
Tmax (◦C)

Residue (%)
PHB PLA

PLA-PHB 282 293 364 0.43
PLA-PHB-OLA 282 295 362 0.47

PLA-PHB-OLA-CNC 288 299 366 0.53
PLA-PHB-OLA-ChNC 289 302 369 0.50

The thermal properties from the first heating DSC scan of each film are summarized in
Table 4, while the thermograms are shown in Figure S3 in the Supplementary Materials. It is
observed that all formulations followed a nearly identical pattern. Furthermore, all the films
exhibited a single peak for glass transition temperature (Tg) and melting temperature (Tm),
which corresponds to PLA. The single melting peak, according to Zhang and Thomas [8],
suggests a higher degree of miscibility between PLA and PHB. In addition, it is evident that
the addition of OLA had no significant effect on Tg and Tm but shifted the Tcc value toward
lower temperatures (from 116 to 104 ◦C). This decrease in Tcc was primarily attributable to
an increase in chain mobility because of OLA, which allows the material to recrystallize
during the heating process, as evidenced by the increase in the Δcc value of PLA-PHB-OLA.
However, the presence of CNC and ChNC restricted the chain mobility and consequently
increased the Tg and Tcc values. The addition of OLA decreased the degree of crystallinity
(Xc) in PLA-PHB-OLA, while the nanocomposite films were slightly more crystalline than
the control (PLA-PHB), indicating an increase in the nucleation of spherulites due to the
CNCs and ChNCs, which is consistent with our previous findings. The combination of
ChNC and OLA produced a higher crystallinity degree, confirming its ability to act as
a nucleating agent. The higher crystallinity results in higher melt enthalpy (ΔHm) of
the nanocomposite.

Table 4. Thermal properties of blown film materials obtained from DSC first heating scan.

Materials
Tg

(◦C)
Tcc

(◦C)
ΔHcc (J/g)

Tm

(◦C)
ΔHm

(J/g)
Crystallinity

(XC%)

PLA-PHB 52 116 6.6 150 16.0 10.2
PLA-PHB-OLA 51 104 12.6 151 17.2 5.2

PLA-PHB-OLA-CNC 57 117 7.0 151 17.6 12.1
PLA-PHB-OLA-ChNC 56 110 9.0 146 21.2 13.8

In summary, the presence of CNCs and ChNCs in the formulations results in greater
thermal stability, indicating that the presence of CNCs or ChNCs along with OLA has a
reinforcing effect on the PLA-PHB-OLA-ChNC film.

The influence of processing and the effect of CNC and ChNC reinforcements on
mechanical properties were investigated using a tensile test. The blown films were tested
in the blowing direction (MD), and the mechanical properties, including Young’s modulus,
tensile strength, elongation at break, and work of the fracture, are summarized in Table 5,
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while the representative stress–strain curves for all the films are shown in Figure S4 in the
Supplementary Materials.

Table 5. Mechanical properties of the blown films tested in the blowing direction compared with
PLA, LDPE, and PP.

Materials
Strength

(MPa)
Modulus

(GPa)
Elongation at Break

(%)
Toughness

(MJ/m3)

PLA-PHB 26.8 ± 3.4 2.9 ± 0.1 2 ± 1 1.8 ± 0.8
PLA-PHB-OLA 24.3 ± 2.1 2.7 ± 0.3 58 ± 6 13.6 ± 0.8

PLA-PHB-OLA-CNC 23.4 ± 0.9 2.8 ± 0.3 11 ± 0 4.9 ± 0.7
PLA-PHB-OLA-ChNC 36.8 ± 2.8 2.9 ± 0.1 71 ± 9 19.8 ± 1.3

PLA (data sheet) 53 3.5 6 -
LDPE [41] 8.3–31.4 0.17–0.28 100–650 -

PP [41] 31–41.4 1.14–1.55 100–600 -

The results indicate that blown film from the PLA-PHB blend showed reduced me-
chanical properties compared to the neat PLA properties reported by the manufacturer.
It is possible that the wrinkled and uneven surface of the PLA-PHB films, caused by
an unstable film-blowing process, hindered good stress transfer during the tensile test.
This may explain the relatively lower mechanical properties. The addition of OLA to the
PLA-PHB blend had minimal impact on the tensile strength (σmax) and Young’s modulus,
whereas the flexibility of the material significantly increased to 58%, which is 29 times
higher than that of the PLA-PHB blend, due to the plasticizing effect [10,34,42], resulting in
a tougher material.

The addition of 1 wt% CNCs had a negative influence on the mechanical properties
and resulted in a significant decrease in elongation at break (from 57.6% to 11.2%) in the
PLA-PHB-OLA-CNC nanocomposite film. The decrease in flexibility of nanocomposites
has been attributed to the presence of a large number of CNC agglomerates that act as
stress concentrators and promote the propagation of interface-generated defects, resulting
in film failure [43], which is in good agreement with optical microscopy.

However, the addition of ChNCs resulted in a substantial improvement in the me-
chanical performance of the PLA-PHB blend. The tensile strength increased from 24 MPa
(PLA-PHB-OLA) to 37 MPa (54%), the modulus increased from 2.7 to 2.9 GPa, and the
elongation at break increased from 58% to 71%, showing the best properties among all
blown films. In addition, when compared to the PLA-PHB blend, the nanocomposite films
were found to be more stretchable (35 times), as well as tougher (10 times); these are im-
portant properties, especially for film blowing. The reason that the addition of the ChNCs
can improve the PLA-PHB blend behavior is expected to be related to the homogeneously
dispersed ChNCs in PLA-PHB matrix, as well as strong interfacial adhesion and formation
of a rigid ChNC percolating network within the polymer matrix which would facilitate an
effective stress transfer from the polymer matrix to rigid ChNCs network, resulting in an
improvement in the strength and toughness of polymer nanocomposites [24,44].

Films for food packaging are required to maintain their integrity in order to with-
stand the stress that occurs during shipping, handling, and storage [45]. In comparison
to petroleum-based polymers such as polypropylene (PP) and low-density polyethylene
(LDPE), which are frequently used in packaging applications, PLA-PHB-ChNCs nanocom-
posite films were shown to be stiffer, while maintaining comparable tensile strength and
stretchability. Therefore, PLA-PHB-OLA-ChNC nanocomposite film, produced with liquid-
assisted extrusion and the film-blowing process, could be considered the best formulation
and process for food packaging applications.

The oxygen and water vapor barrier properties of PLA-PHB-OLA and PLA-PHB-OLA-
ChNC films were investigated to determine the impact of the ChNCs, and the results are
summarized in Table 6. Because the tests were conducted on blown films, the permeation
parameter is critical and needs to be considered for both the OTR and WVTR to obtain
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values that are comparable between the two materials. The OTR value for PLA-PHB-
OLA film was 1226 cc/m2 24 h, which is approximately 34% lower than the OTR for
pure PLA. The decrease in OTR value can be attributed to the increase in crystallinity
caused by blending with a high-crystallinity polymer (PHB). The addition of ChNCs has
a further two-fold effect on the OTR and reduces it from 1226 to 630 cc/m2 24 h, which
could be explained by a higher degree of crystallinity in the nanocomposites as well
as inherent barrier properties of the ChNCs, leading to an increased tortuous path and
consequently slowing down the permeation rate. It is worth noting that the OTR value of
the final nanocomposite film is noticeably lower than that of commercial polymers that are
commonly used for food packaging applications, such as low-density polyethylene and
polypropylene. While the addition of ChNCs decreased the gas permeability, an opposite
behavior is seen in water vapor permeability. Indeed, this value for PLA-PHB-OLA-ChNC
is higher than that for the corresponding PLA-PHB-OLA film. The hydrophilic nature of
ChNCs, which attracts more water molecules and leads to an increase in WVTR value, is
one of the possible explanations for this phenomenon.

Table 6. Oxygen and water vapor barrier properties of produced materials.

Materials Oxygen Permeability

OTR
(cc/m2 24 h)

Permeation
(cc μm /m2 24 h)

PLA-PHB-OLA 1226 67,244
PLA-PHB-OLA-ChNC 630 25,178

PLA [10] 1853 -
PE [46] 3374 -
PP [46] 1589 -

Water vapor permeability

Materials WVTR
(cc/m2 24 h)

Permeance
(g/m2 24 h mmHg)

Permeability
(g mm/m2 24 h mmHg)

PLA-PHB-OLA 33.8 2.4 0.12
PLA-PHB-OLA-ChNC 93.5 6.7 0.18

Figure 4 displays the visual appearance of the PLA-PHB-OLA and PLA-PHB-OLA-
ChNC films after different time periods of disintegration in composting conditions. It is
possible to observe the beginning of the disintegration of both films after 14 days as an initial
cracking of the tested samples is visible. After 21 days, however, both materials exhibited
strong fragmentation and a significant change in color, transitioning from a transparent
appearance to yellowish color of the disintegrated particles. Nevertheless, the presence of
ChNCs in PLA-PHB-OLA formulation seems to accelerate the disintegration process. These
findings are in good agreement with the study reported by Arrieta et al. [47], where chitosan
was found to accelerate the disintegration process of the PLA-PHB blend. Both materials
are completely disintegrated after 45 days, which corresponds to the minimum amount for
compliance with the adopted standard. In addition, the fragments of PLA-PHB-OLA-ChNC
visible to the naked eye are smaller than the PLA-PHB-OLA ones.

The accelerating behavior of ChNCs in disintegration may be attributed to the sen-
sitivity of this nanofiller to humidity and water vapor. These results can be linked to the
poor water vapor barrier properties of the nanocomposite film. In fact, Asri et al. [48]
demonstrated this kind of correlation, reporting that nanocomposites with higher water
vapor permeability also exhibit better disintegration behavior. This phenomenon can be
mainly explained because hydrophilic nanocomposites easily allow the microorganism to
penetrate the material, accelerating the breakdown of polymeric chains and increasing the
degradation rate.
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PLA-PHB-OLA 

PLA-PHB-OLA-ChNC 

Figure 4. Disintegration of produced nanocomposites under composting conditions: pictures of
specimens at different test days.

4. Conclusions

A pilot-scale approach to produce PLA-PHB-based nanocomposite films reinforced
with CNCs and ChNCs intended for food packaging was studied. A masterbatch of PLA-
PHB blend with a 75:25 ratio was prepared using twin-screw extrusion followed by the
compounding of the nanocomposites and film-blowing process. A nanocomposite with
CNCs was made by feeding dry CNCs in the compounding process, while a nanocomposite
with ChNCs was produced via the liquid-assisted extrusion method.

The nanocomposite produced via liquid-assisted extrusion exhibited a stable blowing
process with smooth and homogeneous film, whereas the addition of dry CNCs resulted
in agglomerates and non-homogeneous and rough surfaces in the produced blown film.
The addition of both CNCs and ChNCs improved the thermal stability of nanocomposite
films. The combination of OLA and well-dispersed ChNCs showed a reinforcing effect and
simultaneously increased the tensile strength and stiffness compared to the biopolymer
films and nanocomposite with CNCs.

The ChNC nanocomposite films were found to have better strength (37%), flexibility
(35-fold), and toughness (10-fold) and comparable modulus when compared with the
PLA-PHB blend.

The synergic effect of better-dispersed ChNCs with the assistance of OLA resulted in
increased crystallinity and, thereby, an improvement in the oxygen barrier performance
when compared to neat PLA.

In addition, the disintegration behavior under composting conditions of the best films
was studied, and the nanocomposite films with ChNCs showed accelerated degradation.

The findings of this research indicate that the multifunctional PLA-PHB-OLA-ChNC
film prepared via liquid-assisted extrusion and film blowing has great potential as a flexible
film and opens a new perspective for its industrial application as short-term food packaging.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/polym14235104/s1, Figure S1: (a) SEM image of cellulose nanocrys-
tals before freeze drying; (b) freeze-dried cellulose nanocrystals; (c) optical microscopy of dried
nanocrystals showing agglomeration. Figure S2: TGA thermogram of blown films. Figure S3:
DSC thermogram of the blown films. Figure S4. Tensile stress–strain graph of blown films in
blowing direction.
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Abstract: The film binary composites polylactide (PLA)–chitosan and poly(3-hydroxybutyrate) (PHB)–
chitosan have been fabricated and their functional characteristics, such as hydrolysis resistance,
biodegradation in soil, and ion sorption behavior have been explored. It was established that
hydrolysis temperature and acidity of solutions are differently affected by the weight loss of these
two systems. Thus, in the HCl aqueous solutions, the stability of the PHB-chitosan composites is
higher than the stability of the PLA-chitosan one, while the opposite situation was observed for
biodegradation in soil. The sorption capacity of both composites to Fe3+ ions was investigated and
it was shown that, for PHB-chitosan composites, the sorption is higher than for PLA-chitosan. It
was established that kinetics of sorption obeys the pseudo-first-order equation and limiting values
of sorption correspond to Henry’s Law formalism. By scanning electron microscopy (SEM), the
comparative investigation of initial films and films containing sorbed ions was made and the change
of films surface after Fe3+ sorption is demonstrated. The findings presented could open a new horizon
in the implementation of novel functional biodegradable composites.

Keywords: polylactide; poly(3-hydroxybutyrate); chitosan; blend composite films; hydrolysis; water
sorption; metal sorption

1. Introduction

Currently, the design of eco-friendly biodegradable polymeric materials, being capable
of decomposing in the environment, is a key requirement for the numerous materials
exploited in different fields of human activity, namely in biomedicine, packaging, for
environment protection as absorbents, and others [1–3]. The use of synthetic polymers in
food packaging [4] is one of the main causes of pollution in aquatic environments, including
oceans, rivers, lakes, and agricultural irrigated lands [5]. At the same time, the presence of
toxic ion metals harmful for human health in aqueous media requires the creation of new
and efficient biodegradable sorbents based on natural polymers, which can decay after the
end of their service life into the harmless substances [6].

To fulfill these requirements, the composite sorbents have been elaborated on the basis
of biodegradable polyesters polylactide (PLA) [7,8] and poly(3-hydroxybutyrate) (PHB) [9]
as the bio-based polymers synthesized from natural raw materials by chemical and micro-
biological methods, respectively, and natural polysaccharide chitosan [10]. Both polyesters
have the relevant mechanical characteristics close to those of synthetic polymers with high
hydrophobicity [11], while chitosan, as a highly hydrophilic biopolymer containing the
amino groups, is a high effective sorbent for heavy metals [12]. However, its significant
drawback is the swelling in aqueous media and has poor mechanical properties [13]. The
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development of the biodegradable binary composites based on these polyesters and chi-
tosan allows one to combine mechanical characteristics of PLA and PHB with the high
sorption capacity of chitosan. During exploitation, these composition materials are exposed
to action of such aggressive factors as hydrolysis, oxidation, ozonolysis and also enzymatic
biodegradation via numerous microorganisms [14–18].

In this connection, it is very important to separately evaluate the action of either
factor on the complex of properties of investigated systems for their successful use as
biodegradable sorbents of metal ions from aqueous media.

It is well known that, in the hydrophobic polyesters, the water sorption capacity
is extremely poor and amounts to about a percent or even less [19]. For example, the
maximal water capacity in PLA exposed in aqueous medium during a month is 1.3% [20].
By contrast, the hydrophilic chitosan is characterized by high water sorption values [21].

Evaluation of environmental disintegration of composite materials based on PLA and
PHB is extremely important, since their ability to biodegrade is one of the key motivations
for the use of these polyesters in the creation of green composites. It should be noted
that the biodegradation rates of PLA and PHB differ essentially [22]. As shown in [23],
PHB loses 14.2% of the initial mass within six months, while the mass of PLA samples
remains practically unchanged over the same period of time. This fact can be explained
by different mechanisms of PLA and PHB biodegradation. If the biodegradation of PHB
in the soil occurs under the action of microorganisms, the biodegradation of PLA initially
occurs hydrolytically, and then it proceeds enzymatically in accordance with the two-
stage mechanism [24]. The non-enzymatic hydrolysis of PLA begins with the sorption of
water, leading to the breaking of ester bonds and the formation of low molecular weight
oligomers and the monomer of lactic acid [25]. It should be noted, however, that at elevated
temperatures (more than 50 ◦C), the weight loss of PLA in the compost within the four
weeks can reach 45 wt. % [26]. This is explained by PLA hydrolysis proceeding readily
above its glass transition temperature (55–62 ◦C) [27]. Previously, in [28,29], we studied
the features of hydrolysis and ozonolysis of PLA, PHB, and ternary compositions based on
PLA, PHB, and chitosan, as well as their sorption properties with respect to metal ions [30].
The elaborated PLA–PHB binary compositions were successfully used for oil sorption
from aqueous media [31]. The simultaneous use in the composition of two polyesters
PLA and PHB performing a reinforcing function improved their mechanical strength, but
made it difficult to estimate the effect of each of the polymers used in the process. The
purpose of this work was to study the features of acid hydrolysis, soil biodegradation, and
iron ion sorption of the binary polymeric composites’ films, namely PLA-chitosan and
PHB-chitosan as the biodegradable and eco-friendly materials potentially designated for
metal sorption and packaging.

The novelty of the obtained data is connected to the establishment of different in-
fluences of PLA and PHB on the complex of properties of the investigated binary film
composites polyester–chitosan.

2. Materials and Methods

2.1. Materials

PLA 4043D from Nature Works (Minnetonka, MN, USA) as pellets with diameter of
3 mm (Mw = 2.2 × 105, Mn = 1.65 × 105, Tm= 155 ◦C, polydespersity index D = Mw/ Mn = 1.35,
transparency 2.1%); PHB (Biomer, Kreilling, Germany) (Mw = 2.05 × 105, Tm = 175 ◦C), chi-
tosan produced by Bioprogress (Shchelkovo, Moscow region, Russia, Mw = 4.4 × 105, degree
of deacetylation 0.87), and anhydrous ferric chloride (Fluka Chemie, Buchs, Switzerland)
were used.

2.2. Production of Compositions

Films were prepared by mixing PLA and PHB solutions in chloroform, in which
chitosan in the form of a powder under mechanical stirring was introduced. The resulting
films with a thickness of 0.2–0.3 mm were dried at room temperature.
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2.3. Hydrolytic Degradation

Hydrolysis of the obtained films was proceeded in 0.005, 0.1 and 0.2 mol/L aqueous
HCl solutions at temperatures 25, 40 and 70 ◦C. The samples were removed from HCl
solution at certain intervals and placed in an oven for 2 h at a temperature of 90 ◦C after
which they were weighed (measurement error d = 0.1 mg).

2.4. Biodegradability

The biodegradability of the obtained films was studied by modeling the processes
occurring under the natural condition (ASTM D5988-12). The samples were placed in
soil (pH = 7.5) for several weeks with the following measure of its weight loss at certain
time intervals.

2.5. X-ray Fluorescence Analysis

For the investigation of iron ions sorption by composition films, they were placed in
aqueous solutions of FeCl3 of various concentrations and kept. The percentage content of
sorbed iron ions in the film compositions was determined by method of X-ray fluorescence
analysis on an ARL PERFORM’X X-ray Fluorescence spectrometer (Thermo Fisher Scientific,
Waltham, MA, USA). Registration of spectra and all further manipulations with them were
performed using the SIALMO.UQ method.

2.6. Scanning Electron Microscopy (SEM)

The morphology of the composite films PLA-chitosan and PHB-chitosan before and
after the sorption of iron ions was studied by a method of scanning electron microscopy
(SEM) using a Philips SEM-500 scanning electron microscope (The Netherlands) in the sec-
ondary electron mode at an accelerating voltage of 15 keV. Sample preparation consisted of
thermal vacuum deposition of carbon on the film surface using a VUP-5 vacuum universal
post (Russia). To obtain a continuous conductive carbon coating, the samples were rotated
in the same plane during thermal spraying.

3. Results and Discussion

3.1. The Comparison of Hydrolysis Behavior for Binary Systems PLA-Chitosan and PHB-Chitosan

The durability and efficiency in using the binary composites based on the biopolyesters
and chitosan as the toxic metal sorbents from aqueous media are largely determined by
their ability for hydrolytic or enzymatic degradation. In this work, in the temperature
range 25–70 ◦C, the hydrolysis of binary compositions PLA-chitosan and PHB-chitosan in
aqueous hydrochloride acid solutions with various concentrations was studied. The results
obtained are presented in Figures 1–3.

Figure 1. Weight loss kinetics for the binary composite films in the HCl solutions at 25 ◦C;. The numbers
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show: Solution concentrations are 0.005 (1), 0.1 (3), 0.2 (5) mol/L for a PHB-chitosan system and 0.005
(2), 0.1 (4), 0.2 (6) mol/L for a PLA-chitosan system.

Figure 2. Weight loss kinetics for the binary composite films in the HCl solutions at 40 ◦C;. The
numbers show: Solution concentrations are 0.005 (1), 0.1 (3), 0.2 (5) mol/L for a PHB-chitosan system
and 0.005 (2), 0.1 (4), 0.2 (6) mol/L for a PLA-chitosan system.

Figure 3. Weight loss kinetics for the binary composite films in the HCl solutions at 70 ◦C;. The
numbers show: Solution concentrations are 0.005 (1), 0.1 (3), 0.2 (5) mol/L for a PHB-chitosan system
and 0.005 (2), 0.1 (4), 0.2 (6) mol/L for a PLA-chitosan system.

As can be seen from the above Figures, most of the kinetic curves have two characteris-
tic ranges. In the initial time there is a very sharp weight loss of films that takes place, after
that, with the exit on the plateau or with a very slow change, weight loss is observed. The
exceptions belong to the PLA-chitosan specimens exposed in extremely aggressive media,
namely 70 ◦C; and the highest HCL concentrations. For such systems, the second kinetic
stage proceeds with a remarkable rate that could be described by the linear dependence.

Based on the previous papers devoted to the study of diffusional kinetics of controlled
drug release from homopolymers PHB and PLA [32–34], it is possible to propose that the
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initial fast stage is governed by the diffusional delivery of low molecular fraction of the
polymeric components from the chitosan hydrogel matrix. The second stage is probably
related to the destruction of the polyesters, PHB and PLA, that under given conditions
occurs extremely slowly due to their essential crystallinity. At the given range of tem-
peratures, all kinetic curves for PLA are located slightly higher than for PHB that again
confirms somewhat higher resistance to hydrolysis of the member of the polyhydroxyalka-
noates’ family. It is quite clear that the hydrolysis of PLA-chitosan composition proceeds
more intensively than the PHB-chitosan one, which is explained by the minor difference
in the chemical structure of both polyesters, namely due to the diversity of molecular
hydrophilic/hydrophobic balance in the PLA and PHB chains [35].

It should be noted that at the lowest temperature 25 ◦C; for the compositions PLA-
chitosan and PHB-chitosan an increase in the acidity of solutions leads to the significant
increases in the weight loss, but the form of the kinetic curves besides the system PLA-
chitosan in 0.2 mol/L HCl solution remains the same. However, under the severest condi-
tions at 70 ◦C, the weight loss kinetics curve of PLA-chitosan composition is remarkably
changed in comparison with the PHB chitosan one.

3.2. Sorption of Fe3+ Ions by the Binary Systems PHB-Chitosan and PLA-Chitosan

The binary compositions based on biodegradable polyesters and chitosan are of great
interest for their use as metal absorbents from wastewater. PLA and PHB polyesters have
good mechanical properties, while chitosan, which easily swells in aqueous media, binds
metal ions well. The study of electrolyte sorption capacity for the binary composite films
is of great interest since such films can be easily utilized after the end of their service
life without environmental violation. Recently, to estimate the feasibility of PLA–PHB–
chitosan as the novel sorbent, we evaluated the sorption constants of iron and chromium
ions by the above-mentioned ternary system [36]. In the present publication, to continue
consideration of the ionic pollutant sorption behavior, by somewhat simplified binary
systems PLA-chitosan and PHB-chitosan for which the relevant combination of good
mechanical characteristics provided by the polyesters and a high ion capacity via chitosan
is successfully implemented. Besides, the ion sorption comparison for these two binary
composites enables the authors to reveal the role of interactions between the ester groups
for the polyesters (PLA and PHB) and amino groups for chitosan. Additionally, and
more important, the exploration of the binary sorbents enables the experts to estimate the
difference in pollutant sorption behavior and compare the impact of both polyesters upon
the chitosan capacity of Fe3+ ions.

The effectual recovery of ionic pollutants from the aqueous environment, primarily we
say about the ions Fe3+, is determined not only by the chemical structure, the morphology,
and the pore pattern of biopolymer sorbent, but such key characteristics as thermodynamic
affinity of the electrolyte generating the ions to functional groups of the sorbent, as well as
pseudo-chemical kinetics and diffusion of the ionic pollutant [37,38]. Both kinetic processes
enable the specialists to provide the complete decontamination of aqueous polluted media
and to evaluate the optimal conditions for the polymer sorbent operation [39].

3.2.1. Kinetic Aspect of Fe3+ Sorption

The typical kinetic curves, expressing the dependences of Fe3+ concentration (wt. %)
in the bulk compositions PLA-chitosan and PHB-chitosan (sorption, Cp) on the time of
exposition (t) are presented in Figure 4a,b correspondingly. As is shown in these Figures, all
the curves have well-defined limits, the values of which are determined by the concentration
of the electrolyte, FeCl3, in the aqueous volume (Cv). Within the interval 0.002–0.008 mol/L,
with the increase in Cv, the limited values of sorption Cp∞ are increased as well. Last
finding corresponds to the positive increment of the functional dependence Cp = f(Cv)
featured for most of the sorption isotherms, such as Langmuir, BET, GAB and others [40].
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(a) (b) 

Figure 4. Kinetic curves of Fe3+ sorption by PLA-chitosan (a) and PHB-chitosan (b) films (50:50)
wt. % from FeCl3 aquatic solutions with different concentrations 0.002 (1), 0.005 (2), 0.008 (3) mol/L.

The comparison between two families of the kinetic curves for PLA-chitosan and PHB-
chitosan systems showed that the limiting sorption concentration for the latter considerably
exceeds the same characteristic of the former. In other words, the replacement of PLA by
PHB in the chitosan-polyester composite leads to the increase in Fe3+ more than 100 wt. %. A
reasonable cause for the observed effect may be the reduction in the ester groups interaction
with amino groups, and as a consequence, the disengagement of the chitosan functional
groups for the interaction with Fe3+ ions that essentially enhances their sorption. More
specifically, the analysis of this assumption will be carried out in our next submission.

In the pseudo-first-order kinetic model of sorption, the rate of ions occupancy in the
biopolymer is proportional to the amount of free active centers being available for ion
immobilization [39,40]. The simplified expression of this fundamental statement in the
differential form is:

dq/dt = ka(q∞ − q), (1)

where q is the amount of the active centers of ion sorption in the biopolymer, q∞ is the
constant characteristic corresponding to the limit value of occupied center at t → ∞, t is
current time of sorption and ka is the effective constant of sorption.

The integration of Equation (1) leads readily to its own sorption kinetic equation
presented in the ion concentration scale:

Cp = Cp∞[1 − exp(−kt)], (2)

where Cp and Cp∞ are correspondingly the current and limited values of ion sorption
measured at a given moment t and the limited value at t → ∞ respectively; k is the effective
kinetic constant of the first order differential Equation (1).

The most of ion uptake systems consisted with Equations (1) and (2) are treated
in the semi-logarithmic scale to present the sorption results in the suitable form of the
constants evaluation:

ln[1 − (Cp/Cp∞)] = −kt, (3)

The linearity of Fe3+ ions sorption data in the coordinates ln[1-(Cp/Cp∞)]~t is shown
in Figure 5a,b. The presented lines demonstrate the good conformity between modeling and
experimental representations with higher statistical correlation coefficients. All the values
of parameters for sorption Equation (3) as well as the corresponding statistical treatment
of kinetic curves are presented in Table 1. The statistical coefficients (COP and Pierson
coefficients calculated via “Origin2018”C Origin 2018 SR1 Build 9.5.1.195 software) bear
evidence to the good correlation of Fe3+ sorption modeling with the kinetic experimental
data obtained by X-ray fluorescence analysis. It is worth noting that the ion sorption kinetic
constant is decreased with the volume electrolyte concentration increment.

128



Polymers 2023, 15, 645

 
(a) (b) 

Figure 5. Kinetic curves of Fe3+ ions sorption by PLA-chitosan (a) and PHB-chitosan (b) in semiloga-
rithmic coordinates. Sorption was performed from FeCl3 aquatic solutions with different concentra-
tions 0.002 (1), 0.005 (2), 0.008 (3) mol/L.

Table 1. Parameters of Fe3+ sorption by binary composite films PLA-chitosan and PHB-chitosan
(50:50 wt. %).

Cv(Fe3+), mol/L k, h−1 Intercept of Equation (3) R-sq. COP Pierson’s r

PLA-chitosan

0.002 0.513 ± 0.053 0.051 ± 0.010 0.979 0.989
0.005 0.168 ± 0.043 0.101 ± 0.051 0.997 0.998
0.008 0.070 ± 0.081 0.089 ± 0.009 0.962 0.981

PHB-chitosan

0.002 0.267 ± 0.08 0.159 ± 0.032 0.998 0.993
0.005 0.129 ± 0.06 0.234 ± 0.063 0.992 0.996
0.008 0.109 ± 0.04 0.169 ± 0.036 0.996 0.998

The analogous trend was observed in our previous work [30]. It is well known that
the process of sorption from aqueous medium is accompanied by transport phenomena
that under determined conditions could influence the rate of contaminant recovery [41,42].

For the composites, the growth in the Fe3+ ion content could negatively affect the ion
mobility in a given polymer matrix and hence extend the effective time of ion achievement
to the active sites of sorption. For chitosan, these sites comprise predominantly –NH2
groups and to a lesser extend –OH groups. The affinity (sorption thermodynamic impact) of
ester entities belonging to PHB and PLA is essentially lower and ion sorption capacity by the
polyesters can be neglected as compared to chitosan. This kinetic effect could be probably
related to the concentration impact of ion diffusion in electrolyte solution (exterior diffusion)
and in the biopolymer matrix (interior diffusion). We have already noted above that the
process of sorption from aqueous medium is accompanied by transport phenomena that
under determined conditions could influence the rate of contaminant recovery. Regularly,
the increase in the concentration of electrolyte (Cv) results in the growth of its content in the
biopolymer (Cp), namely in the hydrogel of chitosan as the main hydrophilic component
of the composition accumulating Fe3+ ions. It is well known that the growth of the ion
concentration leads to the enhancement of electrostatic interactions among the mobile
ions and hence to the ion diffusivity decrease in a polymer matrix [43]. Consequently,
owing to the diffusional hindrance, the time of iron ion access to the functional group of
chitosan rises and enlarges the total time of the sorption and decreases the effective sorption
constant (k).
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3.2.2. Ultimate Fe3+ Sorption Capacity for Binary Composites: PLA-Chitosan and
PHB-Chitosan and Henry’s Law Model Description

The model of Fe3+ sorption by chitosan reinforced with PLA or PHB based on the
reaction of the pseudo first order suggests the ions’ immobilization on functional groups of
chitosan (deacetylated-NH2 functions). The ultimate values of Fe3+ sorption (Cp∞) reflect
the chitosan state when only part of its active center is occupied by the immobilized ions.

In this case, the linearity of the Cp∞ dependence on Cv, (Figure 6) demonstrates the
sorption progress in accordance with a Henry’s Law formalism as the initial stage of the
Langmuir isotherm [44]:

Cp = KH · Cv (4)

Figure 6. Ultimate Fe3+ sorption capacity as the function of concentration in aqueous FeCl3 solutions
with different molar contents (Cv) for PLA (1) and PHB (2).

The simplified character of the isotherms for both compositions testifies to the lack of
interaction among ionogenic groups of the biopolymers. Regularly, such interaction should
distort the form of linearity as it occurs in Langmuir or BET modeling. In the interval of
FeCl3 concentrations spanning the values from 2 × 10−3 to 8 × 10−3 mol/L, i.e., in the area
of diluted concentrations, the ions diffuse to the sorption centers of chitosan independently
without interactions with each other. In such a situation, the ion sorption should proceed
independently as well, when an amino group does not cooperate with the same adjacent
group in the chitosan matrix.

Besides, in the given concentration range, the number of occupied active sites for
sorption under saturation (q∞ and the corresponding values Cp∞) are essentially far
from the maximal value of the active sites in chitosan. It could also indicate that the
polyesters’ molecules of PHB and PLA partly screen the -NH2 groups of chitosan and
prevent intermolecular interactions among others. In given situation, we could suggest
that the transport of ions is sensitive to their concentration, while the sorption process and
the ion interaction with functional groups does not depend on the ion content.

3.3. Biodegradation of the Composites PLA-Chitosan and PHB-Chitosan

When studying the destruction of samples which were buried in the soil, it was found
that, after exposure of the initial compositions for a month, the mass of the PHB-chitosan
composition increased by 36.6 wt. % and the PLA-chitosan composition by 19.8 wt. %
accordingly. The observed effect can be associated both with the ability of chitosan to absorb
water from the environment and with the growth of microorganisms on the surface of the
films. Since, as mentioned above, PHB is more susceptible to the action of microorganisms,
it has the largest weight gain. At the same time, for both compositions containing absorbed
iron ions, a decrease in the mass of samples by approximately 26 wt. % within a month
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takes place, that can be explained by the catalytic effect of iron ions. On Figures 7 and 8 the
photographs of double films PLA-chitosan and PHB-chitosan as well as photographs of
these films, containing sorbet iron ions and after exposition in soil during different times
are shown.

Figure 7. Photographs of PLA-chitosan films (I) and films containing sorbed iron ions (II), after
exposition in soil during 2 (a), 4 (b), 7 (c) and 12 (d) weeks.

Figure 8. Photographs of PHB-chitosan films (I) and films containing sorbed iron ions (II), after
exposition in soil during 2 (a), 4 (b), 7 (c) and 12 (d) weeks.

The sorption of iron ions leads to a change in the color of the samples from white to
red. In addition, with increasing exposure time, their shape also changes. It should be
noted that, with long-term exposure (12 weeks), in contrast to the partial destruction of
the films based on PLA, the films containing PHB are completely destroyed (Figure 8),
which confirms the more intensive process of biodegradation in soil for the composition
containing PHB compared to films containing PLA. These data correlate with the features
of degradation of compositions based on PLA and PHB described above. At the same time,
it can be seen that films that do not contain iron ions are destroyed more easily than films
containing iron, which is explained by hardening in the presence of metal ions.

3.4. Morphology of Binary Systems PLA-Chitosan and PHB-Chitosan

The morphology of the binary compositions was investigated by the SEM method. In
Figures 9a and 10a, the photomicrographs of cross-sections of the films for PLA-chitosan
and PHB-chitosan are correspondingly given. As is seen, the freeze surfaces of cross-
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sections of PLA and PHB are slightly different. For PLA, the surface of the fracture is more
of a relief, while the surface of PHB prepared at the same conditions is smoother.

 
(a) (b) 

Figure 9. SEM micrographs of the initial films PLA-chitosan (50:50, wt. %) (a) and after sorption
(b) from 0.3 mol/L FeCl3 solution.

 
(a) (b) 

Figure 10. SEM micrographs of the initial films PHB-chitosan (50:50, wt. %) (a) and after sorption
(b) from 0.3 mol/L FeCl3 solution.

Due to the rather poor compatibility between polyesters and chitosan, two phases are
observed. The phase separation is more reliably seen on the polymer specimens containing
sorbed ions Fe3+ (Figures 9b and 10b). The samples exposition in the aqueous medium
of FeCl3 leads to chitosan structureless and the formation of areas with the fine pores. In
contrast to PLA and PHB, swelling of chitosan under water action forms the smoothed fields
situated between the non-swelling polyester entities. The latter should act as cross-linking
agents preventing disintegration and dissolution of the chitosan phase.
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4. Conclusions

The explored binary composites based on chitosan combined with the biodegradable
polyesters PLA and PHB have been studied as the novel functional materials being capable
to perform in aggressive media, namely aqueous environment and soil. Acid hydrolysis,
biodegradation in soil and Fe3+ion sorption by PLA-chitosan and PHB-chitosan composites
have been studied and obtained results have been compared to understand the merits and
drawbacks of the investigated systems.

It was revealed that:

1. In the temperature interval 25–70 ◦C in the HCl solutions (0.005–0.2) mol/L the PHB-
chitosan composite stability exceeds the analogous one for PLA-chitosan composite,
while the contrary situation is observed for soil biodegradation;

2. Under studying of the composites biodegradability in soil it was found that the
films based on PHB degrade in a greater extent than films based on PLA, that is an
additional confirmation of their different biodegradation mechanism;

3. The sorption capacity of both composites to Fe3+ions was investigated and it was
shown that the kinetics of sorption obeys the pseudo-first order equation and the
limiting values of sorption correspond to Henry’s Law formalism. The replacement
of PLA by PHB in the chitosan-polyether composites leads to the increase in Fe3+

sorption more than on 100 wt. %.

Thus, on the basis of the obtained results, it may be concluded that the PHB-chitosan
composites are more stable to the acid hydrolysis, they demonstrate better degradation in
soil (may be slightly utilized after end of service life) and have a higher capacity to iron
ions sorption than PLA-chitosan composites. In other words, the PHB-chitosan films are
more suitable systems for Fe3 ions sorption than PLA-chitosan ones.

Both investigated binary film composites on the base of studied biodegradable polyesters
and chitosan can be considered as perspective eco-friendly biodegradable materials for
use in the packing industry as well for sorbents production. Based on the obtained data,
the future research should be dedicated to study thermal stability of binary composites
PLA-chitosan and PHB-chitosan as well as their stability to UF action that should allow
one to extend the possible areas of their application.
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Abstract: In our study, the effects of wood waste content (0, 2.5, 5, 7.5, and 10 wt.%) on thermal
and dry sliding wear properties of poly(lactic acid) (PLA) biocomposites were investigated. The
wear of developed composites was examined under dry contact conditions at different operating
parameters, such as sliding velocity (1 m/s, 2 m/s, and 3 m/s) and normal load (10 N, 20 N, and 30 N)
at a fixed sliding distance of 2000 m. Thermogravimetric analysis demonstrated that the inclusion
of wood waste decreased the thermal stability of PLA biocomposites. The experimental results
indicate that wear of biocomposites increased with a rise in load and sliding velocity. There was
a 26–38% reduction in wear compared with pure PLA when 2.5 wt.% wood waste was added to
composites. The Taguchi method with L25 orthogonal array was used to analyze the sliding wear
behavior of the developed biocomposites. The results indicate that the wood waste content with
46.82% contribution emerged as the most crucial parameter affecting the wear of PLA biocomposites.
The worn surfaces of the biocomposites were examined by scanning electron microscopy to study
possible wear mechanisms and correlate them with the obtained wear results.

Keywords: poly(lactic acid); wood waste; biocomposite; sliding wear; microscopy

1. Introduction

Strict government regulations and increased environmental constraints on the burning
and open-air dumping of agricultural, municipal, and industrial wastes have encouraged
material scientists to develop innovative products such as biocomposites [1–3]. Several
studies have highlighted that biocomposites hold the potential to be used in various
applications, including automotive, infrastructure, aerospace, construction, consumer, and
industrial fields [1–5]. According to reports, the forest industry was assumed to play a
significant part in the economy of any country and generated a revenue of 270 billion USD
worldwide in 2018 [6]. Solid wood waste is the main by-product of the forest industry, with
more than 14 million tons of wood waste being generated every year, which is a significant
problem when it comes to disposal [7,8]. Additionally, it was reported that more than
70 million tons of solid wood waste were generated annually during the manufacturing
of wood products [9]. Furthermore, the annual production of synthetic plastics exceeds
320 million tons, which is unfortunately accumulated in productive agricultural parcels as
landfills or incinerated in open-air [10]. Reducing wood waste and synthetic plastic can be
achieved by replacing synthetic plastics with bioplastics to develop biocomposites. The
global biocomposite market size was 16.46 billion USD in 2016, and it is estimated to reach
36.76 billion USD by 2022 with a compound annual growth rate of 14.44% [11].
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Numerous scientists have examined how to improve the various properties of biocom-
posites, including thermal, thermomechanical, and mechanical features, by utilizing distinc-
tive waste materials [12,13]. The potential of sugarcane bagasse and maize hull agro-wastes
in thermoplastic starch-based biocomposites was studied by Dogossy and Czigany [14].
The influence of industrial wastes, namely copper slag and drill cuttings, on thermal, phys-
ical, mechanical, and antibacterial properties of poly(ε-caprolactone)-based biocomposites
was investigated by Hejna et al. [15]. Kim et al. [16] studied the mechanical properties
and biodegradability of rice husk and wood waste-filled poly(butylene succinate)-based
biocomposites. Panaitescu et al. [17] evaluated the thermal and mechanical properties
of wood waste-reinforced poly(3-hydroxybutyrate) biocomposites. Dhakal et al. [18] ex-
amined the influence of date palm fiber waste biomass on the mechanical properties of
polycaprolactone-based biocomposites.

In recent years, there has been a remarkable interest in poly(lactic acid) (PLA) for many
reasons, such as increasing environmental awareness, reducing product prices by capacity
growth, and taking advantage of good processability [19,20]. PLA is a bio-based polymer,
originating from the fermentation of corn, sugar beet, potatoes, and other agriculture-
based substances. The major advantages of PLA are its biodegradability under certain
temperature/pressure conditions and its non-toxic nature. It has good stiffness and strength
compared with synthetic polymers, and it can be altered and adjusted for a wide range
of applications, including packaging, textile, and biomedical purposes [21–26]. However,
PLA has its drawbacks as well, including rapid physical aging, poor impact resistance,
relatively high price, and low thermal stability. These drawbacks associated with PLA can
be overcome by adopting, blending, copolymerization, or adding some materials such as
filler/reinforcement [27–30].

Khan et al. [31] studied hemp hurd’s impact on the mechanical properties of PLA-
based biocomposites. They concluded that the evaluated tensile and flexural strength
of the manufactured biocomposites decreased, whereas crystallinity and the tensile and
flexural modulus improved by increasing hemp hurd content. They also pointed out
that with glycidyl methacrylate grafting, the biocomposites with ≥20 wt.% hemp hurd
loading demonstrated mechanical properties nearly equal to bare PLA. Orue et al. [32]
explored the potential of alkali-treated walnut shells waste as filler for the PLA matrix.
They incorporated alkali-treated walnut shell powder (10, 20, and 30 wt.%) into the ma-
trix for biocomposite fabrication. A relative improvement of 50% in tensile strength was
reported for treated walnut shell waste-filled biocomposites compared with the untreated
counterpart. However, the tensile modulus values of treated walnut shell waste-filled
biocomposites remained almost similar to unfilled PLA, and they maintained a consistent
behavior with increased filler content. Boubekeur et al. [33] investigated the influence
of 1–3 mm sized wood waste (a mixture of eucalyptus and Aleppo pine wood) particles
on the mechanical properties of PLA-based biocomposites. The authors concluded that
Young’s modulus and crystallinity of the manufactured composites increased, while stress,
impact strength, and elongation at break decreased with increasing wood waste percent-
age. Bajpai et al. [34] investigated the wear performance of natural fiber-reinforced PLA
composites. Three categories of natural fibers (nettle, sisal, and Grewia optiva) were ap-
plied, and laminated composites were fabricated as per a hot compression process. The
experimental results showed that incorporating natural fiber mats into the PLA matrix as a
reinforcement remarkably enhanced the wear resistance of the neat polymer. There was
a 10–44% decrease in friction coefficient and about 70% decrease in the specific wear rate
of manufactured composites compared with neat PLA. Kanakannavar et al. [35] studied
the effect of natural fiber 3D braided woven fabric as reinforcement in PLA composites for
tribological performance. The research concluded that the fabric reinforcement decreased
the specific wear rate of PLA, and about a 95% decrease was detected in the samples
containing 35 wt.% reinforcement.

Although the literature is rich in research of the impacts of wood waste on the physical,
mechanical, thermal, and thermo-mechanical properties of PLA-based biocomposites, the
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sliding wear behavior of wood waste-filled PLA-based biocomposites has not been studied
so far. Moreover, the inclusion of some natural fibers and sustainable biocarbon was
reported to enhance the wear resistance of PLA-based biocomposites [34–36]. Therefore,
our research studied the production of PLA biocomposites using North Indian rosewood
waste and investigating their thermal and dry sliding wear properties.

2. Experimental Details

2.1. Materials and Biocomposite Fabrication

PLA (Nature Works, USA, Ingeo 2003D grade) with a melt flow index of 6 g/10 min,
a density of 1.24 g/cm3, and a melting temperature of 170 ◦C was used in this research.
North Indian rosewood waste (60 mesh) was procured from the Krishna Timber Store
in Dadhol, Himachal Pradesh, India. Before use, the wood waste was treated with 2%
sodium hydroxide solution for 12 h at room temperature. After that, the treated wood
waste was washed with distilled water and dried in an oven for 4 h. The SEM (scanning
electron microscope) micrograph of the North Indian rosewood waste particles is presented
in Figure 1a. Before biocomposite manufacturing, both the wood waste and PLA were
dried for 6 h in a DEGA-2500 dehumidifier at 80 ◦C. The melt compounding/mixing of
the PLA biocomposites containing 0, 2.5, 5, 7.5, and 10 wt.% of North Indian rosewood
waste was performed using an LTE 20–44 twin-screw extruder (Labtech Engineering, Samut
Prakarn Thailand; L/D ratio of 44; screw diameter of 20 mm) with a screw speed of 30 rpm
and a temperature profile of 155–185 ◦C. After melt compounding, the composites were
cooled and granulated. Subsequently, the granulated samples were injection molded into
dumbbell-shaped samples (Figure 1b) using an Arburg Allrounder Advance 420C (Loßburg,
Germany) injection molding machine with a nozzle temperature of 195 ◦C. The following
parameters were used for the injection molding process: injection rate of 40 cm3/s, holding
pressure at 75-65-25 MPa for 15 s, cooling time of 30 s, and mold temperature at 30 ◦C [37].

Figure 1. (a) SEM micrograph of North Indian rosewood waste, (b) fabricated biocomposites.

2.2. Thermogravimetric Analysis

The thermogravimetric tests were performed on a Shimadzu TGA-50 model scientific
instrument, while the evaluation was performed using TA-60WS software. The powdered
sample (~10 mg) of biocomposites was placed in a platinum pan. The thermal stability was
recorded at a heating rate of 10 ◦C min−1 in a nitrogen atmosphere from 30 ◦C to 500 ◦C.

2.3. Sliding Wear Study

The sliding wear behavior of the produced biocomposites was investigated utilizing
an ASTM G-99-compliant pin on disk machine (Model: TR-411, DUCOM, India). The
schematic of the pin on disk machine and its detailed working principles were discussed
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elsewhere [38]. A 20 mm × 5 mm × 5 mm specimen was machined from the manufactured
composites, and it was held stationary within the fixture, which was normal to the disk.
For load-speed sensitivity, a series of trials were carried out by varying the normal load
(10 N, 20 N, and 30 N) and the sliding velocity (1 m/s, 2 m/s, and 3 m/s) on the pin on
disk machine for a fixed sliding distance of 2000 m. The biocomposite sample weight
was measured prior to and after the wear test by utilizing an electronic weight balance
(Wensar Weighing Scales Ltd., India) with an accuracy of 0.0001 g. For each sample, the
wear experiment was repeated three times, and the volumetric wear in cm3 was computed
by using the following equation [37]:

Volumetric wear =
�

ρ
(1)

where � = sample weight loss (g) and ρ = sample density (g/cm3).
The density of the manufactured biocomposites was determined by using standard

water displacement method, and it was found to be 1.24 g/cm3, 1.225 g/cm3, 1.211 g/cm3,
1.198 g/cm3, and 1.183 g/cm3 [39].

2.4. Experiment Design

In this study, the combination of control parameters for sliding wear minimization was
determined using the Taguchi method. The Taguchi method is one of the most important
statistical techniques used to demonstrate the influence of different control parameters with
various levels. The sliding wear tests on the manufactured biocomposites were conducted
under various working conditions, using four control parameters each with five levels:
wood waste content (A: 0, 2.5, 5, 7.5, and 10 wt.%), normal load (B: 10, 20, 30, 40, and 50 N),
sliding distance (C: 500, 100, 1500, 2000, and 2500 m) and sliding velocities (D: 0.6, 1.2, 1.8,
2.4, and 3 m/s) (as listed in Table 1).

Table 1. Levels of the control parameters used in the experiment.

Control Parameters
Levels

Units
I II III IV V

A: Wood waste 0 2.5 5 7.5 10 wt.%
B: Normal load 10 20 30 40 50 N

C: Sliding distance 500 1000 1500 2000 2500 m
D: Sliding velocity 0.60 1.2 1.8 2.4 3 m/s

In a full factorial design, nearly 625 (54) trials would be required to contemplate the
impact of four control parameters, each having five levels. In contrast, the Taguchi method
decreases the number of trials by utilizing orthogonal arrays, resulting in a lower number
of trials with noticeable precision. Therefore, the impact of four control parameters with
five levels (as presented in Table 1) was studied using L25 orthogonal design as presented
in Table 2. Further on, to assess the test results, the signal-to-noise (SN) ratio was also
investigated. The Taguchi method has three categories of the SN ratio, namely lower-
the-better, nominal-the-better, and higher-the-better. In this work, a ‘lower-the-better’
characteristic was utilized, since the intention was to minimize the wear by using the
following equation [38].

SN ratio = −10 log

[
1
n

(
∑
n

y2

)]
(2)

where y = volumetric wear and n = number of trials.
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Table 2. Experimental design.

Test Run
Control Parameters

Test Run
Control Parameters

A B C D A B C D

1 0.0 10 500 0.6 14 5.0 40 500 1.8
2 0.0 20 1000 1.2 15 5.0 50 1000 2.4
3 0.0 30 1500 1.8 16 7.5 10 2000 1.2
4 0.0 40 2000 2.4 17 7.5 20 2500 1.8
5 0.0 50 2500 3.0 18 7.5 30 500 2.4
6 2.5 10 1000 1.8 19 7.5 40 1000 3.0
7 2.5 20 1500 2.4 20 7.5 50 1500 0.6
8 2.5 30 2000 3.0 21 10 10 2500 2.4
9 2.5 40 2500 0.6 22 10 20 500 3.0

10 2.5 50 500 1.2 23 10 30 1000 0.6
11 5.0 10 1500 3.0 24 10 40 1500 1.2
12 5.0 20 2000 0.6 25 10 50 2000 1.8
13 5.0 30 2500 1.2

2.5. Contribution Ratio Analysis

After the SN ratio analysis, each control parameter was analyzed for their contribution
ratio (ψ) towards the volumetric wear by using the following steps [40].

Step I: Calculation of the overall SN ratio mean. In this step the overall SN ratio mean
(�) was computed for the 25 trials using the following equation:

� =
1

25

25

∑
n=1

(SN ratio) (3)

Step II: Level mean of the SN ratio. In this step, the level mean of the SN ratio (h̄i) was
calculated for each control parameter using the following equation.

h̄i =
1
5

5

∑
j=1

(SN ratio)ij (4)

where j is the level of the ith control parameter.
Step III: Sum of squares calculation. In this step, the sum of squares ( ) values were

determined using the following equation:

= ∑
i
(h̄i −�)2 (5)

The ith control parameter can be determined using the following equation:

i =
5

∑
j=1

(h̄i −�)2 (6)

where j is the level of the ith control parameter.
Step IV: Contribution ratio calculation. In the final step, the contribution ratio (ψ) of

the individual control parameter was calculated by using the following equation:

ψi =
i × 100 (7)

2.6. Scanning Electron Microscopy

The worn surfaces of pure PLA and wood waste-filled PLA biocomposites were
further examined for possible wear mechanisms using a Hitachi S-3400N scanning electron
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microscope (SEM; Hitachi Ltd., Tokyo, Japan). Prior to the SEM inspection, the samples
were sputter-coated with a gold–palladium alloy in order to prevent charging.

3. Results and Discussion

3.1. Thermal Stability Analysis

The temperature-dependent weight loss curves and the corresponding derivatives
(DTG) for pure PLA and its wood waste-filled biocomposites are illustrated in Figure 2a,b, re-
spectively. The thermal deterioration at temperatures ranging from 30 ◦C to 250 ◦C resulted
in a minor weight loss of about 2 ± 0.5%. The elimination of moisture was the primary
cause of the biocomposites’ weight loss at this point. A single-step decomposition process
was observed both for the bare PLA and the wood waste-filled PLA biocomposites as well,
in the range of (250–400 ◦C). The weight loss in this temperature range corresponded to the
degradation of the PLA resin and the decomposition of hemicellulose, cellulose, and lignin
that were present in the wood waste [41]. The temperature corresponding to the 5%, 25%,
50%, and 75% weight loss (i.e., T5, T25, T50, and T75) and the temperature of the maximum
decomposition rate (Tpeak) are presented in Table 3. Based on the results, the thermal
degradation of wood waste-filled PLA biocomposites occurred at a lower temperature than
that of pure PLA. Biopolyesters such as PLA tend to degrade at elevated temperatures as a
consequence of various depolymerization processes and thermal oxidation reactions [42].
The incorporation of the less thermally stable wood waste into the polymer matrix facili-
tated the thermal degradation of PLA, thereby leading to an earlier decomposition of the
biocomposites during the heating.

Figure 2. TGA (a) and DTG (b) curves for PLA biocomposites, respectively.

Using 5% weight loss (T5) as the onset of the main degradation step, the temperature
was 327 ◦C for the bare PLA but decreased to 320 ◦C when 2.5 wt.% wood waste was
added. When the wood waste loading was increased even further (5, 7.5, and 10% wt.%),
the composites’ onset degradation temperature decreased to 312 ◦C, 304 ◦C, and 300 ◦C,
respectively. Similarly, with increased wood waste content, the temperatures for 25%, 50%,
and 75% weight loss and the temperatures corresponding to the highest decomposition
rate also decreased considerably. Previous studies reported similar trends with various
natural fiber-filled PLA composites [42–44].
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Table 3. TGA and DTG results of wood waste-filled PLA biocomposites.

Biocomposite
Temperature at Different Weight Loss (◦C)

Tpeak (◦C)
T5 T25 T50 T75

PLA 327 348 357 365 360
PLA+2.5 wt.% wood waste 320 346 356 365 359
PLA+5 wt.% wood waste 312 337 350 359 354

PLA+7.5 wt.% wood waste 304 327 340 351 345
PLA+10 wt.% wood waste 300 325 338 348 342

3.2. Influence of Normal Load and Sliding Velocity on Wear

Figure 3 shows the volumetric wear of composites as a function of normal load (10 N,
20 N, and 30 N) at a constant sliding velocity (1 m/s) and a 2000 m of fixed distance.
Figure 3 shows that when the normal load increased, the volumetric wear of all composites
increased dramatically. The volumetric wear fluctuated between 0.0342 cm3 and 0.0660 cm3

in pure PLA samples. Compared with pure PLA, the trend in volumetric wear for 2.5 wt.%
wood waste-filled composite was modest, with an increased normal load. Adding 2.5 wt.%
of wood waste reduced the volumetric wear of the PLA matrix by 26% to 34% under all
loading situations. With the further addition of wood waste ≥ 5 wt.%, the wear of the
composites increased, and it was the highest (0.0658–0.1097 cm3) when 10 wt.% wood waste
was added to the composites. The possible mechanism for the increment in volumetric
wear with increased wood waste content and normal load can be explained. The lower the
wood waste particle concentration, the more that the structural homogeneities remained
on the higher side due to ease in the dispersion of wood waste particles within the PLA
matrix. The firm embedment of the wood waste particles helped to protect the matrix in
the contact zone from heat and mechanical failure, resulting in minor wear.

Figure 3. Volumetric wear of composite as a function of normal load.

After displaying a slight volumetric wear at 2.5 wt.% wood waste content, the volu-
metric wear was observed to rise when the wood waste loading was increased further. At
higher concentrations, the possibilities of wood waste particles agglomerating expanded
the composites and counter surface gap. As a result of the increasing distance, the adhesion
between the sliding surfaces decreased, resulting in a more significant weight loss and
volumetric wear. Additionally, with increased loading, the number of wood waste particles
on the composite surface increased. As the normal load grew, more heat was generated
during testing, and the interfacial contact temperature also increased. With this higher
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temperature, the bonding between the wood waste and the matrix weakened, and material
removal became more accessible, increasing the wear. Similar results were reported by
Bajpai et al. [34] for natural fiber-reinforced PLA composites and by Erdoğan et al. [45]
for industrial waste-filled epoxy composites as well. Figure 4 shows the volumetric wear
of composites as a function of sliding velocity (1 m/s, 2 m/s, and 3 m/s) at a constant
normal load (30 N) and a 2000 m of fixed distance. The trend in volumetric wear for pure
PLA was from 0.0502 cm3 to 0.0977 cm3; when wood waste was incorporated, the wear
firstly decreased at 2.5 wt.% wood waste content and then increased with further wood
waste loading. The volumetric wear remained at 0.0372–0.0606 cm3 for the 2.5 wt.% wood
waste-filled composite, which was 26–38% lower than that of pure PLA. In comparison, the
highest volumetric wear was registered for 10 wt.% wood waste-filled composites, which
fluctuated between 0.0792–0.1439 cm3. The thermal softening of the PLA resin occurred as
the sliding velocity rose due to increased heat production, resulting in increased wear with
increased sliding velocity. The variation of volumetric wear with sliding velocity showed
that the wear of the PLA composite increased when the sliding velocity rose higher. As the
sliding velocity grew, the thermal softening of the PLA resin took place due to increased
heat generation. The higher heat weakened the filler–resin bonding, and it became easier to
detach the wood waste particles from the composite surface during sliding, which resulted
in increased wear. Bajpai et al. [34] observed a similar mechanism for sliding wear in the
case of natural fiber-reinforced PLA composites. For lower load-velocity sliding conditions,
Megahed et al. [46] concluded that the generation of slight surface deformation resulted in
lower wear. However, surface deformation increased at higher normal load and sliding
velocity conditions, resulting in increased wear.

Figure 4. Volumetric wear of the composites as a function of sliding velocity.

3.3. The Taguchi Analysis for Sliding Wear Performance

According to the literature, biocomposites can be used in various applications where
wear is a critical issue. The wear performance of PLA biocomposites is significantly influ-
enced by the type and amount of reinforcement and testing parameters [28–30]. Therefore,
our investigation was designed to find the most significant control parameter and combina-
tion of parameters that yielded the slightest wear during sliding. The experiments were
conducted as L25 orthogonal array design considering the impact of wood waste content,
sliding distance, normal load, and sliding velocity on wear performance.

The Taguchi method suggests investigating the SN ratio by utilizing conceptual
methodology that includes diagramming impacts and visually identifying the critical
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parameters. The results of the volumetric wear and their corresponding SN ratios are
collected in Table 4. The investigation was conducted in Minitab 18. The volumetric
wear obtained ranged from 0.0091 cm3 to 0.1727 cm3. The lowest and highest volumetric
wear was obtained in test runs 6 and 25, respectively. Additionally, the influence of the
selected four control parameters on the SN ratio of the volumetric wear is presented in
Figure 5, while the SN ratio response is found in Table 5. As shown in Figure 5, there
was a decrease in the volumetric wear of the composites upon increasing the amount of
wood waste content from 0 to 2.5 wt.%; however, it started increasing above 2.5 wt.% wood
waste content.

Table 4. Volumetric wear and corresponding SN ratio.

Test Run
Volumetric
Wear (cm3)

SN Ratio Test Run
Volumetric
Wear (cm3)

SN Ratio

1 0.0094 40.5374 14 0.0663 23.5697
2 0.0365 28.7541 15 0.0960 20.3546
3 0.0508 25.8827 16 0.0592 24.5536
4 0.0686 23.2735 17 0.0780 22.1581
5 0.1332 17.5099 18 0.1169 18.6437
6 0.0091 40.8192 19 0.1189 18.4964
7 0.0218 33.2309 20 0.1033 19.7180
8 0.0606 24.3505 21 0.0830 21.6184
9 0.0368 28.6830 22 0.0785 22.1026
10 0.0353 29.0445 23 0.0916 20.7621
11 0.0515 25.7639 24 0.1471 16.6477
12 0.0258 31.7676 25 0.1727 15.2542
13 0.0600 24.4370

Figure 5. Main parameter effects for various SN ratio values of volumetric wear.

The minimum value of 0.0091 cm3 for volumetric wear was obtained for the 2.5 wt.%
wood waste-filled composite. The situation changed when the wood waste content started
increasing. The maximum value of 0.1727 cm3 was obtained for the biocomposite with
10 wt.% wood waste content. This significant behavior was potentially due to the agglom-
eration of the wood particles as a result of their poor interfacial bond with the PLA matrix.
Due to the poor bonding, the wood waste particles were quickly drawn/peeled off from
the PLA matrix during sliding, thus leading to the increased wear of the biocomposites.
From the response displayed in Table 5, it can be assumed that among all the control param-
eters, wood waste content is an essential parameter, followed by normal load and sliding
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velocity, while sliding distance has a minimal impact on the volumetric wear of the tested
biocomposite. Moreover, based on the results, it can be concluded that the combination
of control parameters AII (2.5 wt.% wood waste), BI (10 N normal load), CI (500 m sliding
distance), and DI (0.6 m/s sliding velocity) provided minimum volumetric wear. The result
suggests that 2.5 wt.% wood waste-filled PLA biocomposite can be used for a low loading
application of load and sliding velocity.

Table 5. SN ratio response table.

Level A B C D

I 27.19 30.66 26.78 28.29
II 31.23 27.60 25.84 24.69
III 25.18 22.82 24.25 25.54
IV 20.71 22.13 23.84 23.42
V 19.28 20.38 22.88 21.64

Delta 11.95 10.28 3.90 6.65
Rank 1 2 4 3

In addition, the influence of the most dominant control parameter (i.e., wood waste
content) was analyzed on volumetric wear by drawing contour plots (Figure 6a–c) against
(a) wood waste content and normal load, (b) wood waste content and sliding distance,
and (c) wood waste content and sliding velocity. The contour plots demonstrate that the
volumetric wear tended to increase when the wood waste content, normal load, sliding
distance, and sliding velocity increased gradually. It was revealed that the lowest volumet-
ric wear of 0.0091 cm3 was obtained at 2.5 wt.% wood waste content and the lower value
(10 N) of the normal load. In contrast, the maximum volumetric wear of 0.1727 cm3 was
obtained at 10 wt.% wood waste content and at a high level (50 N) of the normal load.

Figure 6. Contour plots of volumetric wear for wood waste content with respect to (a) normal load,
(b) sliding distance, and (c) sliding velocity.

3.4. Contribution Ratio Results

The contribution ratio of each parameter for volumetric wear is listed in Table 6 and
presented in Figure 7. The overall SN ratio mean value (�) for the 25 trials was determined
using Equation (3) and found to be 24.72 dB. The level mean of SN ratio values for each
control parameter was computed using Equation (4). The sum of squares ( ) value was
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determined by Equation (5), and for the individual control parameter the i value was
determined by Equation (6). Thereafter, the contribution ratio (ψ) for each control parameter
was computed using Equation (7). The results show that wood waste, normal load, sliding
distance, and sliding velocity contributed to the volumetric wear by 46.82%, 36.08%, 4.90%,
and 12.20%, respectively. The contribution results indicate that the wood waste content was
the most significant control parameter affecting the volumetric wear of the biocomposites,
followed by the normal load.

Table 6. Contribution ratio results.

Control Parameter � i ψ

Wood waste

24.72

94.3663

201.5715

46.82
Normal load 72.7317 36.08

Sliding distance 9.8789 4.90
Sliding velocity 24.5946 12.20

Figure 7. Contribution ratio of each control parameter to volumetric wear.

3.5. Worn Surface Morphology

The results of SEM inspections are presented in Figures 8 and 9. Figure 8a,b show the
worn surfaces of bare PLA tested under 50 N load, 2500 m distance, and 3 m/s sliding
velocity. In the image of lower magnification (Figure 8a), the worn surface was moder-
ately rough, revealing possible micro-ploughing in the matrix. At a higher magnification
(Figure 8b), the worn surface showed more scratches/damage to the matrix, resulting in
increased material removal. As a consequence of sliding, the contact temperature was
uncommonly expanded, which caused an accelerative rupture of the matrix, particularly in
the interfacial zone. Accordingly, the surface damage strikingly expanded with grooves
left by the matrix removal, resulting in a higher weight loss (Figure 8b). Figure 8c,d present
the worn surfaces of 2.5 wt.% wood waste-filled biocomposite tested under 40 N load,
2500 m distance, and 0.6 m/s sliding velocity. In contrast with Figure 8a,b for bare PLA, the
worn surfaces for 2.5 wt.% wood waste-added biocomposite was much smoother, and the
matrix detachment was enormously restricted with the inclusion of wood waste particles.
Even at lower magnification, the worn surface remained uniform with a lesser extent of
micro-ploughing and groove formation, resulting in a slight wear of the biocomposite.
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Figure 8. Worn micrographs of biocomposites: (a,b) bare PLA and (c,d) 2.5 wt.% wood waste-filled
biocomposites at lower and higher magnification.

Figure 9a–f show the SEM images of the worn surfaces of 5 wt.% (under 50 N load,
1000 m distance, and at 2.4 m/s sliding velocity), 7.5 wt.% (under 40 N load, 1000 m
distance, and at 3 m/s sliding velocity) and 10 wt.% (under 50 N load, 2000 m distance,
and at 1.8 m/s sliding velocity) wood waste-filled PLA biocomposites. In comparison
to Figure 8, the worn surfaces presented in Figure 9 were rougher with severe damage.
Therefore, the worn surfaces were characterized by intense sub-surface damage due to
sliding, while micro-ploughing was responsible for the heavy eradication of the surface
material. The increased scattered wear particles and grooves formed by micro-ploughing
contributed to the decreased wear resistance of these biocomposites. Moreover, the wood
waste particles appeared to be seriously damaged, suggesting a poor filler-matrix interfacial
bonding, which also resulted in elevated wear.
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Figure 9. Worn micrographs of biocomposites: (a,b) 5 wt.%, (c,d) 7.5 wt.%, and (e,f) 10 wt.% wood
waste-filled biocomposites at lower and higher magnification.

4. Conclusions

The thermal and sliding wear properties of Indian rosewood waste-filled PLA-based
biocomposites were investigated. The following conclusions can be drawn:

1. The thermal stability of the PLA biocomposites increased with an increase in wood
waste loading.

2. The wear of the biocomposites increased with an increase in load and sliding velocity.
Compared with pure PLA, the wear in 2.5 wt.% wood waste-added biocomposites
was almost 26–38% lower.

3. The Taguchi analysis demonstrated that the combination of control parameters
AII (wood waste of 2.5 wt.%), BI (normal load of 10 N), CI (sliding distance of 500 m),
and DI (sliding velocity of 0.6 m/s) offers the lowest volumetric wear for the
manufactured biocomposites.
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4. Wood waste content with 46.82% contribution was observed as the most dominant
parameter for controlling the wear of the biocomposites, followed by the normal load,
sliding velocity, and sliding distance with contributions of 36.08%, 12.20%, and
4.90%, respectively.

5. The worn surface study revealed that the micro-ploughing, grooves formation, and
poor filler-matrix interfacial bonding were the possible cause of biocomposites wear.
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Abstract: Glycero-(9,10-trioxolane)-trioleate (ozonide of oleic acid triglyceride, OTOA) was intro-
duced into polylactic acid (PLA) films in amounts of 5, 10, 30, 50, and 70% w/w. The morphological,
mechanical, thermal, and water absorption properties of PLA films after the OTOA addition were
studied. The morphological analysis of the films showed that the addition of OTOA increased the
diameter of PLA spherulites and, as a consequence, increased the proportion of amorphous regions in
PLA films. A study of the thermodynamic properties of PLA films by differential scanning calorimetry
(DSC) demonstrated a decrease in the glass transition temperature of the films with an increase in the
OTOA content. According to DSC and XRD data, the degree of crystallinity of the PLA films showed
a tendency to decrease with an increase in the OTOA content in the films, which could be accounted
for the plasticizing effect of OTOA. The PLA film with 10% OTOA content was characterized by
good smoothness, hydrophobicity, and optimal mechanical properties. Thus, while maintaining high
tensile strength of 21 MPa, PLA film with 10% OTOA showed increased elasticity with 26% relative
elongation at break, as compared to the 2.7% relative elongation for pristine PLA material. In addition,
DMA method showed that PLA film with 10% OTOA exhibits increased strength characteristics in
the dynamic load mode. The resulting film materials based on optimized PLA/OTOA compositions
could be used in various packaging and biomedical applications.

Keywords: polylactic acid; polymer films; ozonide; trioleate; biocompatibility

1. Introduction

In recent decades, large volumes of non-degradable polymer packaging materials
have been produced by petrochemical industry, making significant contribution to the
global problem of environmental pollution [1]. One of the promising ways to address
this problem is the production of packaging materials using biodegradable polymers [2].
Today, several biodegradable polymers, such as polylactic acid (PLA), polyhydroxybutyrate,
and poly(ε-caprolactone) are well known [3] and are widely used in medicine [4], tissue
engineering [5], production of disposable tableware and packaging materials [6].

Polylactic acid (PLA) is a compostable polymer derived from natural raw materials,
which is synthesized from lactic acid monomers by catalytic ring-opening polymeriza-
tion [7]. PLA could be formed via electrospinning into ultrafine fiber materials [8], extruded
into films and molded into diverse shapes [9]. PLA is one of the most frequently used
biobased materials in the food packaging industry, which is applied for production of
disposable tableware, vegetables packaging, and fast-food containers [10]. Though PLA
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is a biodegradable polymer, its degradation can occur only in hydrolytic and enzymatic
media [11]. PLA degradation takes place in several stages: diffusion of water into the ma-
trix, hydrolysis of ester bonds, reduction in molecular weight, and absorption of residues
by microorganisms. The rate of hydrolysis depends on the temperature and water content
and is catalyzed by the free carboxyl groups of the hydrolyzed ends of the PLA [12].

The successful application of biodegradable polymer materials in packaging should be
based on good mechanical and barrier properties, improved elasticity, biodegradability, etc. [13].
Widespread use of PLA films in packaging applications is restricted by their poor ductility
and barrier properties, relatively low thermostability [14]. Considerable efforts have been
made to improve the physicochemical properties of PLA films in order to accelerate their
employment in packaging industry, such as the addition of modifiers, copolymerization
or blending [15,16]. PLA blending with other polymers, such as poly(hydroxybutyrate)
(PHB), could significantly improve the final properties of polymer films [17–19]. It should
be noted that blending of PLA with other polymers requires the use of plasticizers such
as limonene [20] and polyethylene glycol [21], in order to increase the miscibility of the
polymers in the blend and provide the necessary ductility. Due to strict requirements in
food packaging applications, biocompatible and non-toxic plasticizers should be provided
in order to improve the properties of the PLA-based films.

It should be noted that modification of PLA materials with functional additives could
not only improve the physicochemical properties of PLA films and fiber materials but could
also provide additional functionality for various applications [22]. Inclusion of various
antimicrobial substances in the polymer matrix could impart antibacterial properties to
the material, prevent the growth of microbes inside the package, and also improve the me-
chanical properties [23]. The use of packaging materials based on biodegradable PLA with
antimicrobial additives can reduce environmental impact and provide product protection
from physical, chemical, and microbiological factors, which is of great interest in terms
of sustainability, adding functional properties to the packaging materials and reducing
environmental risks [24,25].

According to the literature, ozonides of vegetable oils (olive, sunflower, etc.), which are
the products of ozone reaction with the C=C double bonds in the molecules of unsaturated
fatty acids [26], possess good antibacterial properties and could be used as functional
additives for various PLA materials [27]. Moreover, ozonated vegetable oils are even
more promising in this respect, since they could combine apparent antimicrobial activ-
ity with good plasticizing properties [28,29]. The most promising product of ozonation
of the natural vegetable oils is 2lycerol-(9,10-trioxolane)-trioleate (ozonide of oleic acid
triglyceride, OTOA) [30]. It is non-toxic, biocompatible, and has good biodegradability and
antimicrobial activity. In a recent work [30] it was shown that introduction of OTOA into
the nonwoven fibrous PLA materials has a significant effect on their physicochemical and
functional properties and could provide additional antimicrobial functionality [31]. Thus,
OTOA could be a promising additive for introduction into the PLA film matrix in order to
provide additional functionality for various packaging applications.

In this work, we obtained novel film materials based on PLA with the addition
of various amounts of OTOA (0–70 wt.%) as a modifier. DSC, DMA, X-ray diffraction
analysis, FTIR spectroscopy, and optical and polarization microscopy were used to study
the morphological, physicochemical, mechanical, and water absorption properties of PLA
films with various OTOA contents. The obtained results provided a deeper understanding
of the specific interactions of PLA with OTOA and made it possible to establish the effect
of the OTOA content on the physicochemical and functional properties of the obtained
film materials.

2. Materials and Methods

2.1. Materials

PLA was purchased from NatureWorks® Ingeo™ 3801X Injection Grade from
Shenzhen Bright China Inc. (Shenzhen, China) with a viscosity average molecular weight of
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1.9 × 105 g/mol; dry-cleaned chloroform, ≥99.5%, Sigma-Aldrich Inc. (St. Louis, MO, USA)
was used to prepare solutions; Glycero-(9,10-trioxolane)-trioleate (ozonide of oleic acid
triglyceride (OTOA)) (Scheme 1) was obtained from Medozon (Moscow, Russia). The
chemical structure of OTOA has been described previously [30,32]. All reagents were
used as received.

Scheme 1. Glycero-(9,10-trioxolane)-trioleate (ozonide of oleic acid triglyceride (OTOA)).

2.2. Preparation of Films

All films used in this work were prepared using solvent evaporation. PLA (2 g) was
dissolved in chloroform (50 mL). Then, a certain amount of OTOA (5, 10, 30, 50, and
70 wt.%) was added to the PLA solution in chloroform and stirred for 12 h with a magnetic
stirrer. After mixing, the solution was poured onto a glass plate and the film formed was
dried to constant weight at ambient temperature. A film of the pristine PLA without
additive was used as a control sample.

2.3. IR Spectroscopy

PLA films were analyzed using IR Fourier analysis with a NETZSCH TG 209 F1
(NETZSCH-Gerätebau GmbH, Selb, Germany) thermoanalytical balance and a Bruker
Tensor 27 IR (Billerica, MA, USA) Fourier spectrometer with PIKE MIRacle™ accessory
(PIKE Technologies, Madison, WI, USA) equipped with a germanium (Ge) crystal and
an ATR attachment with a Teflon cell and cesium antimony electrode, which allows the
measurements of solid samples. The sample was placed on the surface of the crystal
and tightly clamped to ensure optical contact. IR spectra were recorded in the range of
4000–400 cm−1 with a resolution of 4 cm−1 and averaging over 16 successive scans.

2.4. DSC

The thermophysical properties of the film materials were determined on a NET-
ZSCH DSC 204F1 Phoenix differential scanning calorimeter (NETZSCH-Gerätebau GmbH,
Selb, Germany) in an inert atmosphere at an argon flow rate of 100 mL/min. PLA film
samples (about 5 mg) were placed in aluminum sample crucibles and heated from 20 ◦C to
200 ◦C at a rate of 10 ◦C/min. The instrument was calibrated against indium, tin, and lead.
After the first heating cycle, the samples were kept at 200 ◦C for 5 min, cooled to room
temperature, and then reheated to 200 ◦C at a rate of 10 ◦C/min to record the second DSC
curve. All samples were tested in triplicate.

The deconvolution of DSC peaks was carried out by means of NETZSCH (NETZSCH-
Gerätebau GmbH, Selb, Germany) Peak Separation 2006.01 software employing the nonlin-
ear regression method for the asymmetric DSC curves (Fraser-Suzuki algorithm) [33]. In
calculation, the least squares (SLS) reduction was achieved using a hybrid procedure in
which the Levenberg/Marquardt method was combined with step length optimization [34].
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2.5. X-ray Diffraction Analysis

The structure of the PLA and PLA + OTOA films was studied by X-ray diffraction
(XRD) using a DRON-3M X-ray diffractometer (Bourevestnik, St. Petersburg, Russia) with
Cu Kα radiation (λ = 1.5405 Å) as an X-ray source. Scanning was carried out in the 2θ range
from 10◦ to 50◦ with a scanning step of 0.1◦ and a data accumulation time of 5 s/step. The
relative crystallinity of the polymer films was estimated using the following formula.

χ = IC/(IC + IA) (1)

where IC and IA are the integral intensities corresponding to the crystalline and amorphous
phases, respectively [35].

2.6. Morphology
2.6.1. Optical and Polarized Light Microscopy

The surface morphology of PLA films with different OTOA contents was studied using
an Olympus CX21 microscope (Olympus Corp., Tokyo, Japan) with a digital camera. The
morphology of PLA crystalline spherulites was studied using polarized light microscopy
on the Olympus BX51 microscope (Olympus Corp., Tokyo, Japan).

2.6.2. Sorption Capacity

To determine water sorption [36], PLA film samples were cut into uniform strips of
4 × 4 cm and placed under standard atmospheric conditions (44 ± 2% RH and 20 ± 2 ◦C)
for 24 h. After conditioning, the sample weight (m1) was measured. Then the samples
were immersed in distilled water for 24 h at a temperature of 20 ± 2 ◦C to ensure uniform
water sorption. Thereafter, the wet samples were hung in open air at 20 ± 2 ◦C for 30 min
to remove excess water on the surface of the samples. Then, the weight (m2) of the wet
samples was measured. The moisture content of the samples was calculated by the formula:

%Q = (m2 − m1)/m1 × 100 (2)

with m1 and m2 being the sample weight before and after immersion in water. The degree
of hydrophilicity of the samples was determined by the water contact angle measurements
in the semi-angle modification [37] for a drop of water placed on the film surface. The
droplet size measurements were carried out using an OLIMPUS CX21 optical microscope
(Olympus Corp., Tokyo, Japan). The results were processed using the MICAM 3.02 software
(https://micam.software.informer.com, Marien van Westen).

2.7. Mechanical Properties

The mechanical characteristics of the samples were studied on a Zwick Z010 testing
machine (ZwickRoell GmbH & Co., Ulm, Germany) at room temperature. The layout of
the tested samples is shown in Figure 1.

Figure 1. Scheme of the PLA film samples used for tests of mechanical characteristics.
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The loading rate of the samples was 1 mm/min. During the tests, loading diagrams
of the samples were recorded, namely the dependence of the load F on the deformation ε.
From the diagrams obtained, tensile strength σ, elastic modulus E and elongation at
break were determined. Mechanical tests were provided for five samples for each OTOA
concentration, and the data were presented as mean value ± standard deviation at a
significance level of p < 0.05.

2.8. Dynamic Mechanical Analysis

PLA films samples were studied by DMA under tension on a dynamic mechanical
analyzer NETZSCH DMA 242 E Artemis (NETZSCH-Gerätebau GmbH, Selb, Germany).
The films were cut into strips with a width of 5 mm and a length of the working part of
10 mm. The film samples were heated in the temperature range from 30 to 130 ◦C at a
rate of 1 ◦C/min. During the measurement, the changes in the elastic modulus E’ and the
mechanical loss tangent tgδ were recorded with increasing temperature T according to the
method described in the previous works [38,39]. The glass transition temperature of the
PLA films was determined from the maximum of the tgδ versus temperature dependence.

3. Results and Discussions

3.1. Film Morphology

The introduction of OTOA significantly changed the appearance and morphology of
the PLA films, their structure and surface properties, as could be seen in Figure 2. The
thickness of films with different OTOA concentrations did not vary significantly and was
340 ± 50 μm. It should be noted that films with high concentrations of the OTOA additive
above 30% show uniform morphology and do not undergo phase separation, as is also
the case with PLA/PEG blends [40]. Only the PLA film with 70% OTOA showed the
signs of non-uniform morphology. Like most of the flexible-chain polymers crystallizing
isothermally from the solution, PLA is characterized by a spherulitic morphology, where
a spherulite is an aggregate of crystals oriented relative to a common center. A feature of
spherulites is such an arrangement of primary lamellas in them that the main macromolec-
ular chains are always perpendicular to the radius of the spherulite. The optical images
of PLA films (Figure 2) clearly show the increase in the size of spherulites when OTOA is
added, which could affect their physicochemical and mechanical properties. The polarized
light microscopy images of PLA films are displayed in Figure 2g,h, where spherulitic
morphology with a typical Maltese-cross birefringence pattern could be seen. Addition-
ally, the increase in the size of spherulites is obvious from these images. On the other
hand, optical microscopy shows that for PLA films with 50% and 70% OTOA, spherulitic
morphology is almost absent. Observed increase in the size of PLA spherulites could be
attributed to the plasticizing effect of OTOA, since it was shown previously that addition
of plasticizer increases the spherulitic growth rate and decrease crystallization kinetics of
PLA spherulites [41]. Disturbed spherulitic morphology for the PLA films with 50% and
70% OTOA could be explained by the slow crystallization kinetics and low nucleation
density at high plasticizer contents, leading to hardly detectable separate spherulites.

To determine the hydrophilic-hydrophobic properties of the film surface, the water
contact angle for PLA films with variable OTOA content was measured (Figure 3). In the
case of pristine PLA film, good wetting of the film surface with a contact angle of 47◦ by
water was observed (the contact angle is noticeably lower than 90◦). With the introduction
of OTOA in an amount of 5%, the contact angle increased to 58◦, indicating additional
hydrophobization of the film surface. With an increase in the amount of OTOA in the PLA
matrix, a significant increase in the hydrophobicity of the surface of the PLA + OTOA films
was observed. The most pronounced hydrophobic properties were observed for the PLA
film with 50% OTOA content. The PLA film with 70% OTOA demonstrated a decrease in
the contact angle to 68.2◦, which could be explained by the presence of a large number of
defects in the film.
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Figure 2. Microphotographs of the pristine PLA film and PLA + OTOA films obtained with an optical
microscope (a–f) and photographs of the PLA film (g) and PLA +30% OTOA film (h) obtained with a
polarizing microscope.
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Figure 3. Water contact angle for PLA films with variable OTOA content.

Observed effects could be accounted for the distribution of long hydrophobic OTOA
fragments in the hydrophobic regions of the PLA film and the weak interaction be-
tween them. Due to the chemical structure of PLA containing low-polarity ester groups,
this biopolyester has low water solubility and belongs to moderately hydrophobic poly-
mers [42]. At the same time, the structure of the OTOA molecule also consists mainly
of hydrophobic fragments and includes, along with low-polarity ester groups, specific
ozonide cycles [43–45]. Thus, the addition of OTOA to the PLA matrix in a wide range
of concentrations (0–70%) leads to an increase in the hydrophobicity of the surface of the
PLA + OTOA films.

In addition to hydrophobic properties of the film surface, water sorption capacity (Q)
was studied for PLA films with variable OTOA content. As could be seen from the data
presented in Figure 4, water sorption of films is about 1% and decreases with an increase
in the amount of OTOA in the PLA matrix, which correlates with an increase in the water
contact angle for the PLA + OTOA films (Figure 3). The PLA + OTOA film sample with
the highest OTOA content (70%) demonstrates increased water sorption capacity up to
2.6%, most likely due to the non-uniform morphology and presence of defects in the film.
The data obtained allows one to conclude that the addition of OTOA into the PLA matrix
makes the film surface more hydrophobic, as compared to the surface of the pristine PLA
film, which in turn leads to the decrease in the water sorption capacity of PLA + OTOA
film materials.

Figure 4. Sorption capacity (Q) of PLA films with variable OTOA content.
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3.2. Mechanical Properties

Changes in the morphology of modified PLA materials could have a significant effect
on their mechanical properties. Therefore, the elastic modulus (E), tensile strength (σ)
and relative elongation at break for the PLA + OTOA films were estimated (Figure 5a,b).
Generally, the introduction of OTOA into the PLA matrix led to a decrease in both tensile
strength and elastic modulus of the PLA films. The addition of 5% OTOA sharply reduced
the strength characteristics of the PLA film, whereas the PLA film with 10% OTOA showed
the highest values of elastic modulus and tensile strength among PLA + OTOA samples.
A further increase of the OTOA content in the PLA films led to a sharp decrease in the
strength characteristics of film materials. It could be assumed that the tensile strength of
the films decreases due to a decrease in the degree of crystallinity for PLA films and an
increase in the proportion of the plasticizing agent (OTOA) in the PLA matrix [46,47].

Figure 5. Elastic modulus (a), tensile strength (b), and relative elongation at break (c) for pristine
PLA and PLA + OTOA film samples.

The effect of the OTOA addition on the relative elongation at break is somewhat differ-
ent from the changes in the strength characteristics of the films described above (Figure 5c).
This parameter for PLA film with 5% OTOA remains practically unchanged, as compared to
the pristine PLA film, both showing poor ductility. Introduction of 10% OTOA into the PLA
film led to a sharp increase in the relative elongation at the break (up to 29%), which is ac-
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companied by a moderate decrease in the tensile strength of the material (from 29 to 21 MPa).
The PLA film with 30% OTOA showed even greater value for the relative elongation at
the break (52%). However, this is accompanied by a decrease by half in tensile strength.
Further increase in the OTOA content above 30% was accompanied by a moderate decrease
in relative elongation, while a sharp decrease in the tensile strength and elastic modulus
was observed (σ = 3 MPa and E = 0.28 GPa for the PLA film containing 70% OTOA).

The observed behavior of the mechanical properties of PLA + OTOA films indicates
the plasticizing effect of OTOA when it is introduced into the PLA matrix [48]. This effect
could be associated with a change in the structural-dynamic state of the amorphous regions
of PLA. In a recent work, it was shown that the dynamics of the amorphous phase of PLA
changes significantly upon the addition of PHB [49]. The addition of PHB at concentrations
of up to 30% leads to a decrease in the density of amorphous regions of PLA. A similar effect
should be expected after the plasticization of PLA with OTOA molecules. The observed
decrease in the relative elongation at break for the PLA films with the OTOA content
above 30% could be attributed to the effect of steric hindrance, which the bulky OTOA
molecule has on the segmental motion of PLA, provided that this effect exceeds the effect
of plasticization. With an increase in OTOA content above 30%, the steric effect begins to
prevail over the plasticization effect, increasing the PLA chain rigidity and thus reducing
the relative deformation of the PLA films.

Summing up the obtained results on the mechanical properties of PLA films, it could be
concluded that PLA film materials with 10% OTOA content maintain high tensile strength
comparable to that of pristine PLA film and possess increased relative elongation at break.
Observed combination of high elasticity and good strength characteristics obtained for PLA
film materials with 10% and 30% OTOA content is important for potential applications of
these materials [50].

3.3. Dynamic Mechanical Properties

In the DMA method, an oscillatory force is applied to a sample at a given temperature
and frequency, and the material’s response to this force is measured. For viscoelastic
materials such as polymers, the magnitude of the material’s response (i.e., strain amplitude)
to an applied vibrational force is shifted by a phase angle δ, and the relationship between
the applied stress and the strain occurring in the sample is calculated. The elastic modulus
E′ indicates the ability of the sample to store or return energy. Damping or mechanical
losses are usually presented as tgδ [51,52].

Figure 5a shows the changes in the elastic modulus E′ of the studied PLA films
with temperature. At temperatures close to 30 ◦C, it could be seen that the value of the
modulus increased when the OTOA content in PLA film is 10%. With an increase in the
concentration of the OTOA in PLA films, a decrease in the elastic modulus is observed.
The data obtained are in good agreement with the changes in the elastic modulus obtained
from the mechanical tests (Figure 5a). With a further increase in temperature, a sharp
decrease in the storage modulus is observed, which is associated with the transition of the
material from the elastic to the highly elastic state, i.e., the glass transition of PLA film.
The temperature interval of the transition for all studied PLA films is between 30 ◦C and
70 ◦C. It should be noted that PLA films with 5 and 10% OTOA are characterized by glass
transition shifted to somewhat higher temperatures, as compared to glass transition for
pristine PLA film. Further increase in OTOA concentration in PLA films shifts the glass
transition interval to lower temperatures.

Characteristic temperatures associated with the glass transition (Tg) in studied PLA
films could be estimated from the maximum of the tgδ versus temperature dependences
(Figure 6b). All samples show a single Tg in the range of 61–65 ◦C, except for the PLA film
with 30% OTOA, showing significantly lower Tg value. The glass transition temperature
of the OTOA-modified PLA films with 5 and 10% OTOA (66.8 ◦C and 64.7 ◦C) showed
somewhat higher values as compared to the Tg for the pristine PLA film (64.2 ◦C). The
most striking difference was observed for the PLA film with 30% OTOA, showing the
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Tg value being more than 10 ◦C lower than the corresponding value for the pristine PLA
film. This result shows that the plasticizing effect of OTOA at concentration of 30% reaches
its maximum.

Figure 6. Viscoelastic behavior of pristine PLA and PLA + OTOA (5–70%) film samples: (a) elastic
modulus, (b) mechanical loss tangent (tan δ).

As could be seen from the tgδ vs. temperature curves, the width of the temperature
transition for the PLA films with 30, 50, and 70% OTOA is larger than that for the PLA
films with lower OTOA concentrations. Increased width of the temperature transition
evidence that PLA molecular chains exhibit a higher degree of mobility [53], which could
be attributed to the plasticizing effect of OTOA.

3.4. FTIR Spectroscopy

To better understand the chemical interactions between PLA and OTOA, FTIR spectra
of PLA + OTOA films were obtained (Figure 7a,b). The spectrum of the pristine PLA film
shows characteristic bands at 1455 cm−1 and 1756 cm−1 resulting from -CH3 bending vi-
brations and C=O group stretching vibrations [54]. The absorption bands at 2944 cm−1 and
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2995 cm−1 refer to the asymmetric stretching vibration of the -CH group. As could be
seen, the absorption bands of PLA and OTOA are partially overlapped, which significantly
complicates the analysis of the effect of OTOA addition into the PLA matrix. Though, two
additional bands appear at 2927 cm−1 and 2856 cm−1 in the spectra of PLA + OTOA films,
which could be attributed to the symmetric and asymmetric stretching vibrations of the
-CH2 groups [55,56]. Since PLA does not contain -CH2 groups in its chemical structure, in
contrast to OTOA, in which -CH2 group is in abundance, the presence of these bands in the
FTIR spectra is the clear evidence for the inclusion of OTOA in the supramolecular structure
of PLA films. As could be seen, the intensity of the absorption band at 2856 cm−1 shows
good correlation with the OTOA content in PLA films.

Figure 7. FTIR spectra of pristine PLA film, PLA + OTOA films and pure OTOA: (a) Close-up view of
FTIR spectra at 2700–3000 cm−1 interval (a), FTIR spectra at 900–2000 cm−1 wavenumber region (b).
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In addition, the band at 1756 cm−1 in the pristine PLA is shifted toward lower
wavenumbers (1753 cm−1) for PLA samples with the added OTOA. This is the evidence
of weak interactions between C=O groups of PLA and polar ozonide cycles in the OTOA
molecules (see below Table 1.) [57]. Based on the analysis of FTIR spectra, it could be
assumed that observed interactions between polar groups in PLA and ozonide cycles in
OTOA promote conformational changes associated with the reorientation of polar groups
in PLA, which contributes to increased segmental mobility of PLA polymer chains [58].
Thus, low molecular weight OTOA could act as a plasticizer, affecting the mechanical and
physicochemical properties of PLA film materials.

Table 1. Characteristic bands in the FTIR spectra for pristine PLA and PLA + OTOA films.

PLA Characteristic Bands,
cm−1

PLA + OTOA Characteristic
Bands, cm−1

Characteristic Band
Assignment

2995 2995 -CH (asim)

2947 2947 -CH (sim)

2880 2880 -CH3 stretching

1756 1753 C=O stretching

1455 1455 -CH3 bending

2928 -CH2 (asim)

2856 -CH2 (sim)

3.5. Differential Scanning Calorimetry

Figure 8a shows the DSC curves of the first heating for the pristine PLA film and
PLA + OTOA film samples, whereas Figure 8b shows the DSC thermograms of the sub-
sequent cooling of the samples. The characteristic endothermic peak in the first heating
DSC thermograms corresponds to melting PLA (Tm). The low-temperature step transition
on the cooling thermograms in the interval of 40–60 ◦C could be attributed to the glass
transition of PLA (Tg). The corresponding temperatures for both transitions (Tg and Tm)
are shown in Table 2. The area of the melting peak was obtained, and the melting enthalpy
(ΔHm) was calculated, as well as the degree of crystallinity of the PLA films according to
DSC (χ). The crystallinity degree (χ) for PLA films, assuming no cold crystallization taking
place during heating, was calculated according to the equation:

χ =
ΔHm

ΔH0
m
× 100% (3)

where ΔHm is the experimental melting enthalpy, ΔH0
m is the melting enthalpy value for

the 100% crystalline poly(L-lactide), being 93.6 J/g [59,60]. The values of χ for the studied
PLA film samples are given in Table 2.

The DSC thermogram of the pristine PLA film shows an endothermic peak at 169.0 ◦C,
which is a typical melting temperature of PLA [61]. With an increase in the mass fraction
of OTOA in the film, a superposition of exo- and endothermic peaks is observed in the
temperature range of 140–180 ◦C. The endothermic peak corresponds to the melting of PLA,
whereas the exothermic peak is due to a complex reaction of thermal destruction of OTOA
according to the mechanism of breaking of the C-O-O-C bonds and formation of C-OH
groups [62]. Previously, it was shown that this exothermic reaction is irreversible. With an
increase in the OTOA content in the film, the endothermic PLA melting peak demonstrates
a decrease in its area (i.e., a decrease in crystallinity) and a shift in Tm toward lower
temperatures. The deconvolution of the overlapping exo- and endothermic calorimetric
peaks (Figure 9 and Table 3) made it possible to estimate more correctly the PLA melting
enthalpy and thus determine the degree of crystallinity of the studied PLA films with high
OTOA contents (Table 2).
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Figure 8. (a) DSC thermograms of the first heating for pristine PLA and PLA + OTOA (5–70%)
film samples: PLA (1), PLA +5% OTOA (2), PLA +10% OTOA (3), PLA +30% OTOA (4),
PLA +50% OTOA (5), PLA +70% OTOA (6). (b) DSC thermographs of colling the samples after
the first scan.
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Table 2. Thermodynamic and structural characteristics of PLA + OTOA films (0–70%) obtained using
the DSC, DMA and XRD methods.

Sample
Tg

(DSC) *
(◦C)

Tg

(DMA)
(◦C)

Tm

(DSC) *
(◦C)

ΔHm

(DSC) *
(J/g)

χ

(DSC)
(%)

χ

(XRD)
(%)

PLA 57.8 64.2 169.0 35.7 38.1 35.8

PLA +5% OTOA 49.5 66.8 167.0 27.0 28.9 26.5

PLA +10% OTOA 48.0 64.7 165.0 26.6 28.5 26.1

PLA +30% OTOA 45.2 52.2 161.4 25.0 26.7 24.1

PLA +50% OTOA 43.4 64.6 159.5 17.6 18.8 18.9

PLA +70% OTOA 38.1 61.6 155.2 4.0 4.3 14.3

* Tg values were obtained from the DSC thermographs of cooling the PLA films after the first scan. Tm values
were obtained as the result of deconvolution of the overlapping calorimetric peaks. The ΔHm values are provided
taking into account the mass fraction of the PLA in composition.

Figure 9. Deconvolution of the overlapping exo- and endothermic calorimetric peaks in the DSC
thermograms for PLA + OTOA film samples with high OTOA content: (a) PLA +30% OTOA,
(b) PLA +50% OTOA, (c) PLA +70% OTOA.
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Table 3. Results of the deconvolution of the overlapping calorimetric peaks for PLA films with
high OTOA contents.

Deconvolution Parameters
(Exothermic Peak)

Deconvolution Parameters
(PLA Melting)

PLA + OTOA 30% T = 155.0 ◦C; ΔH = 133.5 J/g T = 160.7 ◦C; ΔH = -25.0 J/g
PLA + OTOA 50% T = 155.0 ◦C; ΔH = 321.0 J/g T = 159.8 ◦C; ΔH = -17.6 J/g
PLA + OTOA 70% T = 153.0 ◦C; ΔH = 533.5 J/g T = 155.8 ◦C; ΔH = -4.0 J/g

Neat PLA film was characterized by degree of crystallinity of 38.1%, as estimated
by DSC, which is quite high for isothermally crystallized PLA films [63]. This could be
explained by high mobility of PLA chains in the solution and high degree of supercooling,
providing the thermodynamic driving force required for the growth of PLA spherulites.
In addition, cold crystallization exothermic peak was not observed in DSC thermogram
for the pristine PLA film and all PLA + OTOA film samples, being in contrast to the
nonwoven fibrous materials based on PLA, for which the cold crystallization was previously
observed [30]. This can be explained by the fact that under equilibrium crystallization
conditions at ambient temperature, crystallization of neat PLA in solution proceeds with
the formation of highly ordered semicrystalline structures with spherulitic morphology,
which hinder further crystallization at temperatures above the glass transition due to a
decrease in the segmental mobility of PLA chains. The absence of cold crystallization peaks
for PLA + OTOA samples could be also attributed for the slower crystallization kinetics
and decreased nucleation density due to the addition of OTOA [64].

The data shown in Table 2 show that the introduction of OTOA into PLA films led
to the plasticizing effect, which was manifested in the decrease in the glass transition
temperature from 57.8 to 38.1 ◦C and decrease in the melting temperature of PLA. The plas-
ticizer occupies the intermolecular space between polymer chains, reducing the energy of
molecular motion and the formation of hydrogen bonds between polymer chains, which in
turn increases the free volume and molecular mobility [65–67]. As the content of the OTOA
increases, the efficiency of the plasticizer in decreasing the Tg of PLA generally increases.

As can be seen in Table 2, both the melting temperature and the melting enthalpy
decreased with the increase in the OTOA content in the PLA films. Decrease in Tm could be
attributed to the plasticizing action of OTOA, as observed previously [30]. At the same time,
a decrease in the melting enthalpy of PLA films observed upon OTOA addition evidence
that along with the plasticizing effect, OTOA could impede PLA crystallization. Previously,
it was shown that OTOA could hinder cold crystallization for the electrospun PLA fibers
during the second heating cycle [30]. This effect could be attributed to the intermolecular
interaction between the PLA terminal -OH groups and OTOA molecules observed by FTIR,
leading to the decrease in the mobility of PLA polymer chains. This provides the physical
hindrance for PLA crystallization and leads to the decrease in the crystallinity of PLA films
after increase in OTOA content.

3.6. X-ray Diffraction Analysis

To independently confirm the effect of OTOA on the crystal characteristics of
PLA + OTOA films, the samples were studied by X-ray diffraction (XRD) and the values
of the degree of crystallinity of the films were obtained. The X-ray diffraction patterns of
PLA films with different OTOA contents are shown in Figure 10. Pristine PLA film showed
the main diffraction peaks at 2θ angles of 16.2◦ and 18.6◦, confirming the presence of PLA
crystal structures in the film. PLA has a strong diffraction at 16.2◦, related to the crystalline
α phase of PLA [68]. As could be seen, PLA and PLA + OTOA films have the same crystal
structure. An increase in the mass fraction of OTOA does not lead to a significant change
in the position of the diffraction peaks corresponding to the PLA crystalline phase. On the
other hand, it leads to an increase in the contribution of the amorphous phase (amorphous
halo), corresponding to the OTOA phase and/or amorphous regions of the semicrystalline
PLA structure.

167



Polymers 2022, 14, 3478

Figure 10. XRD patterns of PLA and PLA + OTOA samples (0–70%). The inset shows the determina-
tion of IA and IC areas used for the degree of crystallinity calculations.

The degree of crystallinity of PLA films was estimated by the formula given above (see
materials and methods) and the corresponding values are given in Table 2. A noticeable
decrease in the crystallinity of the system is observed with an increase in the mass fraction
of OTOA in PLA films. For the film with the OTOA content of 70%, the crystallinity of
the system drops up to 14.3%, being nonetheless quite high [41]. The crystallinity values
estimated by the XRD method correlate well with the corresponding values obtained
from the DSC data. The only exception is the PLA film with 70% OTOA content, for
which estimation of the χ value from DSC data is complicated by the large overlapping
calorimetric peaks.

Summing up the obtained results, it could be concluded that the morphology, sorption
capacity, as well as thermodynamic and mechanical properties of PLA + OTOA films
could be controlled by the OTOA content in the films. Thus, PLA film sample containing
10% OTOA is characterized by a combination of high elasticity and good strength charac-
teristics (tensile strength 21 MPa, relative elongation at break 26%). The sample with the
addition of 30% OTOA gives an even greater increase in relative elongation (up to 52%)
with a significant loss of tensile strength. The combination of high elasticity and strength is
of great importance for the various applications of PLA film materials. FTIR spectroscopy
revealed an interaction between the OTOA molecules, which act as a plasticizer, and the
PLA matrix. The plasticizing effect of OTOA, as shown by DSC, DMA, and mechanical tests,
contributed to the changes in the thermal and mechanical properties of PLA films modified
with OTOA. At the same time, at high OTOA concentrations (>30%), the effects related
to the interaction of OTOA with PLA polymer chains and the hindrance of the segmental
motion of PLA polymer ends could prevail over the plasticizing effect of OTOA, leading to
the decrease in crystallinity of PLA films, deterioration of the morphology and mechanical
properties of PLA films. It could be concluded that the PLA films with 10% and 30% OTOA
possess optimal physicochemical properties, such as improved morphology, mechanical
properties, and water sorption characteristics. Since OTOA exhibits a pronounced an-
timicrobial activity [31,62,69], it could be used not only as an efficient plasticizer, but also
as a functional antimicrobial additive. Thus, developed PLA + OTOA films have a high
potential to be used as biodegradable materials with antibacterial activity, for example, as
antimicrobial packaging materials, which could provide protection from physical, chemical,
and microbiological factors and reduce the negative impact on the environment.
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4. Conclusions

In this article, the morphological, physicochemical, mechanical, and thermal prop-
erties of PLA films after the addition of different concentrations of oleic acid triglyceride
ozonide (OTOA) were studied. Analysis of the film surface showed changes in the film
morphology as a result of the addition of OTOA, which were manifested in an increase
in the size of spherulites. PLA films containing 10% and 30% OTOA exhibited optimal
mechanical and elastic properties, combining high elasticity and good tensile strength. The
obtained results are important for potential packaging applications of the studied PLA film
materials. Contact angle measurements showed that OTOA addition leads to significant
hydrophobization of PLA films, whereas FTIR spectroscopy revealed weak interactions
between OTOA and the PLA matrix. It was found that OTOA acts as a plasticizer and leads
to an increase in PLA segmental mobility, which in turn contributes to changes in the ther-
modynamic and mechanical properties of PLA films. The results of DSC and XRD showed
that OTOA promotes the process of PLA amorphization, therefore reducing the crystallinity
of the resulting PLA + OTOA film materials. Eventually, the obtained results evidence
that the morphological, thermodynamic, and mechanical properties of PLA + OTOA films
could be controlled by the OTOA content in the films. Since OTOA possess pronounced
antimicrobial activity, studied composite PLA + OTOA films could provide additional
functionality as compared to biodegradable packaging materials based on pristine PLA.
Developed PLA film materials with the optimal OTOA content of 10% and 30% could be
used in various packaging and biomedical applications.
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Abstract: There is increasing interest in furfurylated wood, but the polymerization mechanism
between its internal polyfurfuryl alcohol (PFA) and lignin is still uncertain. This paper investigated
the distribution of PFA and the feasibility of the polymerization of PFA with lignin in furfurylated
balsa wood. The wood first immersed in the furfuryl alcohol (FA) solution followed by in situ
polymerization and the distribution of PFA was characterized by Raman, fluorescence microscopy,
SEM, and CLSM. Then, the mill wood lignin (MWL) of balsa wood and lignin model molecules were
catalytically polymerized with PFA, respectively, studying the mechanism of interaction between
PFA and lignin. It was concluded that PFA was mainly deposited in cell corner with high lignin
concentration, and additionally partly deposited in wood cell cavity due to high concentration of
FA and partial delignification. TGA, FTIR, and NMR analysis showed that the cross-linked network
structure generated by the substitution of MWL aromatic ring free position by PFA hydroxymethyl
enhanced the thermal stability. New chemical shifts were established between PFA and C5/C6 of
lignin model A and C2/C6 of model B, respectively. The above results illustrated that lignin-CH2-PFA
linkage was created between PFA and lignin in the wood cell wall.

Keywords: distribution; polymerization; polyfurfuryl alcohol; lignin; furfurylated wood

1. Introduction

Growing wood is net-carbon negative [1] and widely used in construction materials
because of its environmentally friendly and technical advantages [2]. However, the major
drawback of fast-growing wood is its poor durability [3], which can be effectively improved
by impregnation modification. Generally, impregnation with low-molecular-weight resins,
such as phenolic resin [4], urea-formaldehyde resin [5], and melamine formaldehyde
resin [6], etc., is beneficial to improve the properties of wood, but these resins suffer from
the problem of releasing free phenols and free aldehydes. In contrast, furfuryl alcohol is a
green modification agent derived from pentose-rich agricultural residues and releases fewer
volatile organic compounds or polycyclic aromatic hydrocarbons during the combustion
and degradation of FA-modified wood [7,8]. In addition, the distribution of the modifier
in the wood and the polymerization with the cell wall material are essential to improve
the properties of the impregnated material [9]. These two aspects have been discussed by
many scholars.

Numerous studies have shown that the FA monomer can penetrate into the cell wall
and that FA resins are more evenly distributed in wood after partial removal of hemicellu-
lose and lignin [10]. Theygesen et al. [11] analyzed by confocal laser scanning microscopy
(CLSM) that conjugated PFA was formed in the wood cell wall, which significantly swells
the wood cell wall. Li et al. [7] indirectly demonstrated chemically cross-linked FA resin
in the wood cell wall by nanoindentation, as both reduced modulus and hardness of the
furfurylated wood cell walls were significantly improved. Nevertheless, PFA polymeriza-
tion with the cell wall in wood is extremely complicated, and it is unclear whether the FA
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monomer or oligomers are cross-linked with wood cell wall components. Some researchers
believe that FA only polymerizes in the cell wall. For example, Yang et al. [12] confirmed
that furfuryl alcohol had been polymerized in the wood by NMR, whereas chemical bonds
between the FA resins and polymers within cell walls had not formed. Other studies have
directly or indirectly demonstrated chemical reactions between lignin and FA monomer
or oligomers. Lande et al. [8] have suggested that FA monomers incline to deposit in
the cell wall and polymerize in areas with high lignin content, there may be a grafting
reaction between lignin and furfuryl alcohol. Ehmcke et al. [13] used cellular ultraviolet
micro spectrophotometry (UMSP) images of individual wood cell wall layers to support
the hypothesis regarding the coagulation reaction between lignin and FA. The cell walls,
especially in the regions with the highest lignin content, showed a significant increase in
ultraviolet (UV) absorbance, which indicates a strong polymerization of aromatic com-
pounds. The two studies have shown that the deposition of FA in wood is related to the
distribution of lignin in wood, which indirectly indicates the chemical cross-linking of FA
and lignin. Furthermore, Nordstierna et al. [14] demonstrated the formation of chemical
bonds between cresol, a model lignin, and furfuryl alcohol using NMR. The free vacancies
in the benzene ring of lignin generated methylene linkage with FA, which directly proved
the chemical combination between lignin and FA. In this study we are illustrating in detail
the types of chemical bonding between lignin, FA, and PFA, in addition to testing the
previously unknown linkages between PFA and other cell wall polymers, namely cellulose
and hemicellulose.

In this study, the balsa wood was first immersed in an FA solution, followed by in situ
polymerization to obtain the furfurylated wood. Raman, fluorescence microscopy and SEM
were performed to get the distribution of PFA information on different concentration FA and
delignification-modified wood. To further discuss the mechanism of interaction between
PFA and lignin, the MWL of balsa wood and lignin model molecules were catalytically
polymerized with PFA, respectively. TGA, FTIR, and NMR measurements were done to
analyze the crosslinking of lignin and FA monomer or PFA.

2. Experimental Sections

2.1. Materials

Balsa wood (Ochroma pyramidale) was obtained from the market (Guayaquil, Ecuador,
South America), the average age of the tree was 6 years, the moisture content was about
10%, and the oven-dried density was 120 kg/m3. We took a 20 mm × 20 mm × 20 mm
(radial × tangential × longitudinal) sample treated with 1wt% NaClO2 solution to obtain
delignified wood (DW) [15]; The balsa wood was crushed and ball-milled, then dispersed
in dioxane aqueous solution (96:4 volume ratio) to extract the milled wood lignin [16].

Furfuryl alcohol (FA), maleic anhydride (MA), 2-methoxy-4-methylphenol, and 2,6-
dimethoxy-4-methylphenol were purchased from Shanghai Macklin Biochemical Co.,
Ltd. (Shanghai, China) Ethyl alcohol (EtOH), Borax (Na2B4O7·10H2O), sodium chlorite
(NaClO2), benzene, dioxane, dichloroethane, ethyl ether, and acetic acid were purchased
from Damao Chemical Reagent Factory (Tianjin, China). All chemicals used in this study
were as received and without further purification.

2.2. Preparation of Furfurylated Wood

The FA impregnation solution was prepared with 2 wt% MA (C4H2O3), 2 wt% Borax
(Na2B4O7·10H2O), 10 wt% EtOH (C2H5OH), (10, 20, 30, 40, and 50 wt%) FA (C5H6O2), and
DI water. Prior to the impregnation, the wood samples were divided into native wood (CW)
and delignified wood (DW), with 10 samples in each group. All samples were oven-dried,
and the mass was recorded as m0. As-prepared solutions were impregnated into the wood
samples under vacuum at –0.1 MPa for 24 h and then in the atmosphere for 48 h. After
impregnation, the samples were wiped with tissue paper to remove excess solutions on the
surface. To avoid solution evaporation during the curing stage, the samples were wrapped
in aluminum foil, then cured in an oven at 103 ◦C for 3 h, allowing full polymerization of
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FA within the wood matrix. Afterward, the aluminum foil was removed. The samples were
heated from 40 to 103 ◦C at a rate of 10 ◦C/h until oven-dry (m1) to obtain furfurylated
wood (CFW) and furfurylated delignified wood (DFW). The weight percentage gain (WPG)
of furfurylated wood was calculated accordingly,

WPG =
m1 − m0

m0
× 100% (1)

2.3. Preparation of Furfurylated Lignin

MWL and FA were evenly mixed at 1:6 (wt%:wt%) and solidified after 24 h of reaction
at 103 ◦C to obtain the PFA–lignin complex, LPFA, and the chemical bond between wood
and furfuryl alcohol was investigated by an NMR test.

Two model molecules, 2-methoxy-4-methylphenol (A) and 2,6-dimethoxy-4-methylphe
nol (B), were homogeneously mixed 1:1 (wt%:wt%) with FA solution and completely cured
after 24 h of reaction at 103 ◦C to derive PFA–lignin model molecule composites A-LPFA
and B-LPFA, respectively, for further analysis of lignin and PFA chemical bonding.

2.4. Characterization

A Raman microscope (Renishaw, London, UK) equipped with a 50× microscope
objective and a linear-polarized 633 nm laser was used to examine the distribution of lignin.
The wavenumber range of 3000–2000 cm−1 at a resolution of 2 cm−1. For mapping, 1 μm
steps were chosen, and every pixel corresponded to one scan.

The morphology of the delignified wood and furfurylated wood was characterized by
Sigma 300 field emission gun scanning electron microscope (ZEISS, Oberkochen, Germany).

The microscopic distribution of PFA resin within the furfurylated wood was exam-
ined using a Image Z2 fluorescent microscope (ZEISS, Oberkochen, Germany) with a
40× microscope objective. The small pieces of wood from a specimen with size of
3 mm × 5 mm × 0.2 mm were stained with 0.5% toluidine blue solution for 10 min
to suppress the autofluorescence of lignin for acquiring images.

The microscopic distribution of PFA resin within the furfurylated wood was examined
using LEICA-TCS-SP8MP confocal laser scanning microscopy (CLSM) (Leica, Wetzlar,
Germany) with a 63× (oil immersion) objective lens. The excitation laser wavelength was
633 nm, and the detector range was 650–700 nm.

The thermal degradation behaviors of MWL, LPFA, and PFA were investigated using a
DTG-60 (H) thermogravimetric analyzer (Shimadzu, Kyoto, Japan) from room temperature
(25 ◦C) to 800 ◦C at a heating rate of 10 ◦C/min in a flowing nitrogen atmosphere of
100 mL/min.

FTIR were recorded on a Thermo Scientifific Nicolet iS50 spectrophotometer (Waltham,
MA, USA) over the wavenumber range of 4000–400 cm−1 at a resolution of 4 cm−1, using
the KBr pellet method.

The polymerization mechanism of PFA resin, LPFA, A-LPFA, and B-LPFA were inves-
tigated by 13C NMR analysis. The Spectra were recorded on a Avance HD500 spectrometer
(Bruker, Karlsruhe, Germany), and the DMSO-d6 cross-peak at δC13 39.52 ppm was used
as an internal reference. Solid-state NMR spectra were measured at room temperature
with an Bruker III 400 NMR spectrometer (Bruker, Karlsruhe, Germany) fitted with a 4 mm
magic-angle spinning (MAS) probe head.

3. Results and Discussion

3.1. Distribution of PFA Resin in Wood

In order to study the distribution of PFA resin in wood, various characterization
methods were used. Firstly, fluorescence imaging of furfurylated wood was conducted
under a fluorescence microscope (Figure 1). To effectively suppress the autofluorescence of
lignin in cell walls, staining treatment with toluidine blue dye was performed in advance.
The bright red spots in the figure are FA resin filled in the cell wall of the wood, and the
fluorescence intensity reflects the filling degree of FA resin. The increase in FA concentration
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improved the opportunity for PFA resin to adhere to the interior of the wood, and more
PFA resin polymerized on the cross section of the wood, contributing to a WPG of 225%
for the 50% FA CFW (Figure 2f). In addition, fluorescence intensity analysis performed on
the fluorescence image by Image J (Table 1) showed that the penetration area of 50% FA
CFW was 110,196.67 μm2, accounting for 35.19%. The infiltration area increased by 58.58%
compared to that of 10% FA CFW. The SEM micrographs shown in Figure 1 exhibit the
distribution of PFA resin. The figure reveals that in the low concentration of CFW, only
a small amount of the lumen was filled with PFA resin, and most of it may have been
present in the cell wall. As the concentration increased, the FA resin inclined to deposit
near the vessels and rays, as shown by the arrows in Figure 1. On the one hand, the
vessels are conduits for the delivery of water and nutrients to the wood, pits in the inner
wall of the vessels are connected to the radial tracheids, allowing FA to penetrate radially
and deposit in the cell cavity [17]. On the other hand, FA monomers easily volatilize
during heating and curing, causing fewer deposits of PFA resin in the vessels and cell
cavity. Finally, CLSM fluorescence imaging was performed on the specimens in order to
have a clearer observation of the distribution of PFA resin in the wood microstructure. As
shown in Figure 1g, there was a faint fluorescence on the cell wall of CW, which was the
autofluorescence of lignin, and the fluorescence disappeared after delignification treatment.
In contrast, CFW fluoresced strongly in the cell wall and part of the cell cavity. This suggests
that the PFA resin was not only deposited in the cell lumen, but may have also been present
in the cell wall region.

Figure 1. Surface fluorescence microscopy of 10% FA CFW (a), 20% FA CFW (b), 30% FA CFW (c),
40% FA CFW (d), 50% FA CFW (e), and 50% FA DFW (f); SEM image of 10% FA CFW (a1), 20% FA
CFW (b1), 30% FA CFW (c1), 40% FA CFW (d1), 50% FA CFW (e1), and 50% FA DFW (f1); CLSM
image of CW (g), CFW (h), DW (i), and DFW (j).

According to previous reports, FA monomers tend to be deposited on the cell walls in
regions with high lignin content. To that end, in this study we partially delignified balsa
wood to investigate whether there was a correlation between the distribution of lignin and
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PFA in wood. In the Raman spectrum of CW and DW (Figure 2e), the bands belonging
to lignin structures were annotated at 1270, 1330, 1598, 1660 and 2945 cm−1 [18]. The two
band at 1270 and 1330 cm−1 were attributable to G and S units in balsa samples, where the
G units were assigned to aromatic ethers stretch, and S units were attributed to bending
vibration of phenolic hydroxyl lignin [19], respectively. Other lignin features were detected
at 1598, 1600, and 2945 cm−1. There was a strong band at 2945 cm−1 from the C–H stretch
of the methoxyl groups of the lignin. The peak around 1598 cm−1 pointed to the lignin
stretching vibrations of the aromatic ring, and that at 1660 cm−1—to ring-conjugated C=C
bonds in coniferyl alcohol units [20,21]. It follows that the characteristic peak absorption
intensity of lignin decreased with delignification treatment. The distribution of lignin can
be visualized in Figure 2a,b by integral calculation in the range of 1540–1700 cm−1. Raman
imaging showed that high fluorescence intensity of the cell corner (CC) and compound
middle lamella (CML) of fibers in untreated samples. Chlorine dioxide generated by acidic
sodium chlorite oxidizes phenolic lignin to o-quinone and p-quinone structures [22,23]
while cutting the lignin and cellulose, hemicellulose into water-soluble small molecules,
thus removing lignin and dropping the Raman intensity, which is more reactive CML than
in CC. It can be seen that the CC was highly lignified, and lignin was difficult to remove.

DW was impregnated with PFA resin and observed by a fluorescence microscope and
CLSM. It was found that the fluorescence intensity at CC in the fiber cells without PFA
in the cell cavity was stronger, suggesting a possible correlation between PFA and lignin.
Moreover, a large amount of FA resin filled the cell cavity of DFW compared to that of
CFW (Figure 1f), resulting in a WPG of 363% for DFW with 50% FA, which was 61% higher
compared to that of CFW, due to formation of a nanonetwork structure after acidic sodium
chlorite treatment, exposing more active sites and increasing the permeability of the cell
wall [24]. Previous studies have also attested that delignification promotes the impregnation
of the modifier and its interaction with cellulose [25]. The analysis of fluorescence intensity
calculation also indicated that the delignification treatment significantly increased the glue
spots on the DFW cross section. The permeable area of 50% FA DWF was 210,576.16 μm2,
accounting for 67.24%, which increased by 91.08% compared to that of 50% FA CFW. In
addition, SEM images displayed a macroscopic shape, and the microscopic honeycomb-like
cell wall architecture of native wood was preserved in delignified samples (Figure 2d). The
DW cell wall changed into thin, and deformation came into being. After lignin removal,
there was a phenomenon where cracks presented in the cell corner, and the cell wall was
stratified (Figure 2d). However, these cracks were filled with PFA resin after impregnation
with FA (Figure 1f1). Moreover, PFA resin was also found in the intercellular layer, and the
cell walls of furfurylated wood were thickened.

Table 1. Distribution of PFA at different concentrations in the cross section of wood.

Samples Infiltration Area (μm2) Ratio of Permeable Area (%)

CW 4.10 6.07
dyed CW 2.96 4.39

10% FA CFW 69,484.04 22.19
20% FA CFW 84,619.40 27.02
30% FA CFW 93,675.93 29.91
40% FA CFW 106,763.16 34.09
50% FA CFW 110,196.67 35.19
50% FA DFW 210,576.16 67.24

CW was native wood, CFW and DFW were FA modified native wood and delignified wood, respectively.
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Figure 2. (a,b)—Raman images of lignin distribution of CW and DW, respectively; (c,d)—SEM
analysis of CW and DW, respectively; (e)—average Raman spectra extracted from the cell walls of
CW and DW; (f)—WPG for different concentrations of furfuryl alcohol in CW and DW.

3.2. The Polymerization Mechanism of PFA and CW

In order to investigate the possible chemical functional groups changes and chemical
reactions between PFA and lignin, FTIR spectra of CW, CFW, and PFA were used to obtain
more information (Figure 3a). There were new bands at 1562 and 789 cm−1 in CFW
compared to those of CW, assigned to skeletal vibration of 2,5-disubstituted furan rings
and conjugated C=C species [8], respectively. There was also a little peak at 1712 cm−1 of
furfurylated wood attributed to the C=O stretch of γ-diketones formed from hydrolytic ring
opening of the furan rings, covered up by 1741 cm−1 assigned to C=O stretching vibrations
in unconjugated ketones, carbonyls, and esters. In addition, the intensity of the small
peak at 897 cm−1 assigned to the β-glycosidic linkages between the sugar units decreased
compared with that of control wood, suggesting that acid hydrolysis of hemicelluloses
occurred during the furfurylation of wood [20]. This demonstrated that the polymerization
of FA was successfully completed within wood, but there was insufficient evidence of
chemical reactions between PFA and wood molecules. Based on previous reports and the
distribution of PFA resin in wood in this paper, it is known that there may be a relationship
between PFA and lignin. Therefore, MWL and lignin model molecules were used for
catalytic polymerization with PFA, respectively, to further explore the polymerization
between PFA and lignin.
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Figure 3. (a)—FTIR spectra of CW, CFW, and PFA; (b)—TGA and DGA of MWL, PFA and LPFA;
(c)—FTIR spectra of MWL, PFA and LPFA; (d)—13C NMR spectra of MWL, LPFA, and PFA.

3.3. The Polymerization Mechanism of PFA and MWL

Firstly, the thermal degradation stability of MWL, PFA, and LPFA was obtained by
thermogravimetric analysis. The thermograms (TGA) and derivatives of thermograms
(DTA) are gathered in Figure 3b. The DTA curves showed that the main peak around 415 ◦C
for PFA was attributed to the degradation of methylene and the furan ring in the PFA chain;
the peak at 190 ◦C was owing to the volatiles that evolved during further condensation
polymerization of the PFA resin [26]. MWL lost a little weight before 200 ◦C, mainly
water molecules and some small molecule impurities in the sample, and its decomposition
temperature range was mainly between 200 and 500 ◦C. The weight loss was faster at 302
and 369 ◦C, and the final carbon residue was 31%. LPFA started to decompose slowly at
about 120 ◦C, and the decomposition rate was faster at about 310 and 400 ◦C. The carbon
residue rate was 44%, which was 42% higher than that of MWL, with a slower degradation
rate and higher thermal oxidation degradation temperature. This denoted that PFA with
a relatively stable furan ring structure polymerized with MWL to form a more complex
cross-linked network structure, resulting in better thermal stability of LPFA.

Next, FTIR was used to qualitatively analyze the functional groups on the structure
of MWL, PFA, and LPFA, and the spectra are shown in Figure 3c. The characteristic
absorption of each functional group in MWL was mainly concentrated in the range of
3800–800 cm−1 [27], with typical infrared spectral characteristics of lignin, that is, benzene
C=C skeleton vibration occurred at 1600 and 1510 cm−1. The absorption at 2940 and
2844 cm−1 arose from the C-H stretching vibrations in the methoxyl group and methyl
or methylene groups, respectively [28]. The strong band at 1232 cm−1 was indicative of
the absorption peak of p-hydroxyphenyl. The band at 1035 cm−1 originated from the C-O
stretching vibration in primary alcohol and C-H vibration on G unit, and 1733 cm−1 due
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to C=O stretching vibration in unconjugated ketones and carboxyl groups. Additionally,
the sharp absorption band at 1124 cm−1 and the absorption bands at 829 and 1330 cm−1

in these spectra indicated that balsa MWL had typical wood quality characteristics of
hardwood [29]. Obviously, the spectra of LPFA were offset between 1600 and 1300 cm−1,
such as the C=C vibration at the benzene ring and the characteristic peak shift of the S unit
aromatic ring, marked in Figure 3c. Moreover, the O-H stretching vibration of phenolic
hydroxyl groups was also affected. Consequently, condensation with PFA hydroxyl may
have existed at the free position on the aromatic ring of MWL, leading the peak position
of the aromatic ring being affected. Furthermore, the absorption of the Syringyl unit C-H
(829 cm−1) disappeared in LPFA, indicating that the C2/C6 position of the S unit was
occupied by the other groups. In summary, the MWL of Balsa was successfully extracted
with a large number of Syringyl units and a small amount of Guaiacyl units, and the
hydroxyl group of PFA and the free position of MWL aromatic ring were condensed.

The structures were further examined, and 13C NMR was utilized to characterize MWL
and LPFA, as shown in Figure 3d. The attribution of related signals refers to Holtman [30]
and Pang [31], as shown in Table 2, and the main unit structures of MWL are shown in
Figure 4. The intensities of the signal belonging to methyl (δ20 ppm) in the aliphatic region
(10–50 ppm) were significantly high. In the side chain region (50–90 ppm), the intensities of
the methoxy group (δ55.38 ppm) presented prominently, and the signals of Cα (δ73.92 ppm)
and Cβ (δ81.63 ppm) of β-O-4′ aryl ether linkages (III), which are typical bonds of natural
lignin, were obvious. In the aromatic region (100–160 ppm), Syringyl (S) and Guaiacyl (G)
lignin units, main characteristic units of hardwood lignin, could be detected. The S unit
presented a C2/C6 (δ103.62 ppm) chemical shift signals as well as a strong signal of C3/C5
(δ152.99 ppm). The chemical shift signals of C1 (δ135.36 ppm) were strong, and C3, C5, and
C6 were weak on the G unit. In general, the S unit signal was more intense than that of the
G unit, which was in line with the results of the FTIR spectrum. Comparative analysis of
LPFA NMR spectra of MWL after furfurylation suggested that it had more PFA polymer
signals, and the attribution of the relevant signals is given in Table 3. The signals at δ151.62
and δ108.15 ppm in the PFA polymer were stronger than MWL signals, representing C1 and
C3 on the furan ring in the PFA chained structure, respectively. The chemical shifts of -CH2-
(δ27.38 ppm) between the furan rings were also remarkable. The chemical shift signals of
the methoxy group (δ55.41 ppm) and p-coumaric acid (δ170.69 ppm) were also obtained in
LPFA NMR spectra, along with a small amount of methyl (δ20.46 ppm). In brief, no new
chemical shift signals were found in the LPFA NMR, except for those of PFA and MWL. The
possible reasons were as follows: Firstly, it is proposed that the C5 position of the G unit
was more likely to attract the attack of carbon atoms on FA and participate in electrophilic
aromatic substitution reactions [14,32], while the MWL of Balsa was dominated by the
Syringyl unit, and the content of Guaiacyl unit was less, thus, no cross-linking reaction
between Balsa lignin and PFA was detected. Secondly, no new chemical shift signal was
found due to the complex structure unit of lignin as well as the low resolution of solid-state
NMR resulting in broad peak positions, leading to overwriting of new chemical shifts
generated by the PFA and MWL reactions.

Table 2. Assignment of the 13C CP/MAS NMR spectra of MWL.

Peak δ Assignment Peak δ Assignment

1 170.91 C=O inα 8 114.19 C3/C5 in G’
2 152.99 C3/C5 in S 9 103.62 C2/C6 in S

3 147.30 C3/C5 in S’ 10 81.63 Cβ in III, Cα

in I
4 135.36 C1 in G 11 73.92 Cα in III
5 134.11 C1 in G’ 12 55.38 -OCH3
6 121.01 C6 in G 13 20.00 -CH3
7 115.70 C3/C5 in G —— —— ——
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Figure 4. Main structures present in balsa wood MWL.

Table 3. Assignment of the 13C CP/MAS NMR spectra of LPFA.

Peak δ Assignment

1 207.28 C=O in Furan ring opening
2 170.69 C=O in p-Coumaric acid
3 151.62 C1 in chain structure of PFA, C3/C5 in S
4 142.67 C4 in chain structure of PFA
5 134.58 C1 in G/G’
6 108.15 C3 in chain structure of PFA
7 55.41 -OCH3 in MWL
8 37.79 -CH2 in reticular conformation of PFA
9 27.38 -CH2 in chain structure of PFA
10 20.46 -CH3 in MWL
11 13.18 -CH3 in chain structure of PFA

3.4. The Polymerization Mechanism of PFA and Lignin Model Molecules

The main MWL unit of Balsa wood is the S unit, and the structure of pure lignin
is too complex, resulting in an obscure mechanism of MWL and PFA. Therefore, the
mechanism of interaction with PFA was explored by simplifying lignin, for example, by
using a lignin model molecule. In this paper, two lignin major unit model molecules,
2-methoxy-4-methylphenol (A) and 2,6-dimethoxy-4-methylphenol (B), were mixed with
an FA impregnating solution at 1:1 (wt%:wt%) and thoroughly reacted at 103 ◦C for 24 h
to obtain the furfurylated lignin models A-LPFA and B-LPFA, respectively. A-LPFA and
B-LPFA were dissolved in DMSO-D6, 13C NMR detection (Figure 5) was performed, and
the chemical structure changes in the furfurylated model were analyzed (Figure 6).
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Figure 5. 13C NMR spectra of lignin model (A,B) and (A-LPFA,B-LPFA).

Figure 6. Hypothesized reaction between FA and lignin models (A,B). Substituent R is either a
poly(furfuryl alcohol) chain or a hydrogen.
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Model A was catalytically polymerized with FA to obtain A-LPFA. In addition to
chemical shift signals of model A and PFA, a new polymer 13C signal was detected in
modified model A (Figure 5A-LPFA), which was not observed for any other combinations
or treatments of the starting materials. Significantly, excluding the -CH2- links (δ26.91 ppm)
between the furan rings, one of the new methylene signals (δ31.06 ppm) appeared as
indicated by the arrow, which belonged to a covalent bridge between model A and PFA
resin. Based on the NMR spectra, it was speculated that the covalent bridges between
model A and PFA resin might be at the position of C5 and C6 of model A (Figure 6). As
an electrophilic aromatic substitution reaction, both the hydroxyl group and the methoxy
group on the benzene ring of model A could be utilized as the positioning group. According
to the density functional theory (DFT) model calculated by Barsberg [33] et al., the enthalpy
of C5 and C6 positions of cresols in ethanol and aqueous solution do not differ appreciably,
indicating that both positions on the benzene ring may be connected to PFA. Moreover,
the NMR spectra showed the chemical shifts of C5 (δ126.31ppm) and C6 (δ128.55 ppm)
shifted toward lower magnetic by the PFA connection. Nordstierna [14] et al. also indicated
that -CH2-, as a link between cresol and FA, can be observed in the chemical shift signal at
δ31.7 ppm.

Model B was catalytically polymerized with FA to obtain B-LPFA, and a new polymer
13C signal were detected (Figure 5B-LPFA), one for new methylene signals (δ24.94 ppm)
appeared as indicated by the arrow, which belonged to the covalent bridge between model
B and PFA resin. The second was δ121.73 ppm, which was inferred to be the chemical shift
of an esterification reaction of maleic anhydride with the hydroxyl group on the benzene
ring, and not FA (Figure 6). Guigo [34] et al. suggested that the connection of FA with
the hydroxyl group on C4 produces a new chemical shift around δ66 ppm, but no such
signal was detected in this experiment. Therefore, it can be inferred that the entry of maleic
anhydride shifts the C4 chemical shift on the benzene ring of model B to the high magnetic
field. Another new chemical shift signal was δ59.95 ppm, which was influenced by the
electrophilic substitution reaction between FA and model B at C2/C6, causing the methoxyl
carbon on model B move to a lower magnetic field. According to the directing effect and
reactivity principle of electrophilic substitution reaction on the aromatic ring, the activity
of the hydroxyl group was higher than that of the methoxyl group, but since the para
position of hydroxyl group was occupied, the methoxyl group acted as the directing group
and developed -CH2- bridging with PFA at its adjacent and para positions. The results
of FTIR spectra also testified that the disappearance of C-H absorption of the Syringyl
unit was associated with the access of PFA hydroxymethyl. It is thus proposed that the
hydroxymethyl group of PFA had a new chemical bond after condensation at the free
position of the aromatic ring of model B, and maleic anhydride catalyst may have also
reacted with model B.

In conclusion, model A and B, representing the Guaiac unit (G) and the Syringyl unit
(S), respectively, could basically explain the formation of lignin in the cell wall, both of
which could have an electrophilic aromatic substitution reaction with PFA, indicating the
presence of lignin-CH2-PFA and the chemical cross-linking between PFA and wood cell
wall polymers.

4. Conclusions

In this work, a variety of characterization methods were utilized to display the distri-
bution of PFA in furfurylated wood, and a new chemical link was established between PFA
and lignin, demonstrated by the reaction of two types of lignin with it. Raman imaging,
fluorescence microscopy, SEM, and CLSM observations revealed that PFA presented more
in the intercellular layer and the cell corner where the concentration of lignin was higher
than that in the cell cavity. In addition, we found that delignified wood allowed for better
infiltration by PFA compared to that in the control, but the mechanism of action was not in-
vestigated, and we will continue to study it in the future. MWL and lignin model molecules
were catalytically polymerized with PFA, respectively, and TGA and FTIR measurements
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showed that the cross-linked network structure generated by the substitution of the MWL
aromatic ring-free position by PFA hydroxymethyl enhanced the thermal stability. NMR
analysis confirmed that there was no obvious connection signal between FA and MWL in
LPFA, nevertheless, both methoxy and hydroxyl groups on the lignin model molecules
could be as directing groups to activate the benzene ring and attract carbocation on PFA to
attack, and -CH2- covalent connection with PFA came into being. In addition, the catalyst
maleic anhydride may have also esterified with the phenolic hydroxyl group.
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Abstract: Paulownia wood has raised high attention due to its rapid growth and fire resistance. The
number of plantations in Portugal has been growing, and new exploitation methods are needed. This
study intends to determine the properties of particleboards made with very young Paulownia trees
from Portuguese plantations. Single layer particleboards were produced with 3-year-old Paulownia
trees using different processing parameters and different board composition in order to determine
the best properties for use in dry environments. The standard particleboard was produced at 180 ◦C
and a 36.3 kg/cm2 pressure for 6 min using 40 g of raw material with 10% urea-formaldehyde resin.
Higher particle size lead to lower-density particleboards, while higher resin contents lead to higher
density of the boards. Density has a major effect on board properties with higher densities improving
mechanical properties such as bending strength, modulus of elasticity (MOE) and internal bond,
lower water absorption but higher thickness swelling and thermal conductivity. Particleboards
meeting the requirements for dry environment according to NP EN 312 standard, could be produced
with young Paulownia wood with acceptable mechanical and thermal conductivity properties with
density around 0.65 g/cm3 and a thermal conductivity of 0.115 W/mK.

Keywords: young Paulownia; particleboard; density; thermal conductivity; mechanical properties;
physical properties; water absorption

1. Introduction

Wood is a scarce commodity, and neither natural or coppice forests are unlimited reserves,
so technological and industrial centers have begun the development of alternative products
capable of responding to the growing demand for wood and wood-based panels [1–3]. In Por-
tugal, the particleboard industry works almost exclusively with pine wood (Pinus pinaster),
which is one of the most abundant resources in the Portuguese forest. In recent years,
there have been some studies on new species that may have a higher production yield
in the short term, as is the case of the Paulownia species [2,4–6]. Also several forest and
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agricultural wastes have been tested for particleboard production; nevertheless, most of
these materials have high heterogeneity and seasonal availability [1,4].

The genus Paulownia, belonging to the Family Paulowniaceae, consists of nine species:
P. albiphloea, P. australis, P. catalpifolia, P. elongata, P. fargesii, P. fortunei, P. kawakamii, P. taiwaniana,
and P. tomentosa and several hybrids such as cotevisa 2, produced in Spain, which is the
result of the crossing Paulownia elongata × Paulownia fortunei [7,8].

Paulownia wood is easily air-dried without severe drying defects. It is more resistant
to fires than other fast-growing species due to its high ignition temperature, high water
content in the fire season and large leaves. The vessel structure of Paulownia wood is
very large and independent, making it difficult for oxygen to be adequately supplied
and making this wood difficult to ignite [9]. It has a high resistance-to-weight ratio, a
low shrinkage coefficient and does not deform or crack easily [8,10]. The workability and
finishing properties of the wood are excellent, but it is considered an underused species [11].
Nevertheless, Paulownia wood has been used for plywood, paper production, veneers, and
some objects such as, for example, rice pots, bowls or spoons [12,13]. Paulownia tomentosa
has shown a very fast growing rate, which permits its utilization in short rotation periods.
Fast growing has the downsides of producing low-density wood with poor mechanical
properties and, therefore, not being suitable for structural applications. On the other hand,
low density also leads to low thermal conductivity, which might be important for thermal
insulation boards. This is a great advantage in relation to pine wood since it can allow
the elaboration of particleboards with lower density and thermal conductivity. According
to Akyildiz and Kol [10], this species has a specific mass of approximately 35 g/cm3, but
the density can vary according to the age of the tree and plantation location. According
to Kim et al. [14], wood grown in Korea has a lower density, around 0.27 g/cm3, while
wood growth in Portugal has a higher density, around 0.44 g/cm3, possibly due to the
slower growth [15]. Even in the same plantation, there are significant differences seen in
Paulownia trees planted in Hungary that had a density of 0.28 g/cm3 on average but ranged
from 0.24 g/cm3 to 0.33 g/cm3 [16]. On the other hand, Paulownia tomentosa × elongata
planted in Spain, Bulgaria and Serbia presented a similar density of around 0.26 g/cm3 [17].
The thermal conductivity of Paulownia tomentosa wood has been reported to be between
0.073–0.100 W/mK [18].

Several parameters affect the final properties of particleboards, such as properties of
the raw material, like for instance, species, density or particle size and shape; the properties
of the resin, such as kind, quality and quantity; and those of the pressing system like
pressure, temperature, press-closing time and pressing time [19–23]. The density of the
raw material influences the density of the panel and, consequently, its mechanical and
physical properties. This relationship is called compaction ratio. Using raw materials
with low density is better for the production of medium density panels since they have an
adequate compaction ratio (1.3) which allows good contact area between particles during
pressing, leading to a good bonding [24,25]. Generally, higher particle sizes have been
reported to lead to lower density due to the lower compaction ratio of coarse particles in
relation to finer particles, as mentioned by Cosereanu et al. [20] for particleboard made with
sunflower seed husk. Ferrandez-Garcia [26], with boards made from Washingtonia Palm
rachis with citric acid, Hegazy and Ahmed [27], with particleboards manufactured from
Date Palm fronds or Osarenmwinda, and Nwachukwu [28], with rice husk particleboard,
all obtained a similar decrease for bigger particles, while Farrokh Payam et al. [29] obtained
an increase followed by a decrease. However, in accordance with Bazetto et al. [24], who
tested the particle size effect on bamboo particleboard properties, no significant influ-
ence was found on board density, but bending strength and modulus of elasticity (MOE)
decreased. These results are possibly because of the narrow range of particle size used
(between 0.210 and 0.420 mm) in the study. The shape of the particles also influences
the particleboard properties. For instance, the concave particles of sunflower seed husk
decrease the compaction of the particleboard, negatively affecting the board properties [20].
The spreading or mat density is related to particle dimensions. As the particle thickness
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and width increase, the mat density also increases while the particle length has the opposite
effect [21]. Another study showed that the longer the particles, the higher the mechanical
properties (IB, and MOR, respectively) and the lower the water adsorption and thickness
swelling [30]. The type of resin has an obvious influence on board properties. For example,
for particleboards made with Asian bamboo and three different resins, melamine formalde-
hyde (MF), melamine urea phenol formaldehyde (MUPF) and phenol formaldehyde (PF),
Malanit et al. [31] reported that melamine formaldehyde obtained the best results. Also,
particleboards produced using isocyanate resins result in better mechanical properties and
dimensional stability than those produced using urea formaldehyde resins [32]. Higher
amounts of resin generally improve the board properties, mainly thickness swelling and
mechanical properties as stated before by Rathke et al. [33] in a study of particleboards
made from willow, poplar, and locust, or by Nemli et al. [23] in a study of particleboard
panels consisting of 45% beech (Fagus orientalis), 35% pine (Pinus nigra) and 20% poplar
(Populus nigra), or even by Arabi et al. [34] who reported that higher resin content lead to
increased mechanical properties for single-layer particleboards made from poplar wood.
Increased hot pressing time and temperature has often been mentioned to improve the
mechanical properties of the particleboards, like, for instance, for Asian bamboo [31] or
Jatropha Fruit Hulls treated in acidic conditions, particleboard made from sorghum bagasse
as reported by Iswanto et al. [35,36] or particleboard made from recycled particles bonded
with a new natural adhesive composed of tannin and sucrose [37].

The density of the panel is probably the most important factor since it consider-
ably affects both physical and mechanical properties of the panels [5,27,34,38]. Several
studies have shown that boards with higher density have higher thickness swelling but
lower water absorption and better mechanical properties such as MOR, MOE and Internal
bond strength [11,19,38–40].

This work intended to determine for the first time, the feasibility of using very young
trees from Paulownia tomentosa wood with only 3 years of growth, grown in Portugal, for
single-layer particleboard production. Its fast-growing rate would allow a sustainable
forest management since the wood can be harvested sooner than traditional wood species.

2. Materials and Methods

2.1. Sampling and Material Preparation

Young age Paulownia wood (Paulownia tomentosa (Thunb.) Steud.) used in the work
was harvested in an experimental plantation field at the Agriculture High School of Poly-
technic Institute of Viseu, cultivated under the Carbo Energy and Biomass coppice Project
(PROJ/CI&DETS/CGD/0008).

In this study, 3-year-old Paulownia wood was cut into small logs (Figure 1) and
air dried until it reached a moisture content of around 12%. Afterwards, the logs were
debarked, turned into chips with a chisel and milled into particles in a knife Retsch SMI mill
(Haan, Germany), followed by sifting in a Retsch AS200 (Haan, Germany) sifter for 20 min
at 50 rpm. Four distinct fractions (<0.25 mm; 0.25–0.4 mm; 0.4–1.18 mm and >1.7 mm) were
obtained. After this separation, the particles were dried until they reached a final moisture
content of between 3 and 4%.

 

Figure 1. Paulownia tomentosa samples after being cut.
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2.2. Preparation of Particleboard

For the formation of single-layer particleboards, the samples were mixed with a
UF resin with 64% resin solids content (EuroResinas—Indústrias Químicas S. A., Sines,
Portugal) in an Ika Ost Basic mixer at 750 rpm. In the mixing process, the resin was slowly
added so that it was evenly distributed. The mattress was formed in a square stainless-steel
mold of 100 mm × 100 mm (Figure 2) lined with aluminum foil to ensure that the mixture
did not adhere to the mold during pressing.

 

Figure 2. Stainless steel mold with ready-to-press mixture.

The samples were pressed in a Carver press 3889CE (Wabash, IN, USA) with a standard
temperature of 180 ◦C, 10% resin content and a 36.3 kg/cm2 pressure for 6 min. After this
step, the mold was removed from the press, and the board cooled until it was possible
to remove the foil. The final weight and dimensions of the board were determined in an
analytical scale and with the aid of a caliper. In each board, an average of 40 g of raw
material was used with 10% urea-formaldehyde resin.

In order to test the influence on particleboard properties, the percentage of resin
used varied between 8–12% while particle size varied between 0.25–0.4 mm; 0.4–1.18 mm
and >1.7 mm. These variations allowed us to more accurately evaluate their influence on
the quality of particleboard boards, which are visible in Figure 3.

 

Figure 3. Paulownia tomentosa particleboard boards.

2.3. Particleboard Testing

Density was determined for particleboard conditioned at 20 ◦C and 65% relative
humidity by weighing and measuring the board dimensions in the three directions (ap-
proximately 100 mm × 100 mm × 8 mm).

Before all the tests, particleboard was conditioned at 20 ◦C and 65% humidity.
Bending strength and modulus of elasticity (MOE) were determined in a universal

test machine Servosis I—405/5 using a 3-point bending test according to NP EN 310 stan-
dard [41] with some modifications. Each board was cut into 25 mm × 100 mm long samples.
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The samples were placed on the machine with an 80 mm span and subjected to growing
tension with an applied load at a constant rate of cross-head movement so that the maxi-
mum load was reached within 60 ± 30 s. Tests were made in triplicate. Bending strength
(BS) and modulus of elasticity (MOE) were determined in accordance to:

BS (MPa) =
3 ∗ Fmax ∗ l1

2 ∗ b ∗ t2 (1)

l1 is the span in millimeters;
b is the width of the test piece, in millimeters;
t is the thickness of the test piece, in millimeters;
Fmax is the maximum load, in Newtons.

MOE(MPa) =
(F2 − F1)× l1

(α2 − α1)× 4 × b × t3 (2)

l1 is the span in millimeters;
b is the width of the test piece, in millimeters;
t is the thickness of the test piece, in millimeters;
F2 − F1 is the increment of load on the straight-line portion of the load-deflection

curve, in N;
a2 − a1 is the increment of deflection at the mid-length of the test piece (corresponding

to F2 − F1) in millimeters.
Internal bond Measurement was done in accordance with NP EN 319 [42]. Samples

with 50 × 50 mm were glued in aluminum blocks with the same dimensions. A tension
load with a loading speed of approximately 2 mm = min, adjusted so that the maximum
load was reached within 60 ± 30 s, was applied vertically to the board face. The maximum
load (P) supported by the sample with dimensions (b × L) was recorded, and internal bond
was calculated according to the following equation:

Internal bond (N/mm2) =
P

b × L
(3)

Water absorption (WA) and thickness swelling (TS) were determined in accordance to
NP EN 317 [42] by conditioning the samples at 65% relative humidity and 20 ◦C prior to
water immersion. The samples were kept vertically in water at 20 ◦C and pH 7. After 24 h,
the samples were removed from the water bath, wiped with an absorbing paper, weighed
and measured with a digital caliper on the middle of the sample. Water absorption and
thickness swelling were determined in accordance with Equations (3) and (4):

Water absorption =
m f − mi

mi
× 100 (4)

Thickness swelling =
t f − ti

ti
(5)

where f means final after the soaking period, and i means initial conditions (65% RH and 20 ◦C).
The thermal conductivity (λ, W/mK) was determined by means of a modified transient

pulse method (MTPS), following the ASTM-D-5334 [43], ASTM D 5930 [44] and
EN 22007-2 [45] testing procedures, using an ISOMET 2114 portable hand-held heat trans-
fer analyzer, from Applied Precision Enterprise. Each measurement took approximately
25 min and was performed with a surface measurement probe placed on top of each
sample surface at three different points. The surface probe has a constantly powered
resistor heater that imposes a heat impulse on the sample in thermal equilibrium with the
surrounding environment [43,44].
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2.4. Statistical Analysis

All the tests with the particle size, resin content and pressing temperature were made
in triplicate. Error bars represent ±σ (standard deviation). A linear regression model was
used to test the relation between the independent variables. The coefficient of variation
was also determined to test the dispersion of data points around the mean.

3. Results and Discussion

There are many factors influencing the board properties, such as board constitution
(material, size and shape of particles, resin kind and content) or board production parame-
ters (temperature, pressure or pressing time) [21–23,34,36]. All these parameters influence
the board density, which in turn influences mechanical properties like bending strength and
modulus of elasticity, internal bond, and water absorption and thickness swelling. Density
has also proven to be the most important property in relation to the thermal conductivity
of particleboards. Therefore, several parameters were studied in order to obtain the lowest
conductivity possible while fulfilling the mechanical and physical properties requirements
of NP EN 312 [46].

3.1. Influence of Constitution on Board Properties

The results showed that the initial wood density was around 0.42 g/cm3 and that
the final densities of the boards varied between 0.39 g/cm3 and 0.92 g/cm3, depending
on pressing parameters or board factors such as particle size or percentage of resin used.
These variations will be discussed in detail in this section. Earlier studies suggested that a
board density lower than the wood density is not advisable; therefore, the boards should
have the lowest density compatible with the minimum requirements for particleboard [40],
and the board density has to be higher than the wood species density so that there is a
good inter-particle contact or else the resin would polymerize in the void spaces, leading to
poor bonding [40].

The size of the wood fractions has proven to be one of the most important parameters
in the final density of the particleboards. According to Figure 4, it is possible to verify that,
at similar conditions, when larger particles are used, lower-density boards are produced.
The smaller fraction (0.25–0.4 mm) has an average density of 0.75 g/cm3, while in the
largest fraction (1.7–2 mm), it is around 0.55 g/cm3. The coefficient of determination
(R2 = 0.92) is considered good, considering that the linear regression model explains 92% of
the variance obtained. The standard deviation between samples is not very small, but the
coefficient of variation ranges from 13% to 18%, which means that there is a low-to-medium
dispersion of the results. This shows that, since the final objective is the production of
lower-density boards to obtain lower thermal conductivity, particles of larger dimensions
should be used if they do not significantly impair the panel properties.
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Figure 4. Correlation between board density variation and raw wood particle size.
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The increase in board density with decreasing particle size is probably due to higher
compaction when using smaller particles. Similar results have been reported before for
single-layer particleboard made from sunflower seed husks [20]. Particle size has been
mentioned before as one of the most important factors that can be used to influence the
physical and mechanical properties of particleboards [47]. These authors stated that, by
increasing the length of the particles, the bending strength and MOE increases, but, on the
other hand, internal bond decreases [34,48,49].

It is not only the particle size that can affect the board density. Figure 5 presents the
effect of resin content on board density. Results show that a higher percentage of resin
leads to a higher density of the board, which was expected since wood density was around
0.42 g/cm3, and the UF resin density is much higher 1.2–1.3 g/cm3. The relationship
between resin content and density appears to be linear, at least between 8–12% resin
content. Similar results were presented before by Rathke et al. [33] that tested the effects
of alternative raw materials and varying resin content on the mechanical properties of
particleboards. Nevertheless, higher resin contents increase the price of the boards and
the formaldehyde release during use. Therefore, a high resin content is to be avoided.
Once again, the determination coefficient is very high, R2 = 0.999, and the dispersion of the
results is low with a maximum coefficient of variation of 7%.
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Figure 5. Correlation between board density variation and resin content.

In order to study the resin content effect on board properties with the same density,
a target density of 0.50 g/cm3 was used. At similar density, a higher resin content leads
to better mechanical properties, with a higher bending strength and modulus of elasticity,
as can be seen in Figure 6. Bending strength increased from around 19 MPa to 23 MPa for
8–12% resin content which represents a 21% increase, while MOE changed from 2000 MPa
to 3170 MPa (58% increase).
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Figure 6. Correlation between bending strength and MOE variation and resin content.

Similar results were presented before by, for instance, Lehmann [50] with 2, 4 and
8 percent resin solids of urea-formaldehyde resin that obtained increases in both bending
strength and modulus of elasticity, by Nemli et al. [51] with kiwi (Actinidia sinensis Planch.)
pruning particleboard or by Rathke et al. [33] with different wood species. Arabi et al. [34]
stated that MOR and MOE increased with resin content, and that an exponential function
can better describe the simultaneous effect of slenderness and resin content than the linear
equation. On the other hand, Kimoto et al. [52] tested resin contents from 8–15% and stated
that only minor improvements were found in strength with 15% resin content compared
to 10%. In relation to the determination coefficient for the relation between both bending
strength and modulus of elasticity with resin content, the first was only 0.856 and the
second was 0.994. On the other hand, the standard deviations that seems very small due to
the scale, range from 5% to 25% which is in the limit of medium dispersion.

Internal bond (Figure 7) increases with the increase in resin content from around
0.7 MPa for 6% resin content to more than 1.5 MPa for 17% resin content. Similarly, Nemli
et al. [23] reported that internal bond increased from 0.483 to 0.648 MPa for commercially
produced particleboard panels with 45% beech (Fagus orientalis), 35% pine (Pinus nigra)
and 20% poplar (Populus nigra) with 8–10% and 10–12% resin content. The same was
reported by Dai et al. [53] for strand boards. In relation to internal bond, the coefficient of
determination is 0.986, and the coefficient of variation reaches a maximum of 20% for the
highest resin content; therefore, the dispersion of the results can be considered between
small to medium.
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Figure 7. Correlation between internal bond variation and resin content.

Water absorption variation and thickness swelling with resin content are presented
in Figure 8. Results show that higher resin content leads to lower water absorption and
lower thickness swelling. Similar results were reported before by Sekaluvu et al. [54] with
particleboards made with Maize Cob. These authors observed an increase in MOE and
MOR and a decrease in water absorption and thickness swelling for higher resin contents.
Similarly, Ashori and Nourbakhshb [55], who studied the effect of press cycle time and
resin content on the physical and mechanical properties of particleboard panels made
from Date palm, Eucalyptus, Mesquite and Saltcedar, concluded that higher resin content
decreased the thickness swelling for all the studied materials. Nemli et al. [23] also reported
a lower thickness swelling for higher resin content.
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Figure 8. Correlation between water absorption and thickness swelling variation and resin content.

The pressing temperature presented in Figure 9 was tested for a target density of
0.50 g/cm3 with 10% UF resin content. The pressing time used was 6 min at 36.3 kg/cm2

pressure. Generally, mechanical properties increased with the pressing temperature. Re-
sults showed that a temperature of at least 160 ◦C was needed in order to obtain good
mechanical properties, which could be due to the low pressing time. A higher temperature
is needed for the core temperature to reach the degree required to cure the resin. Bending
strength presented higher values for 160 ◦C than for 180 ◦C, although values presented
high standard deviations, as seen in Figure 6. Similar results were presented before for
particleboard made from sorghum bagasse [36], where mechanical properties increased for
higher pressing temperature, with the exception of 180 ◦C in relation to 170 ◦C. This could
be due to some thermal degradation at higher temperatures. Similarly, Iswanto et al. [35,36]
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reported increased mechanical properties with a higher pressing temperature of particle-
board made from Jatropha Fruit Hulls treated in acidic conditions and particleboard made
from sorghum bagasse. However, the temperatures tested were lower, ranging from 110 ◦C
to 130 ◦C. Malanit et al. [31] reported that higher pressing temperature resulted in higher
mechanical strength of UF bonded Asian Bamboo particleboards, for pressing temperatures
ranging from 150 ◦C to 210 ◦C but using three different resins (melamine formaldehyde,
melamine urea-formaldehyde and phenol formaldehyde). The variation between pressing
temperature and BS and MOE does not seem to be linear with determination coefficients of
0.766 and 0.938. The dispersion of the results goes from very small for 100 ◦C to medium
for 160 ◦C.
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Figure 9. Correlation between bending strength and MOE variation with pressing temperature.

3.2. Influence of Density on Board Properties

Density is most likely the major factor when addressing the board properties.
Figures 10–13 present the variation of mechanical properties (bending strength, MOE
and internal bond), water absorption, TS and thermal conductivity with density. The me-
chanical properties of particleboards increased with the board density. Even with several
different parameters, it is clear that bending strength increases with density and that this
increase has a linear trend. Bending strength varied between under 5 MPa for the lowest
density boards to over 340 MPa for the ones with the highest density. MOE behavior
followed a similar trend to bending strength ranging from 200 MPa to 5000 MPa. Similar
results were presented before by several authors with different materials. For example, De
Melo et al. [19] studied the board density effect on the physical and mechanical properties
of particleboards made from Eucalyptus grandis W. Hill ex Maiden, and they concluded
that when density increased linearly from 0.6 g/cm3 to 0.8 g/cm3, both MOR and MOE
increased. Kalaycioglu et al. [11] produced three-layer boards from Paulownia wood with
0.35 g/cm3 manufactured with densities of 0.55 g/cm3 and 0.65 g/cm3 and reported an
increase in MOR, MOE and IB with the board density. Mechanical properties like bending
strength and MOE seem to be directly proportional to density with high determination
coefficients.
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Figure 13. Correlation between conductivity variation and particleboard density.

Internal bond increased with the density of the boards, similarly to bending strength
and modulus of elasticity. Values ranged between 0.4 MPa and 0.7 MPa. Likewise, De Melo
and Del Menezzi [19] obtained internal bond strength varying from around 0.25–0.4 MPa
for densities of 0.6–0.8 g/cm3 for particleboards made from Eucalyptus grandis.

Contrary to the mechanical properties, water absorption decreased for higher-density
boards. Water absorption ranged between 150% and 50%. Similar results were presented
before by several author, such as, for instance, De Melo and Del Menezzi [19] for par-
ticleboards made from Eucalyptus grandis W. Hill ex Maiden and Cravo et al. [38] for
particleboards based on cement packaging.

Thickness swelling has been reported to increase for higher-density boards. Khedari
et al. [39], who studied a new insulating particleboard from durian peel and coconut coir,
concluded that a higher density resulted in an increase of thickness swelling higher than
the standard specification requirements for particleboards reaching about 29% and 35%
for board density around 0.590 g/cm3 for Durian peel and coconut coir, respectively [39].
Similar results were presented by De Melo and Del Menezzi [19]. The same was observed
in the present study, with 24 h thickness swelling increasing with density, as can be seen
in Figure 12.

Moreover, the thermal conductivity of Paulownia particleboards increased with the
board density, similar to what was observed before [56]. This has been attributed to the
lower space and void for higher density particleboards, since the air in voids has a low
thermal conductivity. Thermal conductivity ranged between 0.085–0.125 W/mK. The
thermal conductivity was lower than was obtained before for a particleboard made with
a mixture of durian peel and coconut coir (10:90) which was around 0.134 W/mK [56].
Nevertheless, this conductivity was obtained for boards with 0.856 g/cm3 density. If the
comparison is made at a similar density, for instance around 0.600 g/cm3, durian peel and
coconut coir have a lower thermal conductivity of 0.085 W/mK against 0.105 W/mK [56].

In accordance to NP EN 312 [46] the requirements for general purpose boards used
in a dry environment (Type P1) are bending strength higher than 10.5 MPa for 8 mm
thickness boards and 0.28 MPa for the internal bond. If these boards are to be used
in furniture (Type P2), the requirements are 11 MPa for bending strength, 1800 MPa
for MOE and 0.4 MPa for internal bond. Thickness swelling is only a requirement for
boards used in a humid environment. For example, for non-structural boards, thickness
swelling should be lower than 17% swelling in 24 h. Therefore, in order to fulfill the
requirements for a dry environment, a density of around 0.65 g/cm3 is needed to achieve
the necessary mechanical strength, and this would lead to a thermal conductivity of around
0.115 W/mK. If these boards were to be used in a humid environment, they would not fulfill
the requirements because, to achieve a swelling under 17%, the maximum density would
be around 50 g/cm3, and, for this density, mechanical properties would be lower than
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the minimum requirements. Bending strength would be around 5 MPa and MOE around
1000 Mpa. However, if no mechanical strength is needed, a lower thermal conductivity of
around 0.085 W/mK could be obtained.

4. Conclusions

The main objective of this study was to produce particleboards from very young
Paulownia trees with acceptable mechanical properties and lower thermal conductivity.
The objectives were accomplished.

The specific conclusions of the study are:

1. Particleboards can be produced with density ranging from 0.39 g/cm3 to 0.92 g/cm3,
bending strength 2–32 MPa and MOE 200–4900 MPa, Internal bond 0.4–1.6 MPa,
water absorption 60–140%, thickness swelling 16–44% and thermal conductivity
0.085–0.125 W/mK.

2. In order to meet the requirements for a dry environment according to NP EN 312 stan-
dard, Paulownia particleboards need to have a density higher than 0.65 g/cm3 which
leads to a thermal conductivity of around 0.115 W/mK.
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Abstract: A novel reinforced recycled expanded polystyrene (r-EPS) foam/natural fiber composite
was successfully developed. EPS was recycled by means of the dissolution method using an accessible
commercial mixed organic solvent, while natural fibers, i.e., coconut husk fiber (coir) and banana
stem fiber (BSF) were used as reinforcement materials. The treatment of natural fibers with 5% (w/v)
sodium hydroxide solution reduces the number of –OH groups and non-cellulose components in
the fibers, more so with longer treatments. The natural fibers treated for 6 h showed rough surfaces
that provided good adhesion and interlocking with the polymer matrix for mechanical reinforcement.
The tensile strength and impact strength of r-EPS foam composites with treated fibers were higher
than for non-filled r-EPS foam, whereas their flexural strengths were lower. Thus, this study has
demonstrated an alternative way to produce recycled polymer/natural fiber composites via the
dissolution method, with promising enhanced mechanical properties.

Keywords: natural fiber; recycled expanded polystyrene foam; natural fiber-recycled plastic compos-
ites; mechanical properties; dissolution

1. Introduction

Expanded polystyrene (EPS) foam is a thermoplastic that has been used to make a
wide variety of consumer products. Due to its low thermal conductivity, high compressive
strength, extremely light weight, versatility, durability, and moisture resistance, it is often
used as an insulator, in lightweight protective packaging, and in food packaging. With the
increased use of EPS foam, its waste has also increasingly accumulated around the world.
However, discarded foam waste is non-biodegradable and resistant to photolysis [1]. It can
break down when exposed to sunlight, rain, and ocean water (especially in tropical waters)
into its constituents, including styrene monomers [2] that are classified as possible human
carcinogens [3]. Styrene trimers may also increase thyroid hormone levels [4].

Fortunately, EPS foam waste has been reported as an excellent material for recycling [5].
To recycle polystyrene (PS) foams, they are typically cleaned first and then densified to
shippable logs using a thermal treatment [6]. The densified or compressed PS obtained
is then simply chopped up, heated, and recast into plastic pellets that can be used as
raw materials for plastic products [7]. Dissolution of PS foam with a suitable solvent has
become an alternative method for waste volume reduction or recycling, as it is one of the
least costly alternatives and uses less energy than melting or compressing the waste [8].
Various organic solvents, such as toluene, acetone, limonene, and other liquid hydrocarbons
have been reported for PS foam dissolution [5,8–11]. The dissolved EPS can be used for
packaging, similar to the brand new polymer [12], and various products can be produced,
e.g., nanofibers [13,14], or polymer–cement composites [5].

The loss of mechanical properties of the polymer during recycling has been reported,
and reinforcement with glass fibers or natural fibers is applied to conquer this problem

Polymers 2022, 14, 2241. https://doi.org/10.3390/polym14112241 https://www.mdpi.com/journal/polymers
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and extend the potential applications of recycled plastic materials [15–17]. There are recent
studies on the characterization of wood-recycled plastic composites, showing potential as
alternative materials [18,19]. Several kinds of natural fibers [20] have been reported as rein-
forcing fillers, e.g., banana/jute/flax fiber [21,22], kenaf/coir [23–25], and bagasse/Napier
grass fiber–polyester composites [26,27]. Nevertheless, most of the previous studies have
reinforce virgin plastic (polymer pellets) instead of recycled plastic, which may influence
mechanical properties of the filled composite.

The aim of this work was to investigate the feasibility to produce a novel composite
using EPS recycled via dissolution (r-EPS) and reinforced with natural fiber. A commercial
grade thinner containing mixed organic solvents was used, along with acetone, as a solvent
to recycle the EPS. Coconut husk fiber (coir) and banana stem fiber (BSF) were incorporated
into r-EPS to enhance the mechanical properties of the composite. The coir and BSF were
first treated with an alkaline solution and mixed with r-EPS to various filler loadings in the
composite sheets. The mechanical properties of both r-EPS and the composite sheets were
then evaluated.

2. Materials and Methods

2.1. Materials

The used and clean expanded polystyrene (EPS) foam boards were collected from
Prince of Songkla University, Phuket Campus. It was analyzed using gel permeation
chromatography (GPC) (Shodex Standard SM-105) equipped with Shodex GPC KF-806
M and KF-803 L (300 mm Length × 8.0 mm ID) using RI-Detector, obtaining the num-
ber average molecular weight (Mn) (120,491 g/mol) and the polydispersity index (PDI)
(2.17). THF was used as the eluent at a flow rate of 1.0 mL/min at 40 ◦C. The GPC system
was calibrated with polystyrene (PS) standards, with molecular weights ranging from
3790 to 3,053,000 g/mol. Acetone (99.98%) was purchased at the highest purity avail-
able from Fisher Chemical (Loughborough, England). Commercial thinner containing
mixed organic solvents, including toluene (70%), acetone (15.4%), ethyl acetate (4.9%),
2-butoxyethanol (3.9%), 2-propanol (2.9%), and 2-methyl-1-propanol (2.9%), was supplied
by TOA Paint (Thailand) Co., Ltd. (Samutprakan, Thailand) [28]. Coconut and banana
fibers were prepared from coconut husks and banana stems collected from a fruit garden in
Phuket, Thailand.

2.2. Dissolution of EPS Foam

An EPS foam board was broken into small pieces (30 g) before dissolving in 200 mL
of the mixed organic solvents (thinner: acetone in a 3:1 volume ratio). The mixture was
constantly stirred at 750 rpm for 4 h at room temperature to obtain a homogenous solution.
The dissolved EPS solution (r-EPS) was used for the preparation of natural fiber-reinforced
recycled EPS foam composites.

2.3. Preparation and Characterization of Natural Fiber

Coconut husk fiber (coir) and banana stem fiber (BSF) were cleaned by washing with
tap water and then dried in an oven at 100 ◦C for 24 h. They were chopped into small
pieces and sieved to a length of 1 to 3 mm. An alkali treatment was applied on both coir
and BSF separately by immersing the chopped fibers in 5% aqueous sodium hydroxide
(NaOH) solution for 6, 12, or 24 h at room temperature. The treated fibers were vacuum
filtered and washed with distilled water until the water became neutral (pH = 7). Then, the
treated fibers were dried in an oven at 80 ◦C for 24 h.

The chemical functionality of treated and untreated natural fibers was evaluated by
Fourier transform infrared spectroscopy (FTIR, Perkin-Elmer Frontier). Transmittance was
measured over a range from 4000 to 600 cm−1. The surface topography and compositions of
treated and untreated natural fibers were observed by using a scanning electron microscope,
SEM Quanta 400, operated at 20 kV at 1000×.
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2.4. Preparation of Natural Fiber-Reinforced Recycled EPS Foam Composites

Both untreated and treated coir and BSF were mixed with r-EPS at 2%, 5%, and 10%
by total weight to obtain natural fiber-reinforced recycled EPS foam composites. Next,
the composites were slowly poured to fill a 25 × 150 mm Petri dishes and then set aside
to dry at room temperature in the fume hood. The mass of samples was measured and
recorded until the constant mass was obtained within 72 h. With the ease of preparing the
composites using these conditions, the solvent blend could be recovered for further use as
a solvent for EPS recycling.

2.5. Mechanical Properties of Natural Fiber-Reinforced Recycled EPS Foam Composites

The tensile strength, flexural strength, and impact strength of recycled EPS foam and
recycled EPS foam natural fiber composites were investigated, as summarized in Table 1.
Each sample was cut into three specimens, and the same test was performed on these
replicates. The average test results with standard deviations (SD) are reported.

Table 1. Materials prepared from recycled EPS to evaluate the mechanical properties.

Material * Tensile Strength Flexural Strength Impact Strength

r-EPS � � �
r-EPS/u-coir (2, 5, and 10%) � - -
r-EPS/u-BSF (2, 5, and 10%) � - -
r-EPS/t-coir (2, 5, and 10%) � � �
r-EPS/t-BSF (2, 5, and 10%) � � �

* r-EPS = recycled expanded polystyrene foam; u-coir = untreated coir; t-coir = treated coir; u-BSF = untreated
banana stem fiber; t-BSF = treated banana stem fiber.

Tensile testing: Each sample was cut into three dumbbell-shaped specimens (gauge
length, L0 of 60 mm). The tensile test was conducted using the Instron (Model 5566)
universal testing machine with a 1kN load cell at 1 mm/min crosshead speed. The test was
continued until tensile failure occurred.

Flexural testing: Three-point bending flexural testing was carried out with an Instron
universal testing machine (Model 55R4502). The load cell and the crosshead speed were 1
kN and 1.13 mm/min, respectively, while the support span was 42 mm. The rectangular
specimens had 80 mm (L) × 12.7 mm (W) × 2.3 mm (T) dimensions.

Impact testing: Notched Izod impact testing was performed according to the ASTM
D256 standard method for determining the impact resistance of plastic samples. The testing
specimen was 65 mm (L) × 13 mm (W) × 2.5 mm (T). The depth under the notch of the
specimen was 10 mm. A pendulum energy of 1 joule was employed in the testing.

3. Results and Discussion

3.1. Characterization of Natural Fibers

The treated natural fibers are shown in Figure 1, and their chemical functionalities are
shown in Figure 2. The FTIR of both untreated BSF and coir showed characteristic peaks of
cellulose, hemicellulose, and lignin. The absorption bands at 3300 and 2910 cm−1 indicate
hydroxyl groups (–OH) and –CH stretching vibrations, respectively, from the chemical
structures of cellulose and hemicellulose. The peak at 1733 cm−1 was attributed to C=O
stretching vibrations of the acetyl group in the hemicelluloses. Adsorption at 1507, 1436,
and 1250 cm−1 was attributed to C=C aromatic symmetrical stretching, HCH and OCH in
plane bending vibrations, and C-O stretching vibrations of the acetyl groups, respectively,
and these are typical absorption peaks of lignin [29]. After alkali treatment of BSF and
coir, all absorption peaks decreased with treatment time. The absorption peaks around
1733–1250 cm−1 of both fibers disappeared after 24 h of treatment, indicating that lignin
and hemicellulose might be removed, matching some previous reports [20,30–32].
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Figure 1. Treated fibers. (a) coir, and (b) BSF.

Figure 2. FTIR spectra of untreated and alkali-treated BSF and coir.

The surface topography of BSF and coir, both untreated and treated with 5% NaOH
solution, was investigated, and the SEM micrographs are shown in Figure 3. The surfaces
of untreated BSF and coir were not smooth, spread with nodes, and covered with irregular
strips (Figure 3a) that may represent lignin, hemicellulose, or impurities [33]. After alkali
treatment of both fibers for 6 h, the layer of substances on the fiber surface seemed to
be removed (Figure 3b), matching the FTIR results indicating that lignin and hemicellu-
lose contents were decreased. Some holes and rough surfaces were obviously observed,
especially for coir fiber, that could improve the mechanical interlocking of the fiber and
polymer matrix [33–35]. However, after alkali treatments for 12 or 24 h, the surfaces of
the fibers had become smoother (Figure 3c,d), so that potentially, the interfacial bonding
with the polymer matrix would be weaker than with the 6 h treatment of the fibers. It
can be expected that the alkali treatment of fibers for longer than 6 h may cause damage
by removing hemicelluloses, lignin, and bound cellulose from the fibers, which weakens
the fiber strength [32]. Therefore, 6 h treated fiber was considered the most suitable for
producing fiber-reinforced polymer composites, possibly having a good interfacial bonding
with the polymer matrix and a desirable amount of cellulose exposed on the fiber surfaces.

The mechanical and physical properties of coir and banana fiber have been reported
in the literature, as summarized in Table 2 [36–39]. However, Yue et al. [40] reported that
the mechanical properties of many natural plant fibers may vary, to a large extent due to
inappropriate measurement.
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Figure 3. SEM micrographs (at 1000×) of BSF and coir: (a) untreated, (b) 6 h treated, (c) 12 h treated,
and (d) 24 h treated.

Table 2. Mechanical and physical properties of the fibers.

Properties Coir Banana

Diameter (μm) 150–250 [36] 100–250 [36]
Density (g/cm3) 1.2 [36,37] 0.8 [36]

Tensile Strength (MPa) 175 [36], 131–220 [37] 161.8 [36]
Young’s modulus (GPa) 4–6 [36,37] 8.5 [36]
Elongation at break (%) 30 [36], 15–30 [37] 2.0 [36]
Surface energy (mJ/m2) 35.1 ± 1.3 [38] 39.49 [39]

3.2. Characterization of Recycled EPS Foam/Natural Fiber Composites

Composite materials of r-EPS foam with BSF and coir at 2%, 5%, and 10% by weight
were prepared using both the untreated (u) and the treated (t) fibers (treatment with 5%
NaOH aqueous solution for 6 h). Composite sheets with 3 mm thickness and 130 mm
diameter were obtained. Their weights were increased from the total mass of EPS and fiber
by ~6%, which might be attributed to organic solvent trapping during the curing process.
The distribution of fibers in the EPS matrix and the mechanical properties tensile strength,
flexural strength, and impact strength of the composites were then investigated.

3.2.1. The Distribution of Fibers in r-EPS

Images of both treated and untreated BSF and coir in r-EPS at different fiber loadings
are shown in Figure 4. The untreated fibers were gathered mostly at the center of the
composite sheet, whereas the treated fibers were distributed more evenly in the matrix.
This is because of the improved fiber-polymer matrix adhesion [33–35]. At the same
mass of the fibers mixed in the composite, the BSF spreads more thoroughly within the
composite sheet than does the coir, due to it being a greater density fiber (BSF has the
smaller volume) [41]. Increasing the fiber loading caused the fibers to be more evenly
distributed all over the composite sheet, and the fibers were aligned in the polymer matrix.
However, it was found that the composite of EPS with 10% w/w untreated coir had some
excess fibers appearing on the polymer surfaces. The results confirmed that the wettability
of fibers by polymer solution was enhanced by the alkali treatment, as the –OH groups
were modified to –O−Na+ groups [32,42], resulting in the reduction in the polarity of
the fibers [43]. Consequently, the treated fibers more readily form stronger interfacial
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adhesion with the polymer matrix [36,43,44], so they dispersed throughout the composite
sheet better than the untreated fibers. Maximizing the interfacial adhesion between the
fibers and the polymer matrix would provide the final composite material with the highest
strength [34,45–48].

 
Figure 4. Digital photographs showing the distribution characteristics of fibers in the recycled EPS
(r-EPS) foam/natural fiber composite sheets prepared at different fiber loadings.

3.2.2. Mechanical Properties

The tensile strength, flexural strength, and impact strength of r-EPS/natural fiber
composites and r-EPS (without fiber) were evaluated and compared. The composites with
untreated coir (r-EPS/u-coir) had lower tensile strength than the r-EPS, whereas composites
with treated coir (r-EPS/t-coir) provided similar tensile strength. On the other hand, the
tensile strength of all composites with treated BSF (r-EPS/t-BSF) was higher than that of
r-EPS, whereas the composites with untreated BSF (r-EPS/u-BSF) showed reduced tensile
strength (Figure 5). As described in the previous section, the alkali treatment of fiber not
only caused the fiber surfaces to be less polar, but also increased surface roughness, enabling
a stronger interlocking of fibers with the polymer matrix. Therefore, the alkali treated
fibers should provide better interfacial adhesion with the polymer matrix than untreated
fibers [27,34,36,44,48]. On the other hand, the addition of untreated fibers resulted in
lower tensile strength, due to the unevenness of fiber distribution in the matrix and the
weak adhesion of fibers. Furthermore, it was found that the higher content of treated BSF
distributed in the polymer matrix decreased the tensile strength of the composites because
of fiber agglomeration by fiber–fiber interactions, more so at higher fiber loadings. Similar
results were observed by Ibrahim et al. [45] and Ramesh et al. [49].
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Figure 5. Tensile strengths of r-EPS composites with untreated and treated BSF or coir fibers at 2%,
5%, or 10% wt. loadings.

In addition, it can be observed that the tensile strength of the treated BSF composite
(r-EPS/t-BSF) was higher than that of the coir composite (r-EPS/t-coir). This indicates
that the BSF provides better reinforcement in the composite than coir, potentially because
the BSF contains more crystalline cellulose [20]. The BSF fibers are also less thick, which
provides better wettability (fewer gaps at the interface) between the fibers and the polymer
matrix. This was confirmed by the tear surfaces of dumbbell-shaped specimens after tensile
testing of both r-EPS/5% t-coir and r-EPS/5% t-BSF (Figure 6). The composite of treated
coir showed fibers slipping out from the polymer matrix more frequently than what was
observed in the composite filled with treated BSF.

 

Figure 6. Specimens after tensile testing: (a) r-EPS/5% t-coir, and (b) r-EPS/5% t-BSF.

The flexural strength of treated BSF and coir reinforced r-EPS composites with different
fiber loadings was evaluated by three-point bending flexural testing. The flexural strength
of both the r-EPS/t-coir and r-EPS/t-BSF composites was smaller than that of the r-EPS
(Figure 7), indicating that the natural fibers diminished bending resistance. This is possibly
because the orientation of fibers may be at right angles to the direction of the force acting on
them [49,50]. When compared with the tensile test discussed previously, the treated fibers
added in the r-EPS enhanced the tensile strength of the material, as the pulling force is at
right angles to the bending force, confirming the parallel arrangement of the fibers to the
pulling direction, or the perpendicular arrangement to the bending direction. In addition,
the flexural strength of r-EPS/t-coir was found to be greater than that of r-EPS/t-BSF at
the same fiber loadings. This may be attributed to the fact that most of the treated coir in
the composite was aligned in the direction of the bending force [47,51], more so than in
the treated BSF. The flexural strength of the composites also increased as the fiber content
increased from 2% to 5%, but it decreased to the lowest level for 10% of either treated fiber.

209



Polymers 2022, 14, 2241

This is likely due to the less uniform fiber distribution with greater fiber loading in the
polymer matrix. Similar results were obtained for the tensile test, as described previously.

Figure 7. Flexural strength of r-EPS composites with treated BSF or coir at 2%, 5%, or 10% wt.
fiber loadings.

The impact strength of the composites was found to be increased from that of r-EPS
(Figure 8), and it increased with the loading of treated fibers. Moreover, the r-EPS/t-coir
composite showed higher impact strength than the r-EPS/t-BSF composite at the same
loading. This indicates that the coir may absorb greater force during the impact test than
the BSF. Since the coir is larger in size or lower in density than the BSF, the greater volume
of the coir presents in the composite at the same mass added [41].

Figure 8. Impact strength of r-EPS composites with treated BSF or coir at 2%, 5%, or 10% wt.
fiber loadings.

4. Conclusions

This study has demonstrated the production of r-EPS foam composites reinforced
with coir and BSF by the dissolution process. The natural fibers were treated with 5%
(w/v) NaOH for 6, 12„ or 24 h. The FTIR analyses revealed that the number of hydroxyl
groups and non-cellulose components in the fibers decreased with treatment time, and
SEM imaging showed that alkali treatment modified the fiber structure. The 6 h treated BSF
(2% wt.) reinforced r-EPS foam composite provided the greatest increase in tensile strength
by about 70%, whereas r-EPS foam composite reinforced with 10% wt. of 6 h treated coir
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showed the maximum increase in impact strength, by about 210% compared to r-EPS. This
was due to the good adhesion and interlocking of treated fibers with the polymer matrix.
This study presented an alternative method to produce recycled polymer/natural fiber
composites via the dissolution method, with promising enhanced mechanical properties.
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Abstract: Optically active polymers are of great interest as materials for dense enantioselective
membranes, as well as chiral stationary phases for gas and liquid chromatography. Combining the
versatility of norbornene chemistry and the advantages of chiral natural terpenes in one molecule
will open up a facile route toward the synthesis of diverse optically active polymers. Herein, we
prepared a set of new chiral monomers from cis-5-norbornene-2,3-dicarboxylic anhydride and chiral
alcohols of various natures. Alcohols based on cyclic terpenes ((-)-menthol, (-)-borneol and pinanol),
as well as commercially available alcohols (S-(-)-2-methylbutanol-1, S-(+)-3-octanol), were used.
All the synthesized monomers were successfully involved in ring-opening metathesis polymeriza-
tion, affording polymers in high yields (up to 96%) and with molecular weights in the range of
1.9 × 105–5.8 × 105 (Mw). The properties of the metathesis polymers obtained were studied by TGA
and DSC analysis, WAXD, and circular dichroism spectroscopy. The polymers exhibited high thermal
stability and good film-forming properties. Glass transition temperatures for the prepared polymers
varied from −30 ◦C to +139 ◦C and, therefore, the state of the polymers changed from rubbery to
glassy. The prepared polymers represent a new attractive platform of chiral polymeric materials for
enantioselective membrane separation and chiral stationary phases for chromatography.

Keywords: chiral polymer; renewable feedstock; pinene; menthol; borneol; norbornene; polynorbornene;
ring-opening metathesis polymerization

1. Introduction

Synthetic optically active polymers are of great interest both in academic and indus-
trial fields. On the one hand, such polymers are widely studied and used in asymmetric
catalysis [1–3] and as materials for dense enantioselective membranes [4–6], chiral station-
ary phases for gas and liquid chromatography [7–9], and also for mimicking biological
properties [10–12]. On the other hand, these polymers are suitable objects for systematic
structure–property study. There are three main approaches to achieving the optical activity
of polymers. The first way is the formation of chiral centers in main chains [13,14]. The
second one is the introduction of chiral moieties in side chains of polymers [15,16] and in
the case of the third way, optical activity appears due to a supramolecular structure [17,18].

Metathesis polymerization of various monomers is a powerful tool for obtaining all
three types of polymers. At the same time, ring-opening metathesis polymerization (ROMP)
of functionalized norbornenes is the most versatile methodology in the design and prepara-
tion of various polymers with the required architecture [19–21]. There are several significant
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benefits of this tool. Norbornene-type monomers can be readily prepared by using well-
known cycloaddition (e.g., the Diels–Alder and [2 + 2 + 2]-cycloaddition reactions) and
other reactions [22–25], and these monomers show high reactivity in ROMP polymerization.
Moreover, such monomers can be polymerized according to three different mechanisms,
affording polymers with different structures of main chains (Figure 1) [19,26–29]. In turn,
well-defined Grubbs catalysts exhibit good tolerance towards various functional groups and
allow the control of tacticity, configuration of backbones, the composition of copolymers,
molecular weights, and molecular weight distributions.

 
Figure 1. The ways of norbornene-type monomers polymerization.

Some chiral polymers from optically pure isomers of norbornene derivatives were ear-
lier described. The most investigated among these monomers are N-substituted norbornene-
2,3-dicarboximides with a chiral group at nitrogen atom [15,30] and norbornenes bearing
ester [31–33] or ether [34,35] moiety between norbornene skeleton and a chiral fragment.
At the same time, monoterpenes, such as α- and β-pinenes, borneol, and menthol are
attractive synthetic building blocks and the source of available chiral moieties that are
obtained from renewable feedstock. They are widely represented in nature. Therefore, it
seems an attractive strategy to combine a norbornene moiety as a polymerizable part with
a fragment of a terpene as the source of chirality in the same molecule to develop new
optically active polymers for the structure–property study.

Here we report the preparation and ROMP polymerization of a new set of norbornene-
type monomers based on alcohols from cyclic terpenes ((-)-menthol, (-)-borneol, and
pinanol) as well as commercially available alcohols (S-(-)-2-methylbutanol-1, S-(+)-3-octanol).
As a result, a series of high-molecular-weight polymers with good film-forming properties
was successfully obtained. The prepared polymers represent a new attractive platform of
chiral polymeric materials for enantioselective membrane separation and chiral stationary
phases for chromatography. The properties of the metathesis polymers obtained were
studied by TGA and DSC analysis, WAXD, and circular dichroism spectroscopy.

2. Materials and Methods

2.1. Materials

(-)-Menthol, (-)-borneol, S-(+)-3-octanol, S-(-)-2-methylbutanol-1, the 2nd generation
Grubbs catalysts, dicyclopentadiene, 1,2,4-trichlorbenzene, maleic anhydride, Et3N, SOCl2,
and cis-5-norbornene-endo-2,3-dicarboxylic anhydride (endo-NDA) were purchased from
commercial suppliers (Sigma-Aldrich, ABCR GmbH, and TCI) and used as received un-
less otherwise noted. Methylene chloride and 1,2-dichloroethane were distilled over
CaH2 under argon atmosphere and stored over molecular sieves (4 Å). Toluene was
distilled in argon atmosphere and stored over molecular sieves (4 Å). ((1R,2S,5R)-6,6-
Dimethylbicyclo[3.1.1]heptan-2-yl)methanol (pinanol) was prepared according to the pro-
cedure described earlier [36].

2.2. Physico-Chemical Characterization

NMR spectra were recorded on a Bruker Ascend 400 spectrometer at 400.1 MHz (1H),
100.6 MHz (13C) and on a Bruker MSL-300 spectrometer at 300 MHz (1H). Chemical shifts
(δ) are reported in parts per million (ppm) relative to the reference (residual CHCl3 signal)
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for 1H and 13C NMR spectra. Each sample of a polymer for NMR analysis was dissolved in
CDCl3 up to a concentration of 10%.

Gel-permeation chromatography (GPC) analysis of the polymers was performed on
Agilent 1280 Infinity II system with a differential refractometer (THF as the eluent, flow rate
0.3 mL/min). Molecular mass and polydispersity were calculated by standard procedure
relative to monodispersed polystyrene standards.

Calorimetric measurements were conducted using a “Mettler” TA-4000 differential
scanning calorimeter (Mettler Toledo, Giesen, Germany) at a heating rate of 20 ◦C/min
under argon. TGA measurements were carried out on “TGA/DSC 1” (Mettler Toledo,
Polaris Parkway, OH, USA) in argon and in air at the heating rate of 10 ◦C/min from 30 to
1000 ◦C.

Wide-angle X-ray diffraction (WAXD) data were obtained using a two-coordinate AXS
detector (Bruker, Bremen, Germany) and Cu Kα emission (wavelength of 0.154 nm).

Specific rotation was measured using KRÜSS P3000 polarimeter in CHCl3 or THF
(HPLC grade). Circular dichroism (CD) spectra of the monomers and polymers were
measured in chloroform or THF at the concentration of 1 mg/mL. Spectra were recorded
with spectropolarimeter J810 (Jasco, Hachioji city, Tokio, Japan) in the 220–450 nm range
(50 nm/min, 1 nm slit width) in 0.1 cm path-length quartz cells with a detachable window
(Hellma, Jena, Germany). The baseline spectrum was recorded from pure chloroform
or THF.

The density of polymer films was calculated by the hydrostatic weighing method
according to the following procedure. A sample of the film was weighed on analytical
balance (mdry). Thin copper wire was hung on a beam over the balance. The sample
was fixed on the lower end of the wire, immersed in the beaker with methanol placed on
the balance, and weighed (m1). Then, the sample was withdrawn and the free wire end
immersed in methanol was weighed (m2). The density of the film sample was calculated
by the formula: d = dS mdry/(mdry – (m1 – m2)), where dS = 0.791 g/mL is the density of
methanol.

X-ray diffraction data for M2 were collected at 120 K with a Bruker APEXII DUO CCD
diffractometer, using graphite monochromated Cu-Kα radiation (λ = 1.54178 Å, ω-scans),
while those for M1, at 100 K with a Bruker Quest D8 CMOS diffractometer, using graphite
monochromated Mo-Kα radiation (λ = 0.71073 Å, ω-scans). Structures were solved using
Intrinsic Phasing with the ShelXT [37] structure solution program in Olex2 [38] and then
refined with the XL [39] refinement package using Least-Squares minimization against F2

in the anisotropic approximation for non-hydrogen atoms. Positions of hydrogen atoms
were calculated, and they were refined in the isotropic approximation within the riding
model. Crystal data and structure refinement parameters are given in Table S1. CCDC
2213611 (M2) and 2213612 (M1) contain supplementary crystallographic information for
this paper.

High-resolution mass spectra were recorded on Bruker maXis QTOF (tandem quarrupole/
time-of-flight mass analyzer) mass spectrometers equipped with an ESI source. The m/z
scanning range was 50–1600. External calibration of the mass scale was carried out using a
low-concentration calibration solution “Tuning mix” (Agilent Technologies, Santa Clara,
California, USA). Samples were injected using a 500 μL Hamilton RN 1750 syringe (Hamil-
ton, Biel, Switzerland). The measurements were carried out in the positive ion mode (+)
(grounded spray needle, −4500 V high-voltage capillary; HV End Plate Offset: −500 V).
Nitrogen was used as a nebulizer gas (1.0 bar) and dry gas (4.0 L/min, 200 ◦C). The data
were processed using the Bruker Data Analysis 4.0 software.

2.3. Film Preparation

The polymer films were prepared by casting from 5 wt.% chloroform solution of
a polymer. The solution was poured into a steel cylinder with a diameter of 7 cm and
a stretched cellophane bottom. The solvent was allowed to evaporate slowly at room
temperature to yield the desired polymer film. After the formation of the films, the
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cellophane was detached, and the films were dried under vacuum at room temperature to
a constant weight. A thermal treatment was not applied. The thickness of the films formed
was in the range of 40–60 μm.

2.4. Synthetic Part

Cis-5-norbornene-exo-2,3-dicarboxylic anhydride (exo-NDA). In a 1000 mL two-necked
round bottom flask fitted with reflux, dropping funnel with dicyclopentadiene (DCPD,
122.4 mL, 0.909 mol) and a magnetic stirring bar, was placed 300 mL of 1,2,4-trichlorbenzene
and 178 g of maleic anhydride (1.818 mol). The solution was heated to 200 ◦C and DCPD
added dropwise over 20 min. The solution acquired a yellow color, which changed to
dark brown upon further heating. The resulting solution was stirred for 4 h at 200 ◦C.
After that, it was cooled down and left overnight after the addition of n-hexane. The
next day, the crystal precipitate was formed in the flask. The precipitate was separated
and recrystallized 4 times from the minimum amount of benzene. The white crystalline
substance was obtained (54.6 g, yield 18%). M.p.—145–149 ◦C
1H NMR (300 MHz, CDCl3, δ, ppm): 1.50 (dd, 2H, RCH2, J = 10.20); 2.97 (s, 2H); 3.42 (s,
2H); 6.30 (s, 2H, R-CH=CH-R).
13C NMR (100 MHz, CDCl3, δ, ppm): 44.07; 46.82; 48.71; 137.91; 171.59.

2.5. General Procedure for the Synthesis of Monomers M1–M3

The synthesis of M1. The first step was performed similarly to the previously described
procedure with minor differences [40]. A 250 mL round-bottom flask was equipped with
a magnetic stirring bar, and then was filled with 13.4 g (82 mmol) of exo-NDA, 200 mL of
dry toluene, 29.5 mL of triethylamine (210 mmol) and 57.56 g (370 mmol) of (-)-menthol.
The mixture was stirred for 96 h (24 for borneol ester) at 55 ◦C with the conversion control
by 1H NMR spectroscopy. The remaining solvent and triethylamine were evaporated at a
rotary evaporator. The resulting residue was redissolved in 125 mL of diethyl ether. The
solution was washed with 10% hydrochloric acid (3 × 120 mL). The aqueous layer was
extracted with diethyl ether (5 × 200 mL). The organic layers were combined and extracted
with saturated K2CO3 solution (4 × 250 mL). The resulting aqueous phase was washed
once with diethyl ether (150 mL). Then, the aqueous phase was acidified with hydrochloric
acid and extracted with methylene chloride (5 × 200 mL). The combined organic layers
were dried with anhydrous magnesium sulfate filtered and the remaining solvents were
evaporated on a rotary evaporator. As a result, 26.24 g (96% yield) of crude (-)-menthyl
ester of exo-norbornene dicarboxylic acid was obtained.

The second and third steps. In a 100 mL round-bottom flask equipped with a magnetic
stirring bar, 11.34 g (35 mmol) of (-)-menthyl exo-norbornene dicarboxylic acid monoester,
25.5 mL (351 mmol) of thionyl chloride, and 80 mL of absolute toluene were placed with a
couple of drops of DMF. The mixture was stirred for 4 h at 90 ◦C. The remaining excess of
thionyl chloride was removed under vacuum, and the resulting product was dissolved in
150 mL of dry toluene and 3.66 mL of pyridine (1.3 eq.). (-)-Menthol (4.66 g, 30 mmol) was
added to the prepared solution. The resulting mixture was heated to 90 ◦C and stirred for
two hours. Then, toluene was evaporated on a rotary evaporator. The resulting product was
recrystallized from ethanol. The yield of M1 was 13.82 g (86% at this stage). The crystals of
M1 suitable for X-ray analysis were prepared by the slow evaporation of methanol solution
of M1. [α]D

25 = −75 deg·mL·g−1·dm−1 in CHCl3 (C = 1). ESI-(+)HRMS, m/z: 459.3472,
calcd for C29H47O4: 459.3469 [M + H]+.
1H NMR (400 MHz, CDCl3, δ, ppm): 6.26–6.24 (m, 2H, R-HC=CH-R), 4.61–4.76 (m, 2H),
3.15–3.14 (m, 1H), 3.05–3.04 (m, 1H), 2.63–2.62 (m, 1H), 2.55–2.54 (m, 1H), 2.13–2.04 (m, 3H),
2.03–1.86 (m, 2H), 1.76–1.60 (m, 4H), 1.56–1.30 (m, 5H), 1.62–0.76 (m, 24H).
13C NMR (100 MHz, CDCl3, δ, ppm): 172.93–172.78, 138.15–137.77, 74.52–74.24, 47.53, 47.34,
46.95, 46.88, 46.78, 45.68, 45.19, 40.68, 40.23, 34.33, 31.49–31.35, 26.19, 25.96, 23.42, 23.35,
22.07, 20.95, 16.57, 16.25.
Monomer M2
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Endo-NDA was used instead of exo-NDA for M2 synthesis. The yield of M2 was 76%.
The crystals of M2 suitable for X-ray analysis were prepared by the slow evaporation of the
methanol solution of M2. [α]D

20 = −125 deg·mL·g−1·dm−1 in CHCl3 (C = 1). ESI-(+)HRMS,
m/z: 459.3461, calcd for C29H47O4: 459.3469 [M + H]+.
1H NMR (400 MHz, CDCl3, δ, ppm): 6.28 (br. S., 1H), 6.20 (br.s., 1H), 4.68–4.53 (m, 2H),
3.25–3.15 (m, 4H), 2.05–1.96 (m, 2H), 1.95–1.82 (m, 2H), 1.68–1.62 (m, 4H), 1.47–1.23 (m, 7H),
1.10–0.96 (m, 2H), 0.94–0.79 (m, 17H), 0.78–0.70 (m, 6H).
13C NMR (100 MHz, CDCl3, δ, ppm): 171.98, 171.79, 135.32, 134.52, 74.36, 74.00, 48.62, 48.18,
48.14, 47.48, 47.04, 46.78, 40.95, 40.84, 34.50, 34.45, 31.59, 31.45, 26.25, 25.96, 23.42, 23.37,
22.19, 21.09, 21.06, 16.46, 16.36.
Monomer M3

The yield of M3 was 72%. [α]D
20 = −42 deg·mL·g−1·dm−1 in CHCl3 (C = 1). ESI-

(+)HRMS, m/z: 455.3156, calcd for C29H43O4: 455.3156 [M + H]+.
1H NMR (400 MHz, CDCl3, δ, ppm): 6.24 (br. S., 2H), 3.11–3.07 (m, 2H), 2.68–2.63 (m, 2H),
2.43–2.24 (m, 2H), 2.21–2.14 (m, 1H), 2.00–1.85 (m, 2H), 1.81–1.63 (m, 4H), 1.55–1.46 (m, 1H),
1.36–1.12 (m, 5H), 1.12–0.96 (m, 2H), 0.92–0.82 (m, 20H).
13C NMR (100 MHz, CDCl3, δ, ppm): 173.62, 173.61, 137.99, 137.94, 80.40, 80.15, 48.96, 48.58,
47.82, 47.70, 47.38, 45.91, 45.35, 44.86, 44.84, 36.87, 36.14, 28.03, 27.24, 27.22, 19.71, 18.85,
13.65, 13.51.

2.6. General Procedure for the Synthesis of Monomers M4–M6

Synthesis of M5. A 50 mL one-neck flask was equipped with a reflux condenser,
0.93 g (0.57 mmol) exo-NDA, (S)-(-)-2-methylbutanol 1.1 g (1.25 mmol), 0.06 g (0.61 mmol)
para-toluenesulfonic acid, and 30 mL toluene(abs) as a solvent. Molecular sieves (4 Å) were
used as a drying agent. The reaction mixture was refluxed for 14 h and the conversion was
monitored by 1H NMR spectroscopy. The mixture was cooled and washed with saturated
solution of K2CO3 (2 × 15 mL). After that, the organic layer was washed with water (15 mL),
brine (15 mL) and dried over MgSO4. Then, it was filtered and the toluene was evaporated
on a rotary evaporator. The product was purified by silica gel column chromatography
using hexanes/ethyl acetate (40/1) as an eluent. The product was obtained as a colorless
viscous oil (1.3 g, 71% yield). [α]D

20 = +7 deg·mL·g−1·dm−1 in THF (C = 1). ESI-(+)HRMS,
m/z: 321.2038, calcd for C29H29O4: 321.2060 [M + H]+.
1H NMR (300 MHz, CDCl3, δ, ppm): 6.15 (br. s, 2H, R-CH=CH-R), 3.96–3.67 (M, 4H), 3.02
(s, 2H), 2.57 (s, 2H), 2.07 (m, 2H), 1.67–1.55 (m, 2H), 1.45–1.29 (m, 3H), 1.23–1.03 (m, 2H),
0.92–0.77 (m, 12H).
13C NMR (100 MHz, CDCl3, δ, ppm): 172.99, 137.36, 68.82, 46.77, 45.13, 44.80, 33.50, 33.46,
25.48, 15.87, 15.83, 10.66, 10.61.
Monomer M4

The monomer yield was 68%. [α]D
20 = −11 deg·mL·g−1·dm−1 in CHCl3 (C = 1).

ESI-(+)HRMS, m/z: 455.3153, calcd for C29H43O4: 455.3156 [M + H]+.
1H NMR (400 MHz, CDCl3, δ, ppm): 6.20 (s, 2H, R-CH=CH-R), 4.08–4.02 (m, 2H), 3.94–3.89
(m, 2H), 3.08–3.05 (m, 2H), 2.60–2.57 (m, 2H), 2.38–2.30 (m, 4H), 2.13–2.08 (m, 1H), 1.95–1.84
(m, 10H), 1.52–1.41 (m, 3H), 1.19–1.17 (m, 6H), 1.00–0.96 (m, 6H), 0.94–0.90 (m, 2H).
13C NMR (100 MHz, CDCl3, δ, ppm): 173.72, 173.67, 138.09, 138.07, 65.51, 69.30, 47.49, 47.47,
45.90, 45.82, 45.73, 45.54, 46.40, 43.18, 41.39, 41.37, 40.41, 40.30, 38.64, 33.12, 33.07, 27.99,
27.97, 25.98, 23.39, 23.34, 18.94, 18.81.
Monomer M6

The monomer yield was 54%. [α]D
20 = +4 deg·mL·g−1·dm−1 in CHCl3 (C = 1). ESI-

(+)HRMS, m/z: 407.3155, calcd for C25H43O4: 407.3156 [M + H]+.
1H NMR (400 MHz, CDCl3, δ, ppm): 6.17 (s, 2H, R-CH=CH-R), 4.74–4.71 (m, 2H), 3.03–3.02
(m, 2H), 2.54–2.53 (m, 2H), 2.11–2.09 (m, 1H), 1.52–1.42 (m, 9H), 1.37–1.17 (m, 12H),
0.87–0.83 (m, 12H).
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13C NMR (100 MHz, CDCl3, δ, ppm): 173.15, 138.03, 137.99, 75.84, 75.79, 47.45, 47.37, 46.19,
46.08, 45.33, 33.21, 33.13, 31.92, 31.82, 26.55, 26.54, 25.05, 24.93, 22.62, 14.09, 14.06, 9.63, 9.50.
Epoxide based on M5
1H NMR (400 MHz, CDCl3, δ, ppm): 4.03–3.72 (M, 4H), 3.18 (s, 2H), 2.82 (s, 2H), 2.78 (s,
2H), 1.76–0.84 (m, 20H).
13C NMR (100 MHz, CDCl3, δ, ppm): 172.11, 69.68, 50.68, 47.08, 40.97, 34.02, 33.98, 26.03,
23.27, 16.43, 16.40, 11.23, 11.19.
MS (EI, m/z (intensity, %)): 338 (2%, M+), 181 (60%, C9H9O4

+).

2.7. General Procedure of ROMP Polymerization (MP1–MP6)

The synthesis of MP5. The monomer M5 (3.12 g, 9.7 mmol) was dissolved in 15.9 mL of
absolute 1,2-dichloroethane and the solution of the 2-st generation Grubbs catalyst 3.52 mL
(0.0129 mmol, 3.36 × 10−3 M) was added to the monomer solution at stirring. The stirring
was continued for 2 h at 45 ◦C. The polymerization was terminated by the addition of ethyl
vinyl ether with following stirring for 10 min. Then, the polymer solution was precipitated
by methanol containing the inhibitor (2,2′-methylenebis(6-tert-butyl-4-methylphenol)). The
polymer was separated, washed with several portions of methanol, and dried in vacuum.
The polymer was twice reprecipitated by methanol from the chloroform solution and dried
in vacuum to a constant weight (3.00 g, 96% yield). Mw = 4.57 × 105, Mw/Mn = 2.2. [α]D

22

= 9 deg·mL·g−1·dm−1 in THF (C = 1).
1H NMR (400 MHz, CDCl3, δ, ppm): 5.51–5.23 (m, 2H, HRC=CRH), 3.94–0.72 (m, 31H).
13C NMR (100 MHz, CDCl3, δ, ppm): 178.14–178.10 (C=O), 133.37–131.80, 69.74–69.30,
53.91–52.62, 45.71–44.80, 41.25–39.45, 34.27–33.96, 26.31–26.05, 16.72–16.33, 11.41–11.23.
Polymer MP1

The polymer yield was 96%. Mw = 4.88× 105, Mw/Mn = 2.1. [α]D22 =−59 deg·mL·g−1·dm−1

in CHCl3 (C = 1).
1H NMR (400 MHz, CDCl3, δ, ppm): 5.55–4.51 (m, 4H), 3.56–0.56 (m, 42H).
13C NMR (100 MHz, CDCl3, δ, ppm): 172.87–171.44, 134.54–131.65, 74.50–74.00, 54.31–52.07,
47.55–44.51, 41.26–39.18, 34.72–34.13, 31.90–31.32, 26.62–25.70, 23.86–23.18, 22.61–21.82,
24.41–20.85, 16.97–16.10.
Polymer MP2

The polymer yield was 74%. Mw = 1.9 × 105, Mw/Mn = 1.6. [α]D22 = −64 deg·mL·g−1·dm−1

in CHCl3 (C = 1).
1H NMR (400 MHz, CDCl3, δ, ppm): 5.74–5.28 (m, 2H), 4.81–4.55 (m, 2H), 3.31–0.45 (m, 42H).
13C NMR (100 MHz, CDCl3, δ, ppm): 171.94–170.91, 132.14–130.53, 75.12–73.81, 52.21–15.62.
Polymer MP3

The polymer yield was 94%. Mw = 4.69× 105, Mw/Mn = 2.1. [α]D22 =−34 deg·mL·g−1·dm−1

in CHCl3 (C = 1).
1H NMR (400 MHz, CDCl3, δ, ppm): 5.66–5.12 (m, 2H), 5.01–4.71 (m, 2H), 3.31–0.45 (m, 38H).
13C NMR (100 MHz, CDCl3, δ, ppm): 173.15–171.92, 133.42–131.48, 80.68–79.12, 53.62–13.52.
Polymer MP4

The polymer yield was 95%. Mw = 5.8 × 105, Mw/Mn = 2.9. [α]D22 = −11 deg·mL·g−1·dm−1

in CHCl3 (C = 1).
1H NMR (400 MHz, CDCl3, δ, ppm): 5.50–5.11 (m, 2H, HRC=CRH), 4.12–0.77 (m, 40H).
13C NMR (100 MHz, CDCl3, δ, ppm): 172.94–172.52, 133.20–132.26, 69.29–69.27, 53.58–52.59,
45.25–38.60, 33.20–33.00, 28.12–27.95, 25.98–25.96, 23.42–23.41, 19.05–18.95
Polymer MP6

The polymer yield was 92%. Mw = 2.69 × 105, Mw/Mn = 2.2. [α]D22 = +4 deg·mL·g−1·dm−1

in CHCl3 (C = 1).
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1H NMR (400 MHz, CDCl3, δ, ppm): 5.54–5.13 (m, 2H), 4.81–4.64 (m, 2H), 3.53–0.76 (m, 38H).
13C NMR (100 MHz, CDCl3, δ, ppm): 172.93–171.85, 134.12–131.61, 76.16–75.43, 54.30–52.16,
46.07–44.27, 41.03–39.23, 33.73–32.86, 32.16–31.58, 27.12–26.25, 25.50–24.51, 22.95–22.43,
14.55–13.79, 9.97–9.39.

2.8. Synthesis of Polymer MP7

The monomer M1 (0.30 g, 0.66 mmol) was dissolved in 0.80 mL of absolute toluene.
RuCl3·3H2O (3.5 mg, 0.011 mmol) was dissolved in 1.0 mL of EtOH (abs) and the solution
was stirred for 15 min. After that, the solution of M1 in toluene was added to the solution
of RuCl3 in ethanol. The resulting mixture was heated for 48 h at 75 ◦C. Then, the reaction
mixture was precipitated by methanol containing the inhibitor (2,2′-methylenebis(6-tert-
butyl-4-methylphenol)). The polymer was separated, washed with several portions of
methanol, and dried in vacuum. The polymer was twice reprecipitated by methanol from
the chloroform solution and dried in vacuum to a constant weight. The polymer yield was
18% (52.5 mg). Mw = 2.9 × 105, Mw/Mn = 2.6. [α]D

22 = −46 deg·mL·g−1·dm−1 in CHCl3
(C = 1). Tg = 81 ◦C.
1H NMR (400 MHz, CDCl3, δ, ppm): 5.54–5.37 (m, 2H), 4.75–458 (m, 2H), 3.10–0.55 (m, 42H).

3. Results and Discussion

3.1. Synthesis of Monomers

Herein we designed and synthesized two sets of new chiral di-substituted norbornene-
type monomers (Schemes 1 and 2). The chiral groups in these monomers are attached to
norbornene moiety via ester linkages. As the source of norbornene moiety, cis-5-norbornene-
exo-2,3-dicarboxylic anhydride (exo-NDA) was chosen due to its preparative availability
and high reactivity. As starting materials for introducing chiral fragments, renewable
optically active alcohols ((-)-menthol, (-)-borneol, and pinanol), as well as commercial chiral
primary and secondary alcohols, were used.

Scheme 1. The synthesis of monomers M1–M3 (*M2 is endo-isomer of M1).

 
Scheme 2. The synthesis of monomers M4–M6.

The required monomers were readily prepared in moderate or good yields according
to one- and three-step procedures (Table 1). Primary and less sterically hindered alcohols
reacted directly with exo-NDA with the formation of the corresponding diesters (Scheme 2).
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This scheme was found to be inefficient for the preparation of diesters of cis-5-norbornene-
exo-2,3-dicarboxylic acid based on (-)-menthol and (-)-borneol. Therefore, an alternative
way for the synthesis of the corresponding diesters from (-)-menthol and (-)-borneol was
realized (Scheme 1). By the usage of this scheme, a diester M2, which is an isomer of M1,
was also obtained from endo-NDA and (-)-menthol to evaluate the influence of exo-/endo-
isomerism on the properties of resulting polymers. It is worth noting that intermediates
formed in the first step of the three-step procedure can be isolated as mixtures of the
diastereomers (Scheme 1).

Table 1. The data on the synthesis and some properties of the monomers.

Monomer
Reaction

Conditions a Yield, %
[α]D

b,
deg·mL·g−1·dm−1 Tm, ◦C

M1 i 83 −75 (T = 25 ◦C, CHCl3) 86–89
M2 i 76 −125 (T = 20 ◦C, CHCl3) 97–100
M3 i 72 −42 (T = 25 ◦C, CHCl3) 96–98
M4 ii 68 −11 (T = 20 ◦C, CHCl3) Colorless oil
M5 ii 71 +7 (T = 20 ◦C, THF) Colorless oil
M6 ii 54 +4 (T = 20 ◦C, CHCl3) Colorless oil

a: i—three-step procedure, (1) alcohol (4.5 eq.), Et3N, toluene, 55 ◦C. (2) SOCl2, DMF (few drops), toluene, 90 ◦C.
(3) alcohol (0.9 eq.), pyridine, 90 ◦C; ii—one-step procedure, alcohol (1.05 eq.), toluene, TsOH, reflux. b: the specific
optical rotation was measured at C = 1.

All the synthesized monomers were isolated as individual compounds. Their structure
and purity were analyzed by 1H, 13C NMR spectroscopy (Figures S1–S11), and HRMS
(Figures S13–S18). In the case of solid monomers M1 and M2, X-ray analysis was addi-
tionally performed (Figure 2, Table S1), which confirmed the expected structures of the
studied monomers. The specific optical rotations for the monomers were nonzero (Table 1).
The optical activity of these compounds was also confirmed by circular dichroism (CD)
spectroscopy, showing a Cotton effect (Figures S31–S35).

 
(a) (b) 

Figure 2. The structure of M1 (a) and M2 (b) according to X-ray analysis.

Interestingly, the synthesized diesters showed a tendency to be slowly oxidized with
atmospheric oxygen. We found that M5 was oxidized with atmospheric oxygen for sev-
eral months, affording the corresponding epoxide in the quantitative yield (Scheme 3,
Figures 3 and S12). This is different from the related N-substituted imides of cis-5-norbornene-
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exo-2,3-dicarboxylic acid which are stable in the air [41]. Therefore, it is desirable to store
such diesters in an inert atmosphere.

 
Scheme 3. The oxidation of M5 during storage in air.

 

Figure 3. 1H NMR spectrum of the epoxide based on M5 (CDCl3).

3.2. Ring-Opening Metathesis Polymerization

Ring-opening metathesis polymerization of the synthesized monomers was studied
in the presence of the second-generation Grubbs catalyst (Scheme 4). All the monomers
exhibited high reactivity. ROMP polymerization of diesters of cis-5-norbornene-exo-2,3-
dicarboxylic acid proceeded for a couple of hours at catalyst loadings of 0.1–0.2 mol.% with
the formation of soluble high-molecular weight products in good and high yields (Table 2).
For the synthesized polymers, relatively narrow values of molecular weight distributions
were found.
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Table 2. ROMP polymerization of diesters of cis-5-norbornene-2,3-dicarboxylic acid over the 2nd
generation Grubbs catalyst a.

Polymer
Monomer/[Ru]

Molar Ratio
C, M b Yield,

%
Mw × 10−3 Mw/Mn

c Tg, ◦C d [α]D
e,

deg·mL·g−1·dm−1

MP1 

1000/1 0.5 96 488 2.1 80 −59

MP2 

750/1 0.5 74 190 1.6 136 −64

MP3 

500/1 0.5 94 469 2.1 139 −34

 
MP4 

1000/1 0.5 95 582 2.9 68 −11

MP5 

500/1 0.5 96 457 2.2 −9 +10 f

MP6 

500/1 0.5 92 269 2.2 −30 +4

a—reaction temperature—+45 ◦C, solvent—1,2-dichloroethane, [Ru]—the 2nd generation Grubbs catalyst; b—the
initial concentration of a monomer; c—the molecular weights of polymers were estimated by means of gel
permeation chromatography in THF; d—glass transition temperature according to DSC; e—the specific optical
rotation was measured at 22 ◦C in chloroform solution at C = 1; f—the specific optical rotation was measured in
THF solution.

The reactivity of the endo-isomer was noticeably lower than that of the exo-isomer (M2

vs. M1, Table 2). Nevertheless, we succeeded to obtain ROMP polymer from M2 with high
Mw (above 1 × 105) in a good yield. The analysis of the prepared ROMP polymers with
NMR-spectroscopy confirmed the expected structure (Figures 4 and S19–S30). The cis-/trans-
ratio of double bonds in monomer units of these polymers (Figures 5 and 6) was analyzed
with 1H NMR spectroscopy. The signals of protons at cis- and trans-double bonds for
these polymers are at around 5.2 ppm and 5.35 ppm, correspondingly. This was confirmed
by the synthesis of the isomeric ROMP polymer from M1 (polymer MP7, Figure 6) in
the presence of RuCl3·3H2O/ethanol catalytic system, which gives ROMP polymers with
predominantly trans-double bonds (>90%). The studied ROMP polymers obtained over
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the second generation Grubbs catalyst contained a little more cis- than trans-double bonds
(53–60%, e.g., the cis-/trans-double bond ratio was 54/46 for MP1).

 

Scheme 4. Ring-opening metathesis polymerization of the prepared monomers (*MP2 was obtained
from M2 (endo-isomer of M1)).

Figure 4. 1H NMR spectra of M6 and the corresponding ROMP polymer from M6 (CDCl3).

Figure 5. The structure of monomer units of MP4 with trans- and cis-double bonds.
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Figure 6. The parts of 1H NMR spectra of the isomeric ROMP polymers obtained from M1: MP1 (red
curve) and MP7 (blue curve).

These ROMP polymers are optically active as it was established by the measurements
of the specific optical rotations (Table 2) and by CD spectroscopy (Figures S31–S35). The
cis/trans-ratio of double bonds has an effect on optical activity. For instance, MP1 and
MP7 are isomeric ROMP polymers differing in the ratio of cis/trans-double bonds (>98%
trans-double bonds in MP7 and 46% of trans-double bonds in MP1). The specific opti-
cal rotations are −59 deg·mL·g−1·dm−1 and −46 deg·mL·g−1·dm−1 for MP1 and MP7,
correspondingly. It should be noted that the cis/trans-ratio of double bonds can affect
the secondary structure of the obtained polymers, forming, for example, a helix in the
case of polymers containing predominantly one type of double bond. This study is in
progress now.

The resulting ROMP polymers showed good solubility in THF and chloroform while
swelling in many other common organic solvents (Table 3). The good solubility and
high molecular weights allowed preparing free-standing and robust thin films from these
polymers (Figure 7).

  

Figure 7. The photographs of the powder and thin films of MP3.
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Table 3. Solubility of the ROMP polymers synthesized from diesters of cis-5-norbornene-2,3-
dicarboxylic acid a.

Polymer CH3CN Acetone DMA DMSO n-Hexane PhCH3 THF CHCl3

 
MP1 

± ± ± – + ± + +

 
MP3 

– ± ± – ± + + +

 
MP4 

± ± ± ± ± + + +

MP5 

± ± ± ± ± + + +

MP6 

– + ± ± ± + + +

a—“+”—soluble, “–”—insoluble, and “±”—swelling.

The density of the obtained polymers exceeded 1.0 g/cm3 (Table 4), which is unusual
because, for related halogen-free polymers, the density is typically less than 1 g/cm3.
Despite the high density, the fraction free volume (FFV) for these polymers is in the range
of 16–17%, which is higher than the values typical for polymers with low free volume [42].
It is possible that the obtained FFV values can be explained by the presence of bulky and
rigid side-substituents in such polymers, which create free-volume elements near them.

The synthesized polymers showed glass transition temperatures (Tg) in the range of
−30 to +139 ◦C (Table 2), depending on the substituents’ nature. At the same time, there
were no melting peaks in the DSC curves (Figure S36), which indicates the amorphous
nature of the prepared polymers. The ROMP polymers with long flexible alkyl groups had
the lowest values of Tg, while the highest Tg was observed for the ROMP polymer with
bulky and rigid borneol moieties in side chains. Interestingly, isomeric polymers based
on exo-NDA and endo-NDA diesters (MP1 vs. MP2) showed very different Tg values, and
MP2 derived from endo-NDA had a higher Tg value, evidencing that MP2 possesses more
rigid polymeric backbones.

TGA analysis of the synthesized ROMP polymers showed their high thermal stability
(Figures 8 and S37–S42). The decomposition temperatures (5 wt.% loss) in argon and in
air were close and exceeded 300 ◦C. For some of the resulting polymers, a small weight
loss (1–2%) was observed around 180–200 ◦C, probably due to traces of sorbed water
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(Figure 8b). Char yields at 1000 ◦C were close to zero, which indicates the almost complete
decomposition of the polymers at high temperatures.

Table 4. Density and fractional free-volume (FFV) for ROMP polymers synthesized from diesters of
cis-5-norbornene-2,3-dicarboxylic acid a.

Polymer Density, g/cm3 FFV, %

MP1 

1.033 16

MP3 

1.064 17

MP4 

1.110 13

a—the density of polymer films was determined by the hydrostatic weighing; fractional free-volume was calculated
by Bondi’s method [43] from the density of polymer films.

The state of polymers is another important characteristic that determines the per-
formance of a polymer in many applications. According to the WAXD study, all the
synthesized polymers are amorphous (Figure 9). WAXD patterns for MP1, MP2, MP5

and MP6 are represented by two broad signals. At the same time, for MP3 and MP4 the
second peak was not observed and WAXD patterns are represented by one intensive broad
peak at larger 2θ angles. The WAXD patterns of MP1 were the same before and after
heating the polymer sample, and the intensity of the peak in WAXD patterns only slightly
changed after heating (Figure S43), confirming the amorphous nature of the polymer. It is
worth noting that usually there is a single broad peak for conventional amorphous glassy
polymers in their WAXD patterns. Two signals in WAXD patterns of MP1, MP2, MP5 and
MP6 are not usual for amorphous glassy polymers. It was shown that the signals at higher
2θ angles are related to intrasegmental interactions and the signals at lower 2θ angles to
intersegmental interactions [44,45]. Therefore, it seems that both intra- and inter-segmental
interactions are significant in the case of MP1, MP2, MP5 and MP6. Within this group
of polymers, d1- and d2-distances are practically the same (Table 5). In turn, MP3 and
MP4 had d1-distances close to d2-distances for MP1, MP2, MP5 and MP6 polymers. It
should be noted, although there is no clear trend between WAXD data and real porosity,
the polymers with larger d-spacings often have a more porous structure [46]. Thus, a more
porous structure in the case of MP1, MP2, MP5 and MP6 can be expected.

Table 5. The intersegmental and intrasegmental distances (d, Å) evaluated with Bragg-formula for
the prepared ROMP polymers.

Polymer 2θ1,◦ d1, Å 2θ2,◦ d2, Å

MP1 9.2 9.6 17.6 5.0
MP2 9.1 9.7 17.8 5.0
MP3 15.2 5.8 - -
MP4 15.9 5.6 - -
MP5 9.3 9.5 17.6 5.0
MP6 9.1 9.7 19.0 4.7
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(a) (b) 

 
(c) 

Figure 8. TGA curves for MP1 (a), the enlarged TGA curves for MP1 (b), and TGA curves for MP6 (c).

Figure 9. Wide-angle X-ray diffraction (WAXD) patterns for the prepared ROMP polymers.
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The amorphous nature of the synthesized polymers, good film-forming properties, and
high thermal stability, combined with the facile method of the synthesis, make these poly-
mers attractive for the detailed study of their properties in the future as promising materials
for dense enantioselective membranes and chiral stationary phases for chromatography.

4. Conclusions

A set of new optically active polymers was developed based on chiral norbornene-type
monomers. The desired monomers were readily prepared in good yields by the esterifi-
cation of cis-5-norbornene-2,3-dicarboxylic anhydride with alcohols from the renewable
sources ((-)-menthol, (-)-borneol, and pinanol) and with commercially available alcohols
(S-(-)-2-methylbutanol-1, S-(+)-3-octanol). ROMP polymerization of these monomers over
the second-generation Grubbs catalyst afforded the metathesis polymers in good yields
with high-molecular weights. The synthesized ROMP polymers showed high thermal
stability. They had good film-forming properties, giving free-standing thin films from
solutions suitable for studying membrane properties. The properties of the polymers
strongly depended both on the nature of side groups and the type of their bonding with
monomer units (exo-/endo-isomerism). Glass transition temperatures for the prepared poly-
mers can be varied in a wide range (from −30 ◦C to +139 ◦C) and, therefore, the state of
the polymers can be changed from rubbery to glassy. Thus, it is possible to fine-tune the
properties of these polymers to achieve the desired characteristics by changing the nature
of the side chains. The prepared polymers represent a new attractive platform of chiral
polymeric materials for enantioselective membrane separation and chiral stationary phases
for chromatography.
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Figure S43: WAXD patterns of MP1; Table S1: Crystal data and structure refinement details for M1
and M2.
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Abstract: Commercial diol chain extenders generally could only form two urethane bonds, while abundant
hydrogen bonds were required to construct self-healing thermoplastic polyurethane elastomers (TPU).
Herein, two diol chain extenders bis(2-hydroxyethyl) (1,3-pheny-lene-bis-(methylene)) dicarbamate (BDM)
and bis(2-hydroxyethyl) (methylenebis(cyclohexane-4,1-diy-l)) dicarbamate (BDH), containing two carba-
mate groups were successfully synthesized through the ring-opening reaction of ethylene carbonate (EC)
with 1,3-benzenedimetha-namine (MX-DA) and 4, 4′-diaminodicyclohexylmethane (HMDA). The two
chain extenders were applied to successfully achieve both high strength and high self-healing ability. The
BDM-1.7 and BDH-1.7 elastomers had high comprehensive self-healing efficiency (100%, 95%) after heated
treatment at 60 ◦C, and exhibited exceptional comprehensive mechanical performances in tensile strength
(20.6 ± 1.3 MPa, 37.1 ± 1.7 MPa), toughness (83.5 ± 2.0 MJ/m3, 118.8 ± 5.1 MJ/m3), puncture resistance
(196.0 mJ, 626.0 mJ), and adhesion (4.6 MPa, 4.8 MPa). The peculiar mechanical and self-healing properties
of TPUs originated from the coexisting short and long hard segments, strain-induced crystallization
(SIC). The two elastomers with excellent properties could be applied to engineering-grade fields such as
commercial sealants, adhesives, and so on.

Keywords: carbamate-containing chain extenders; high strength; high self-healing ability; adhesive
properties

1. Introduction

Artificial polymer materials are often unusable or have their service life greatly re-
duced after physical damage, resulting in environmental pollution and a great waste of
resources [1–3]. Studies have found that almost all natural organisms can spontaneously
heal themselves after physical injury, greatly increasing their survival capacity and life
span [4,5]. The salamander, for example, has an amazing ability of self-healing and can
heal almost any organ [6]. Based on the inspiration that living things can heal themselves,
people have been devoted efforts to the research of self-healing polymer materials in recent
decades, which can increase the service life of materials, preserve their stability, reduce the
maintenance cost, and further relieve the pressure of resource waste and environmental
pollution [7,8].

In terms of the healing mechanism, the healing modes of polymer materials can be
divided into external healing and internal healing. The latter has attracted more attention
given its repeatable self-healing and low influence on material properties. Internal healing
introduces dynamic reversible covalent bond [9–15] or non-covalent bond [16–19] into the
polymer chain to achieve self-healing more efficiently. Internally healed polymer materials
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are widely used considering their high-level applicability and mass production [20–22]
while polyurethane elastomer has become one of the most widely used polymer materials
by virtue of its excellent properties [23–25]. Self-healing polyurethane materials are widely
applied in electronic skin, intelligent sensors, biomedical materials, and many other areas,
where the mechanical properties of self-healing polyurethane materials are generally poor.
However, in some sealants and commercial coatings [26], polyurethane materials are
required to be self-healing and have high requirements for mechanical properties such
as strength and toughness. Therefore, it is of great significance to develop self-healing
polyurethane elastomers with a strong self-healing ability, as well as excellent strength and
toughness performance in these fields.

It is undeniable that the mobility of chain segments is the most critical factor in
promoting self-healing in the internal healing mode of polyurethane elastomers [2,27].
High self-healing efficiency of elastomers has poor mechanical properties in most
cases [28–31]. The strength rise of polyurethane elastomer is generally accompanied by
the content rise of hard segments, forming more physical cross-linking points between
soft segments. It is not conducive to self-healing when the movement of the chain
segments is limited. It composes a paradox that improvement in mechanical properties
is followed by a decline in self-healing efficiency. Therefore, it is still challenging
to find rational molecular chain design and innovative strategies to resolve such a
contradictory relation [4,32].

An innovative strategy was proposed to develop polyurethane elastomers with high
strength self-healing ability, and solve the contradiction between mechanical properties and
the self-healing ability of TPU. Polytetramethylene ether glycol (PTMEG) was selected as
the polymeric diol because its SIC would produce a mechano-response self-strengthening
effect, which will further synchronously strengthen and toughen the elastomer [33–36].
Carbamate-containing chain extenders, BDM and BDH, were successfully synthesized
from inexpensive raw materials. BDM and BDH were incorporated into the polyurethane
backbone, with high steric hindrance benzene and cyclohexane. These large steric groups
made the whole hard segments loosely-stacked, which rendered the chain segments strong
fluidity, and endowed the elastomers with high self-healing performance. The special
design of the long and short hard segments in BDM and BDH elastomers facilitated the
formation of SIC and introduced suitable amounts of hydrogen bonds, which granted TPU
high mechanical properties.

2. Experimental

2.1. Materials

PTMEG (Mn = 1000 g/mol, f = 2), dibutyltin dilaurate (DBTDL), and ethylene glycol
(EG) were purchased from Aladdin (Shanghai, China). EC, MXDA, HMDA and 4,4′-
dicyclohexylmethane diisocyanate (HMDI) were from Macklin (Shanghai, China). None of
the above chemicals were further purified. Both toluene and tetrahydrofuran (THF) were
redistilled by CaH2 for use.

2.2. Synthesis of BDM, BDH

BDM and BDH were synthesized from EC, MXDA, and HMDA via ring-opening
reactions. At room temperature, EC and MXDA or HMDA were mixed thoroughly
in a 250-mL flask in a molar ratio of 2.05/1 (MXDA strongly reacting with EC and
should be added in batches). The temperature of the reaction system was raised to
120 ◦C, when the reaction would last for 12 h. To ensure the full reaction of MXDA
and HMDA, the amount of EC was slightly excessive during such a process. After the
reaction, the product was correspondingly dissolved, recrystallized, filtered and dried
to get BDM and BDH powder (Figures S1 and S2 from Supplementary Materials). FTIR
(Figures S3a and S4a, Tables S1 and S2) and 1HNMR (Figures S3b and S4b) proved the suc-
cessful synthesis of BDM and BDH.
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2.3. Synthesis of Polyurethane Elastomers Using BDM and BDH as Chain Extenders

Two types of linear polyurethane elastomers with different R values (defined as
the molar ratio of isocyanate group to hydroxyl group in PTMEG[NCO]/[OH]) were
synthesized via the same process. Take the synthesis process of BDM-2.0 elastomer as an
example: firstly, PTMEG (20.0 g, 20.0 mmol) was added into a 250-mL four-neck flask
with a mechanical stirrer and a mercury thermometer, then heated at 120 ◦C with an
electric heating jacket for 1 h under vacuum to remove the residual moisture in PTMEG,
and cooled to 60 ◦C after that. HMDI (10.5 g, 40.0 mmol) was added into the flask
and stirred at 80 ◦C for 1 h under argon gas protection. Then, DBTDL (about 2.5 mg,
4.0 × 10−3 mmol) was added and reacted at 80 ◦C for 2 h to obtain the prepolymer.
After that, BDM (6.2 g, 20.0 mmol) was added, and then 70 mL of THF was added to the
system and stirred at 60 ◦C for about 0.5 h (to adjust the viscosity and dissolve BDM
powder). After BDM was completely dissolved, 100 mL of toluene solution and DBTDL
(25.3 mg, 4.0 × 10−2 mmol) were added to react at 80 ◦C for 2 h, so that all NCO groups
could be completely consumed. The product was poured into the prepared rectangular
mold, dried at 80 ◦C for 48 h, and then dried in a vacuum drying oven at 80 ◦C for 24 h to
remove the residual solvent. The obtained polyurethane film (1 ± 0.2 mm) was labeled
as BDM-2.0. With EG as chain extender and R = 1.7, the polymer was synthesized and
labeled as EG-1.7.

2.4. Tensile Tests

Mechanical properties including puncture, tensile strength, elongation at break and
toughness were tested by a 500 N load sensor tension tester (TH-8203A, TOPHUNG Inc.,
Suzhou, China): while dumbbell (DIN 53504, Type S1) samples were cut from the prepared
elastomer film (1 ± 0.2 mm) and tensile tests were also performed at a constant rate of
100 mm/min at room temperature. A steel needle was mounted on the same tensile testing
machine, and the puncture test was carried out at a constant speed of 50 mm/min until
about 0.5 mm of the film was penetrated. Puncture energy was calculated by integral of
force–displacement curve. At room temperature, the spline was stretched to 300% strain at
a constant rate of 50 mm/min. After five cycles of continuous loading and unloading, the
cyclic stretching curve could be obtained after staying at room temperature for 12 h and
after one recirculating. Self-healing performance was evaluated by tensile test according to
the following methods: at least five dumbbell samples were cut with a razor in the middle
and splice immediately. The tensile test was carried out after a certain period of treatment
at different temperatures. Self-healing efficiency (S.E.) was calculated by tensile strength,
elongation and toughness: (Phealed/Poriginal) × 100%, where P is tensile strength, elongation
at break or toughness.

2.5. Adhesion Tests

Tensile shear strength tests were conducted by a 100 KN load sensor tension tester (TH-
8100A, TOPHUNG Inc., Suzhou, China) with a 100 mm × 25 mm × 0.8 mm steel plate lap
whose, lap area was 25 mm × 12.5 mm. Not less than 5 samples were heated in the oven
at 80 ◦C and 150 ◦C for a certain time, then adjusted 24 h to the equilibrium state at room
temperature and tested at a constant speed of 50 mm/min. Tensile shear strength τ = F/B
(unit: MPa), where F is the maximal shear failure load (N) and B is the lap area (mm2).

2.6. Characterizations

The film samples were under FTIR test in the attenuated total reflection (ATR) mode
using a Bruker ALPHA II (Baden, Württemberg, Germany) Fourier transform infrared
spectrometer. The resolution was 4 cm−1, the amount of scanning, 32; and the spectral
scanning, ranging from 4000 to 500 cm−1. Nicolet 6700 produced by Thermo Electron
Company (Waltham, MA, USA) in the United States was used for variable-temperature
FTIR experiments. The test temperature was from 25 to 105 ◦C while the interval tem-
perature was 10 ◦C, and the residence time was 3 min. The 1HNMR test was performed
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by Bruker Avance 400 MHz (Baden, Württemberg, Germany), DMSO and CDCl3 as
solvent. Gel permeation chromatography (GPC, Agilent LC1200, Agilent Technologies,
Santa Clara, CA, USA) evaluated molecular weight and polydispersion index with THF
as a mobile phase. DSC measurements were carried out using TA-DSC250 (TA Instru-
ments, New Castle, DE, USA) at a heating rate of 10 ◦C/min in a nitrogen atmosphere.
During the first operation, the temperature dropped from to −50 ◦C for 3 min, and
then increased to 150 ◦C and kept for 3 min. For the second run, the temperature was
lowered from 150 to −50 ◦C and finally to 150 ◦C. Each sample was scanned at the rate
of 10 ◦C/min. Polarization optical microscope (POM, Olympus BX61, Olympus, Tokyo,
Japan) was used to observe the surface self-healing of the samples. Small Angle X-ray
scattering (SAXS) was performed by Bruker-Anaostar (Bruker, Karlsruhe, Germany) at
50 KV and 0.6 mA. The radiation source was Cu Kα, λ= 1.54056 Å, and the distance
between the sample and the detector was 450 mm. Rheological properties were tested
using a rotational rheometer (Malvern, London, UK) with a 20 mm circular membrane.
Frequency sweeping was at a strain amplitude of 0.1%, in the range of 0.1–100 Hz
(90 ◦C). Temperature sweeping was in the range of 25 to 150 ◦C.

3. Results and Discussion

3.1. Molecular Design

The two chain extenders with carbamate groups, BDM and BDH, were synthesized
by ring-opening reaction (Figure 1a): given that their benzene ring and two cyclohexyl
groups, which possessed high steric resistance and loosely-stacked hard segments struc-
ture, could be formed in the elastomer, their carbamate groups within the synthesized
chain extenders also introduce further more hydrogen bonds. The special structure
of these two chain extenders laid a foundation for the preparation of high mechanical
properties and high self-healing elastomers. BDM and BDH were skillfully introduced
into TPU by the two-step prepolymer method. In the first step, HMDI reacted with
PTMEG to generate prepolymers and form short hard segments. The specific feed ratio
of HMDI/PTMEG was showed in Tables S3 and S4. In the second step, BDM and BDH,
as chain extenders, formed loosely-stacked short hard segments and long hard segments
(Figure 1b,c). FTIR (Figure S5a,b and Tables S5 and S6), 1HNMR (Figure S6a,b) and GPC
(Figure S7a,b and Tables S7 and S8) proved that the above methods could successfully
synthesize BDM-based, BDH-based and EG-1.7 thermoplastic polyurethane elastomers.

 

Figure 1. (a) Synthetic routes of BDM and BDH; (b) Molecular structure of BDM-1.7 elastomers em-
bedded with short and long hard segments; (c) Molecular structure of BDH-1.7 elastomers embedded
with short and long hard segments; (d) Molecular structure of EG-1.7 elastomers embedded with
short and long hard segments.

Polyurethane elastomer contained polar groups such as carbamate. Due to its large co-
hesion, hydrogen bonds could be formed between molecules and spontaneously aggregate
into a hard phase region, while the chain segments of polyesters or polyether diols with
weak polarity aggregated into a soft phase region. The hard phase and soft phase were
thermodynamically incompatible, resulting in a special phase morphology-microscopic
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phase separation. The special phase morphology of BDM-1.7 and BDH-1.7 elastomers
was characterized by SAXS. As showed in Figure 2a, an obvious scattering peak existed
inevitably due to different electron densities of the soft phase and the hard phase. The
results showed that there was a microphase separation structure between these two phases,
when the hard phase acted as physical cross-linking points within the soft phase, which
enhances BDM-1.7 and BDH-1.7 elastomer strength.

BDM-1.7 and BDH-1.7 elastomers were tested by variable-temperature FTIR, and
the test results were shown in Figure 2b,c. The characteristic peaks of the C=O group
in BDM-1.7 and BDH-1.7 were subjected to the same trend with the temperature.
BDM-1.7 spectrum was taken as an example to explain that, from 25 to 105 ◦C, the
intensity of C=O characteristic peak (1716 cm−1) in the free state of amide I gradually
increased, while the trend of C=O characteristic peak (1705 cm−1) in the hydrogen bond
association state of amide I performed opposite, indicating the dynamic reversibil-
ity of hydrogen bonds in BDM-based and BDH-based elastomers with the increase
of temperature.

3.2. Mechanical Properties

Next, the mechanical properties of BDM-based and BDH-based elastomers were
discussed from the aspects of tensile, puncture, and cyclic tensile experiment, showing
that the hard phase possessed the advantage of both short and long hard segment struc-
ture. Stress-strain curves of the BDM-based and BDH-based elastomers were shown in
Figure 2d,e, and specific data were shown in Tables S9 and S10. It was obvious that the
elongation at break decreased with increasing R values while the ultimate tensile strength
augmented with increasing R values. It also showed that the content of the long hard
segment greatly influenced strain hardening. The tensile strength of BDM-1.7 and BDH-1.7
elastomers was found to be significantly increased, due to the SIC effect of soft phase PT-
MEG chain in synthetic TPU elastomers, which played a positive role in the strengthening
and toughening. The tensile strength of BDM-1.4 and BDH-1.1 was only 0.61 ± 0.01 MPa
and 0.19 ± 0.03 MPa, respectively. Although the molecular weight of synthesized TPU was
high, the low content of long hard segments made the amounts of physical cross-linking
points too small (Tables S3 and S4), and the density was not enough to maintain the in-
tegrity of polyurethane network structure during the tensile process. The chain segment
would be broken when the strain was low. The tensile strength of BDH-1.7 and BDH-1.7
elastomers was 20.55 ± 1.3 MPa and 37.07 ± 1.7 MPa, and the elongation at break was
1667 ± 56% and 1128 ± 53%, respectively. The special design of the long and short hard
segments in BDM-1.7 and BDH-1.7 elastomers facilitates the formation of SIC and intro-
duced suitable amounts of hydrogen bonds. At this time, the elastomer possessed a high
content of long hard segments, forming a large number of physical cross-linking points,
so that the whole polymer network could restrict chain migration in the tensile process,
resulting in higher mechanical properties.
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Figure 2. (a) SAXS results of BDM-1.7, BDH-1.7 elastomers; (b) Variable-temperature FTIR spectra of
BDM-1.7; (c) Variable-temperature FTIR spectra of BDH-1.7; (d) Stress-strain curves of BDM-based
elastomers; (e) Stress-strain curves of BDH-based elastomers; (f) Stress-strain curves of BDH-1.7,
EG-1.7 elastomers and a tape of BDH-1.7 elastomer lifting a heavy bucket.

To intuitively highlight the advantages of the special structures of BDM and BDH in
enhancing the mechanical properties of polyurethane elastomers, EG-1.7 elastomer was
synthesized, with EG, which had no carbamates and a low steric resistance, as a chain
extender. Figure 2f showed the stress-strain curves of BDH-1.7 and EG-1.7 elastomers. EG-
1.7 had a high molecular weight (Table S6), but its tensile strength was only 0.13 ± 0.02 MPa,
since the content of the hard segments of EG-1.7 elastomer was low, among which, the
content of long hard segment (Figure 1d) was particularly low (Table S4). At this time,
the amounts of physical cross-linking points were too small, and the density of physical
cross-linking points was not enough to maintain the integrity of the polyurethane network
structure during the tensile process. It would be broken when the strain was low, since
BDH-1.7 elastomer possessed a high content of long hard segments that provided more
physical cross-linking points and contained rigid cyclohexyl structure and carbamate
groups which mattered considerably in enhancing the mechanical properties, the tensile
strength of BDH-1.7 elastomer was 37.07 ± 1.7 MPa, much higher than EG-1.7. It was found
that the special structure of BDM and BDH contributed for improving the mechanical
properties of polyurethane elastomers. Benefited from strain hardening, BDH-1.7 elastomer
is provided with a high strength and BDH-1.7 tape (thickness of 1.3 mm) that could lift a
bucket weighing 17.3 kg (Figure 2f).

Puncture resistance is defined as material ability to avoid the puncture of a sharp
needle. BDM-based and BDH-based elastomers possess excellent puncture resistance. Their
puncture experiments on the tensile testing machines could obtain force-displacement
curves (Figure 3a,c). It could be seen from the above data that with the increased of R
value, the maximum puncture force of BDM-based and BDH-based elastomers increased,
while the maximum puncture displacement decreased. When the R value increased, the
number of hydrogen bonds in the elastomer increased correspondingly, making it difficult
for the molecular chain to move. At this time, when the steel needle penetrated the film,
it presented a higher penetration force and higher penetration resistance. The maximal
puncture force of BDH-2.0 was 39.2 N, slightly lower than that of BDH-1.7. This might
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result from the fact that the hard segment content was too high when the R value of BDH
elastomer was 2.0, which gave rise to too many hydrogen bonds that limited the chain
movement. This puncture resistance of BDH-2.0 elastomer was weakened, resulting in a
short maximal puncture displacement and failure to achieve the desired puncture force.
The results showed that with the increase of R value, the rise of BDM and BDH content
was the key to improving puncture resistance. Puncture energy could be obtained by
integrating the force-displacement curves (Figure 3b,d). It could intuitively reflect the
energy dissipation capacity during puncture deformation. The maximal puncture energy
of the BDM-1.7 elastomer was 196.0 mJ, and that of the BDH-1.7 elastomer was 627.0 mJ.
BDM-1.7 and BDH-1.7 elastomers were subjected to cyclic tensile test (Figure 3e,f) for their
resilience. After staying at room temperature for 12 h, the dissociated hydrogen bonds were
re-associated, and the last cycle curve was close to the first one, indicating that BDM-1.7 and
BDH-1.7 elastomers have high resilience which could also prove the dynamic reversibility
of hydrogen bonds. It was also found that BDM-1.7 and BDH-1.7 elastomers had a high
strength, high puncture resistance and high resilience, laying a good foundation for their
practical application.

 

Figure 3. (a) Force-displacement curves for BDM-based elastomer; (b) Puncture energies of BDM-
based elastomers calculated from force-displacement curves; (c) Force-displacement curves for BDH-
based elastomer; (d) Puncture energies of BDH-based elastomers calculated from force-displacement
curves; (e,f) Cyclic test curves of BDM-1.7, BDH-1.7 elastomer.

3.3. Self-Healing Properties

According to the DSC results (Figure 4a), the Tg of hard segment of BDM-1.7 and BDH-
1.7 elastomers were 30.4 and 29.8 ◦C, respectively. Theoretically, when the temperature
was higher than the Tg temperature, these two kinds of elastomers were in high elastic
state and had certain self-healing ability. Both DSC and variable-temperature FTIR results
indicate that BDM-based and BDH-based elastomers may have self-healing ability after
heating. To confirm the self-healing ability of BDM-based and BDH-based elastomers after
heating, the elastomer specimens of BDM-1.7 and BDH-1.7 were cut and spliced together
immediately. After heating treatment, the BDM-1.7 and BDH-1.7 elastomers were subjected
to suspension experiments (Figure S8a,b). It was found that these two types of elastomers
could successfully withstand a weight of 500 g after the healing with a short period of
heat treatment. The results showed that BDM-1.7, BDH-1.7 elastomer did have a strong
self-healing ability after heat treatment. The scratches before and after the self-healing of
BDM-1.7 and BDH-1.7 elastomers were observed with an optical microscope (Figure 4b,c),

239



Polymers 2022, 14, 1673

and the self-healing ability of BDM-1.7 and BDH-1.7 elastomers could be more clearly
marked. It could be seen that scratches would almost disappear completely after heating
at 60 ◦C for 24 h. It further indicated that BDM-1.7 and BDH-1.7 elastomers possessed a
strong self-healing ability.

 

Figure 4. (a) DSC curves of BDM-1.7, BDH-1.7 elastomers; (b) and (c) BDM-1.7, BDH-1.7 elastomers
self-healing at 60 ◦C for 24 h, change of scratches; (d) and (e) Stress-strain curves of BDM-1.7, BDH-1.7
elastomers self-healing at 25, 40, and 60 ◦C for 24 h; (f) Stress-strain curves for BDH-1.7 elastomers
self-healing at 60 ◦C for 4, 8, 12, and 24 h.

To further quantify the self-healing efficiency of BDM-based and BDH-based elas-
tomers, specimens of BDM-1.7 and BDH-1.7 were cut in the middle and quickly spliced
together. They were heat-treated in ovens at 25, 40, and 60 ◦C, and tensile tests were
conducted to obtain the corresponding stress-strain curves (Figure 4d,e). Herein, consid-
ering the strain hardening of the SIC effect, it should be that self-healing efficiency was
synthetically evaluated by the repairing of tensile strength, elongation and toughness
instead of an individual one. According to their self-healing data, the self-healing effi-
ciency of the elastomer increased with the increase of temperature. When BDM-1.7 and
BDH-1.7 elastomers were treated at 60 ◦C for 24 h, the self-healing efficiency (the tensile
strength, elongation at break and toughness) of BDM-1.7 elastomers reached nearly 100%,
and the self-healing efficiency(the tensile strength, elongation at break and toughness) of
BDH-1.7 elastomers reached more than 95% (Tables S11 and S12). The results showed that
under these conditions, the special phase morphology of long and short hard segment in
elastomer and the design of BDM and BDH structure endowed the elastomer with high
mechanical properties and the chain segment highly fluidity. Under the heating condition,
the fluidity of the chain segment of the elastomer increased, and new hydrogen bonds were
rapidly formed at the scratches, making the scratches remerge quickly. When healing time
increased, the self-healing ability was further enhanced, and the mechanical properties
were basically restored. BDM-1.7 and BDH-1.7 elastomers also possessed a high toughness,
reaching 85.5 ± 2.0 MJ/m3 and 118.8 ± 5.1 MJ/m3, respectively. The strength and tough-
ness of BDM-2.0, BDM-2.3, and BDH-2.0 with a higher R value were greatly improved, but
the self-healing ability was decreased instead, indicating that the mechanical properties
and self-healing efficiency of BDM-based and BDH-based elastomers could be regulated
by changing the R value. BDH-1.7 was heated at 60 ◦C for 4, 8, and 12 h to obtain the
stress-strain curve (Figure 4f). The results showed that the self-healing ability of BDH-1.7
elastomer was significantly improved with the prolongation of the healing time.

240



Polymers 2022, 14, 1673

To further analyze the self-healing mechanism of BDM-1.7 and BDH-1.7 elastomers,
rheological tests were therefore carried out, and their rheological curves were plotted at
90 ◦C (Figure 5a,c). The relaxation time (τf) of the whole chain flow was calculated from
the reciprocal of G′=G′′ used to indicate the size of chain mobility. The relaxation time of
BDM-1.7 and BDH-1.7 was 34 and 18 s, respectively, extremely short, which means that
BDM-1.7 and BDH-1.7 both possessed an extremely high chain mobility at 90 ◦C. According
to the results of the self-healing experiment, BDM-1.7 and BDH-1.7 elastomers had a higher
self-healing efficiency at 60 ◦C after the heat treatment of 24 h. These results indicated
that the hard segments of BDM-1.7 and BDH-1.7 elastomers were loosely-stacked and had
a high chain mobility at 60 ◦C. It also represented a rapid rearrangement of their hard
segments after heating. The increase of self-healing time and temperature improved the
corresponding efficiency, which could be obviously explained by the increase of segment
mobility of BDM-based and BDH-based elastomers.

Figure 5. (a) Rheological curves of BDM-1.7 elastomers (90 ◦C) for deducing relaxation time of
chain flow transition τf; (b) Temperature sweep of rheological testing for the BDM-1.7 elastomer;
(c) Rheological curves of BDH-1.7, elastomers (90 ◦C) for deducing relaxation time of chain flow
transition τf; (d) Temperature sweep of rheological testing for the BDH-1.7 elastomer.

3.4. Adhesion Properties

In the above tests, BDM-based and BDH-based elastomers were found to be soft and
viscous when heated, similar to adhesives. The adhesion properties of these two types of
elastomers were tested. They were heated in an oven at 80 ◦C for 8 h and 150 ◦C for 0.5 h,
respectively, and then adjusted at room temperature for 24 h for the tensile shear test. The
shear strength-displacement curves (Figure 6a,c) and shear strength (Figure 6b,d) of BDM
elastomer at different temperatures were obtained, and the shear strength-displacement
curves (Figure 6g,i) and shear strength (Figure 6h,j) of BDH elastomer at different tempera-
tures were obtained. The adhesion performance of BDM-based and BDH-based elastomers
at 80 ◦C was much weaker than that at 150 ◦C, since their melting temperature was higher.
It could be observed in the temperature scanning curves (Figure 5b,d) that the melting
temperatures were 139.6 and 126.2 ◦C, respectively. The elastomers become soft when
treated at 80 ◦C and could not nicely adhere to the substrate, so the shear strength was
low. When heated at 150 ◦C for 0.5 h, large amounts of hydrogen bonds could interact with
the surface of the substrate, and the hydrogen bonds in the material could also achieve
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rapid dynamic exchange and recombination to obtain higher cohesive energy. It could
nicely adhere with the substrate, so it had a higher shear strength. With the increase
of R value, the adhesion properties of BDM-based and BDH-based elastomers increase.
Because of the increase of R value, the content of hard segment increased continuously,
increasing the number of hydrogen bonds, and the elastomer had a strong interaction with
the substrate after heating. BDM-1.7 and BDH-1.7 elastomers possessed relatively excellent
adhesion properties. The shear strength of BDM-1.7 and BDH-1.7 elastomers was 1.37 and
2.29 MPa, respectively, when heated at 80 ◦C for 8 h. When heated at 150 ◦C for 0.5 h, the
shear strength was 4.59 and 4.82 MPa, respectively, which were comparable with some
commercially available adhesives. As R value continues to increase, the shear strength of
BDM-2.3 and BDH-2.0 elastomers became the largest, reaching an astonishing 12.91 and
11.32 MPa when heated at 150 ◦C for 0.5 h. The shear strength reached 5.70 and 4.55 MPa
at 80 ◦C for 8 h, respectively. The adhesion properties of BDM-2.3 and BDH-2.0 elastomers
with maximal shear strength were tested at 80 ◦C for different heating times, and the shear
strength-displacement curves (Figure 6e,k) and shear strength (Figure 6f,l) of BDM-2.3 and
BDH-2.0 elastomers were obtained at 80 ◦C for different heating times. It could be observed
that the highest shear strength was achieved when BDH-2.0 elastomers were heated for 2 h
at 80 ◦C. The shear strength of BDM-2.3 reached the maximal after heated for 8 h. These
results indicated that elastomers with different adhesion properties could be obtained by
adjusting the R value, temperature and heating time. The elastomer with high adhesion
performance could be widely used in electronic assembly, aerospace, and other fields.

 

Figure 6. (a) Shear strength-displacement curves of BDM-based elastomer at 80 ◦C for 8 h; (b) Shear
strength of BDM-based elastomers at 80 ◦C for 8 h; (c) Shear strength-displacement curves of BDM-
based elastomer at 150 ◦C for 0.5 h; (d) Shear strength of BDM-based elastomers at 150 ◦C for 0.5 h;
(e) Shear strength-displacement curve of BDM-2.3 elastomers at 80 ◦C for 0.5, 2, 4, 6, and 8 h; (f) Shear
strength of BDM-2.3 elastomers at 80 ◦C for 0.5, 2, 4, 6, and 8 h; (g) Shear strength-displacement
curves of BDH-based elastomer at 80 ◦C for 8 h; (h) Shear strength of BDH-based elastomers at
80 ◦C for 8 h; (i) Shear strength-displacement curves of BDH-based elastomer at 150 ◦C for 0.5 h;
(j) Shear strength of BDH-based elastomers at 150 ◦C for 0.5 h; (k) Shear strength-displacement curve
of BDH-2.0 elastomers at 80 ◦C for 0.5, 1, and 2 h; (l) Shear strength of BDH-2.0 elastomers at 80 ◦C
for 0.5, 1, and 2 h.
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4. Conclusions

In summary, two chain extenders, BDM and BDH, were synthesized by ring-opening
reaction with the five-membered EC. BDM and BDH as chain extenders were adopted
and the special structure of short hard and long hard segments was skillfully introduced
by regulating the R value. This special structure facilitated the formation of SIC and in-
troduced suitable amounts of hydrogen bonds, which contributed to the improvement of
their mechanical properties. Due to the special structure of BDM and BDH, the synthe-
sized polyurethane elastomer was proven to possess the loosely-stacked hard segment
structure, beneficial for the improvement of their self-healing ability. Two polyurethane
elastomers with excellent comprehensive properties were synthesized. The results showed
that the tensile strength of the BDM-1.7 and BDH-1.7 elastomers was 20.6 ± 1.3 MPa
and 37.1 ± 1.7 MPa, the toughness, 83.5 ± 2.0 MJ/m3 and 118.8 ± 5.1 MJ/m3, and the
puncture energy, 196.0 and 627.0 mJ, respectively. Under the condition of 60 ◦C for 24 h,
the comprehensive self-healing efficiency of BDM-1.7 elastomer reached almost 100%,
and that of BDH-1.7 elastomer is above 95%. In terms of adhesive properties, the shear
strength of BDM-1.7 and BDH-1.7 elastomers was 4.59 and 4.82 MPa, respectively, after
being treated at 150 ◦C for 0.5 h. Based on all of these, this study provides an innova-
tive strategy for further exploration on elastomers with high mechanical properties and
excellent self-healing ability.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/polym14091673/s1, Figure S1: BDM powder. Figure S2: BDH powder. Figure S3: (a) FTIR
spectra of BDM; (b) 1HNMR spectrum of BDM. Figure S4: (a) FTIR spectra of BDH; (b) 1HNMR
spectrum of BDH. Figure S5: (a) FTIR spectra of BDM-based elastomers; (b) FTIR spectra of BDH-
based and EG-1.7 elastomers. Figure S6: (a) 1HNMR spectrum of BDM-1.7 elastomer, chemical
shift for peak 1, 2 and 3 is 7.51, 7.20 and 7.00 ppm, respectively; (b) 1HNMR spectrum of BDH-1.7
elastomer, chemical shift for peak 1 and 2 is 7.55, 7.01 ppm, respectively. Figure S7: (a) GPC profiles
for BDM-based elastomers; (b) GPC profiles for BDH-based and EG-1.7 elastomers. Figure S8: (a)and
(b) The photos show that BDM-1.7 and BDH-1.7 elastomer tapes can be cut and processed at 60 ◦C for
0.5 h after splicing, which can increase the load of 500 g. Table S1: Characteristic peak assignments
of BDM. Table S2: Characteristic peak assignments of BDH. Table S3: Ingredients of BDM-based
elastomers. Table S4: Ingredients of BDH-based elastomers. Table S5: Characteristic peak assignments
of BDM-based elastomers. Table S6: Characteristic peak assignments of BDH-based elastomers.
Table S7: Information of molecular weight of BDM-based elastomers. Table S8: Information of
molecular weight of BDH-based and EG-1.7 elastomers. Table S9: Mechanical properties of BDM-
based elastomers obtained from tensile tests. Table S10: Mechanical properties of BDH-based and
EG-1.7 elastomers obtained from tensile tests. Table S11: The Self-healing efficiencies of BDM-1.7
elastomers. Table S12: The Self-healing efficiencies of BDH-1.7 elastomers.
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Abstract: Plastic films are widely used in current agricultural practices; however, most mulch films
used are discarded and buried in the land after harvest, having adverse environmental impacts. To
solve this environmental problem, the demand for biodegradable mulch has been increasing in recent
years. Polybutylene succinate-co-adipate (PBSA) is a biodegradable polymer with good ductility
and can be used for packaging and mulching. In this study, we isolated two elite fungal strains for
PBSA degradation from farmlands, i.e., Aspergillus fumigatus L30 and Aspergillus terreus HC, and the
latter showed better degradation ability than the former. It is noteworthy that biodegradation of
PBSA by A. terreus is reported for the first time, which revealed unique characteristics. In the soil
burial test, even the soil with relatively poor degradation ability could be improved by the addition
of elite fungal mycelia. In substrate specificity analyses of soil samples, PBSA could induce the
synthesis of lipolytic enzymes of indigenous microbes to degrade substrates with medium and long
carbon chains in soil. Furthermore, PBSA residues or fungal mycelia supplementation in soils had
no adverse effect on the seed germination rate, seedling growth, or mature plant weight of the test
green leafy vegetable. Taken together, the results of this study not only advance our understanding
of the biodegradation of PBSA films by filamentous fungi but also provide insight into improving the
efficiency of biodegradation in soil environments.

Keywords: polybutylene succinate-co-adipate (PBSA); biodegradation; Aspergillus; phytotoxicity;
ecotoxicity; lipolytic enzyme

1. Introduction

Plastics are widely used in our daily life and industries worldwide. The materials of
conventional plastics are mostly derived from nonrenewable fossil fuels. The treatment of
plastic wastes is mainly divided into three categories: incineration, recycling, and landfill
burying [1]. However, the recycling rate of plastic is relatively low at approximately
9%, and almost 60% of plastic waste is discarded in landfills or natural environments [2].
Although marine plastic pollution is an environmental issue that has attracted much
attention in recent years, the amount of plastic waste discarded and retained in the terrestrial
environment is estimated to be 4–23 times that released into the ocean [3].

The main sources of terrestrial plastics include sewage sludge (i.e., application as
fertilizer for agricultural lands), controlled-release fertilizers, and agricultural plastics (e.g.,
polytunnels and plastic mulches) [3]. In particular, the impact of agricultural mulch film
on the environment is usually underestimated. Mulch film can effectively increase the
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surface temperature of farmland, maintain soil moisture, prevent soil loss, inhibit weed
growth, promote seed germination, exceed seedling growth, and indirectly increase crop
yields [4,5]. Currently, the majority of commercially available mulch film on global markets
is prepared with polyethylene (PE) and low-density polyethylene (LDPE) (Transparency
Market Research, 2019) [4]. More than 2 million tons of mulch film are used globally every
year, most of which becomes mulch film waste within one to two years [6]. Mulch films are
damaged to varying degrees due to weathering and photocatalytic degradation during crop
cultivation [7]. After use, farmers need to pay additional expenses for mulch film waste
disposal. Most of the mulch films used are incinerated or buried. In addition, conventional
mulch films, such as LDPE and other raw materials buried in farmland, affect soil drainage
and crop absorption of water because of their low degradation rate, and these films also
pollute soil and water environments by the release of microplastics [3,8].

Based on the consideration of sustainable environmental development and reduction
in the health hazards of plastics, in addition to imposing taxes on the production of
traditional nondegradable plastic products or directly imposing use bans, many countries
also actively encourage the development and use of biodegradable plastic materials [4].
Taking biodegradable plastic mulch films as an example, in recent years, the demand for
these films has continued to increase. The estimated output value of plastic mulch films will
reach USD 5 billion in 2024 (Zion Market Research, 2018, New York, NY, USA), and these
films will have a compound annual growth rate (CAGR) of 9.4% (2017–2023) (Prescient
& Strategic Intelligence Private Limited, 2018, USA). Common biodegradable mulch film
materials can be divided into three categories: polysaccharides, aliphatic polyesters, and
aromatic polyesters, including polylactic acid (PLA), polyhydroxybutyrate (PHB), starch
blends, cellulose, polybutylene adipate terephthalate (PBAT), and polybutylene succinate
(PBS) [9]. PBAT mulch films are commonly used in agriculture because of their strong
mechanical properties, and PLA is often blended with other polymers because of its
strength and low cost, but these compounds need to be decomposed by microorganisms
in a relatively high-temperature or high-humidity environment [4]. PHB is produced by
microorganisms, but its use is limited because of its brittleness, crystalline characteristics,
and high production cost [4,9]. PBS is often copolymerized with other polymers or forms
copolymers such as polybutylene succinate-co-adipate (PBSA) to reduce its crystallinity
and improve decomposition efficiency [4].

PBSA is a biodegradable, aliphatic copolymer synthesized by 1,4-butanediol (BDO)
with succinic acid (SA) and adipic acid [10,11]. PBS is produced by SA and BDO, and PBA
is produced by BDO and AA [12]. PBSA possesses high flexibility, processability, excellent
impact strength, and good thermal and chemical resistance [13,14]. The semicrystalline
characteristic of PBSA makes this material relatively easy to biodegrade and is applied
to packaging and mulch film production [12,15]. In a previous study, Yamamoto-Tamura
and colleagues collected cultivated field soil samples from 11 sites in Japan, where PBSA
films (2 × 2 cm2, thickness: 20 μm) were buried on a laboratory scale. According to their
results, the degradation rates of PBSA films ranged from 1.4% to 95.9% after four weeks of
incubation [16].

In the depolymerization steps of biodegradation, microbes secrete a variety of extra-
cellular enzymes to turn polymer chains into oligomers or monomers [17]. The hydrolytic
enzymes working on carboxyl ester bonds in lipids are called lipolytic enzymes, which
include carboxylesterases and lipases [18]. Lipases (EC 3.1.1.3, triacylglycerol hydrolases)
and esterases (EC3.1.1.1, carboxyl ester hydrolases) are the major enzymes for the degra-
dation of polyester-based biodegradable plastics [19]. Lipase has been considered as one
of the good candidate enzymes for PBSA degradation [20]. Several studies have reported
that fungal lipases could degrade PBSA. For example, the lipases secreted from Pseudozyma
antarctica JCM 10317, Rhizopus niveus, Rhizopus oryzae, Candida cylindracea, and Rhizopus
delemar have been demonstrated [21–23]. Similarly, esterase also plays an important role
in the degradation of bioplastics by hydrolyzing polymer materials [24]. The esterase
activity of Leptothrix sp. was found to be increased along with PBSA degradation and

248



Polymers 2022, 14, 1320

microbial growth [25]. The number average molecular weight [26] of PBSA was decreased
from 5.9 × 104 to 1.5 × 104 by treating Pseudozyma antarctica esterase [27]. In addition, the
recombinant protein (FSC) derived from Fusarium solani showed strong PBSA degradation
activity (179.6 U/mg), with relatively high esterase activity (287 U/mg) [28].

According to the literature, many fungal strains belonging to the genus Aspergillus
possess the potential for bioplastic degradation. For example, Merugu and colleagues
isolated seven Aspergillus species from soil (A. niger, A. flavus, A. ochraceus, A. nidulans, A.
terreus, A. fumigatus, and A. parasiticus) showed PHB degradability [29]. Aspergillus is a
versatile plastic degrader. A. fumigatus is reported to be able to degrade PHB, polysuccinic
acid [30], PBS, polycaprolactone, PCL, and PLA [31].

The aim of this study is to select elite microorganisms that are able to be applied in
the soil environments for biodegradation of PBSA mulch film. We reported two PBSA-
degrading Aspergillus strains (A. fumigatus L30 and A. terreus HC) isolated from farmland
soils. Their PBSA-degrading activity was assessed under medium culture conditions.
Additionally, we evaluated the biodegradability of PBSA films buried in farmland soils.
We also determined the activities of the lipolytic enzymes of the two isolates and those of
the soil samples for PBSA degradation. After degradation of the PBSA films in soil, we
conducted a phytotoxicity assay to evaluate any harmful effects of the soil containing PBSA
residues on the growth of seedlings and adult plants of Chinese cabbage.

2. Materials and Methods

2.1. Plastic Material

PBSA (number average molecular weight, Mn = 51,899 Daltons; weight average
molecular weight, Mw = 77,951 Daltons) particles and films (thickness: 50 μm) were
provided by the Industrial Technology Research Institute (ITRI). The constituent ratios of
SA, AA, and BDO for the PBSA film were 37%, 13%, and 49.9%, respectively. The film was
cut into 2.5 cm × 5.0 cm or 5.0 cm × 5.0 cm fragments for degradation assessment under
liquid conditions or for the soil burial degradation test, respectively.

2.2. Screening and Isolation of PBSA-Degrading Microorganisms from Soils

The test soils were collected from the following 8 sites (9 samples in total) in Tai-
wan: Four samples were collected from the bank of the Xindian River topsoil (XDR-A
(24◦59′09.7” N 121◦31′37.4” E), XDR-B (24◦59′21.3” N 121◦31′51.0” E), XDR-C (24◦59′30.5”
N 121◦31′56.5” E), and XDR-D (24◦59′30.9” N 121◦31′56.4” E)); two samples were collected
from a composting yard at National Taiwan University (25◦00′57.9” N 121◦32′31.4” E)
(NTUCS-S collected from the surface (0–20 cm depth), and NTUCS-D collected at a 50 cm
depth in the compost soil); two samples were collected from a rice paddy field topsoil in
Xinfeng Township, Hsinchu County (HCP-A (24◦55′47.9” N 121◦00′34.4” E) and HCP-B
(24◦55′45.2” N 121◦00′33.8” E)); and the final sample was collected from a tomato farm
topsoil located in Xiushui Township, Changhua County (CHT (24◦01′08.8” N 120◦31′02.5”
E)). All the soil samples were sieved through 3 mm mesh before use.

We applied a rapid screening platform (i.e., clear zone method) to select elite microor-
ganisms for PBSA degradation, as proposed by [32]. Ten grams of PBSA plastic particles
were dissolved in 40 mL of chloroform (Sigma–Aldrich, Merck & Co., Taipei, Taiwan), and
the solution was emulsified with 1 g/L commercial detergent (PAOS®, Nice Co., Chiayi
County, Taiwan), mixed with 200–300 mL of carbon-free basal medium (0.7 g/L KH2
PO4, 0.7 g/L MgSO4·7 H2 O, 1 g/L NH4 NO3, 0.005 g/L NaCl, 0.002 g/L FeSO4·7 H2 O,
0.002 g/L ZnSO4·7 H2 O, and 0.001 g/L MnSO4·H2 O) [33,34]. The plastic solution was
homogenized by a sonicator for at least 15 min, and then the volume was brought to 1 L
with a carbon-free medium. Volatile chloroform was removed in a fume hood overnight,
and the pH was adjusted to 7.0. Then, 1.2% agar was added and autoclaved (121 ◦C, 20
min) to prepare PBSA agar plates [34].

One gram of individual soil sample was dissolved in 5 mL of distilled water and
shaken at 100 rpm for 15 min at room temperature. The respective soil suspension (100 μL)
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was spread over the surface of the plastic solid medium by glass beads and incubated at
25, 30, or 37 ◦C for 9 days. When clear zones were formed on the plates, a single colony of
individual PBSA-degrading microorganisms was isolated by the streaking plate method.
According to the morphological characteristics of the isolates with hyphae and spores, we
speculated that these isolates were fungi.

2.3. Phylogenetic Analysis of ITS Gene Sequences

Genomic DNA from the PBSA-degrading fungal strains was isolated by a Presto™
Mini gDNA kit (Geneaid Biotech Ltd., Taipei, Taiwan). The primer sets ITS4 (5′-TCC TCC
GCT TAT TGA TATGC-3′), and ITS5 (5′-GGA AGT AAA AGT CGT AAC AAG G-3′) were
used to amplify the ITS region of fungi [35,36]. PCR products of approximately 400 bp
were expected and sequenced through paired-end sequencing. Amplicons were Sanger
sequenced at the Center of Biotechnology at National Taiwan University. The sequenc-
ing results were edited with BioEdit 7.2.6 software [37]. The obtained DNA sequences
were identified against the GenBank database using the Basic Local Alignment Search
Tool (BLAST) (https://blast.ncbi.nlm.nih.gov/Blast.cgi/, accessed on 20 July 2021) of the
National Center for Biotechnology Information (NCBI). The phylogenetic tree was gen-
erated by the neighbor-joining method (1000 bootstrap repeats) on version X Molecular
Evolutionary Genetics Analysis (MEGA) software (The Pennsylvania State University, State
College, PA, USA).

2.4. Determination of the PBSA Film Degradation Ability of Isolated Fungal Strains

PBSA film (size: 2.5 × 5.0 cm2; thickness: 50 μm) was sterilized with 6% sodium
hypochlorite (Sigma–Aldrich Co., St. Louis, MO, USA) and 70% ethanol for 10 min, washed
twice with sterile water, and then kept in the carbon-free medium before use. The spore
suspension for inoculation was prepared by culturing the respective elite strain (Aspergillus
fumigatus L30; Aspergillus terreus HC) and the reference strain for PBSA-degradation As-
pergillus oryzae RIB40 (ATCC 42149) cultured on potato dextrose agar (PDA) for 7–10 days.
The spores were collected with sterile distilled water containing 0.05% Tween 20 (Bioman
Scientific Co., Ltd., Taipei, Taiwan). The final concentration of the inoculated spore suspen-
sion was 2.5 × 106 spores/mL, and the spores were cultured with 12 pieces of PBSA film in
100 mL of the carbon-free medium at 30 ◦C and 80 rpm. The plastic films were stirred gently
every week to prevent uneven decomposition caused by film overlap. Three pieces of the
films were removed from the flask after 14 and 30 days of incubation, and the attached
mycelia were removed from the surface of the films. After washing the films carefully
with distilled water to remove the attached hyphae, the dry weights were determined after
drying in a 60 ◦C oven overnight. All tests were performed in at least three independent
biological replicates.

The effect of the addition or replacement of fresh medium for long-term (60 days)
degradation of PBSA film was also conducted with A. fumigatus L30 and A. terreus HC,
respectively. The preparation for PBSA film degradation by the respective elite fungal
culture was the same as mentioned above. After 30 days of incubation, 30 mL of fresh
carbon-free basal medium was added to the culture fluid, or the total culture fluid (100 mL)
was removed carefully by pipette and replaced with an equal amount of fresh basal medium.
The attached mycelia were removed from the surface of PBSA films after 30 and 60 days of
incubation, and their weights were determined.

The degree of degradation was evaluated by weight loss (WL) using the following
modified equation [38]: Plastic remaining weight (%) =100% − (Wi − Wt)/Wi × 100%,
where Wi is the initial weight of the sample, and Wt is the weight after the incubation time.

2.5. Scanning Electron Microscopic Analysis

To observe the plastic surface erosion or decomposition after microbial degradation,
we used scanning electron microscopy [39] (Jeol, JSM-6510, Tokyo, Japan). The SEM sample
preparation protocol followed that of the Joint Center for Instruments and Researchers,
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College of Bio-Resources and Agriculture, NTU. Plastic films cultured with A. fumigatus
L30 or A. terreus HC for 30 days were removed from the flask, and each film was cut into 2
pieces and divided into washed and unwashed groups. For the washed group, the plastic
film was washed with distilled water to remove the mycelia attached to the plastic surface.
The plastic films were immediately soaked in 2.5% (w/v) glutaraldehyde (Sigma–Aldrich
Co.) at 4 ◦C and then shaken overnight for cell fixation. The fixed films were washed with
0.1 M sodium phosphate buffer (pH = 7.3) and postfixed in 1% osmium tetroxide (w/v) in
an ice bath for 1 h. The samples were dehydrated gradually with different concentrations of
ethanol (30%, 50%, 70%, 85%, 90%, 95%, 100%) for 60 min at each concentration, except for
70% and 100% ethanol for which overnight dehydration was conducted. The dehydrated
samples were placed in a critical point dryer for critical spot drying, and subsequently, the
samples were coated with gold and observed under a scanning electron microscope (Jeol,
JSM-6510) [40].

2.6. NMR Analysis

For NMR sample preparation, PBSA plastic films after 30 days of degradation (0.1~0.05 g)
were dissolved in 3 mL of deuterated chloroform (CDCl3). The 1 H NMR analysis was con-
ducted by the Industrial Technology Research Institute/Material and Chemical Laboratories
(ITRI/MCL) with a Varian INOVA 500 NMR spectrometer (Varian Medical Systems, Inc., Palo
Alto, CA, USA). The 1 H NMR spectra were recorded at 25 ◦C (128 scans, 1 s relaxation delay),
and used tetramethylsilane (TMS) was employed as an internal reference for the reported
chemical shifts.

2.7. Soil Burial Tests of PBSA Plastic Films

To verify the degradation of the PBSA plastic films in the general soil environment,
we conducted a soil burial test following a previous method with some modifications [10].
The soil was collected from the experimental farm of the College of Bioresources and
Agriculture, National Taiwan University. The effect of temperature on biodegradation was
also evaluated by sampling soil in September (26.3 ◦C~32.1 ◦C, avg. 27.8 ◦C) and December
(15 ◦C~24.7 ◦C, avg. 18.1 ◦C). The soil samples were sieved in advance through a 3 mm
stainless steel sifting screen and transferred to a sterilized plastic box (18.1 (L) × 12.8 (W)
× 6.8 (D) cm3, HPL815 M, Lock & Lock, Hana Cobi Plastic Co, Ltd., Seoul, Korea).

Three PBSA film samples (size: 5.0 × 5.0 cm2, thickness: 50 μm, initial weight: approx-
imately 0.2 g) were sandwiched between two layers of soil (each layer was 1 cm thick and
weighed 200 g, as shown in Figure 5A). Four treatments were conducted, including soil,
sterile soil, and soil supplemented with low/high doses of A. terreus HC fungal hyphae.
In the sterile soil group, the soil used was sterilized by an autoclave (121 ◦C, 40 min)
before the trial. For the low- and high-dose groups, 10 mL (cell dry weight approximately
0.04 g) or 50 mL (cell dry weight approximately 0.16 g) of mycelial suspension were added,
respectively. Six holes were drilled in the lid of the respective box for aeration, and the
boxes were placed in an incubator at 25 ± 1 ◦C under moisture-controlled conditions.

For all treatments, water was added until the soil water content reached 50% of the
maximum water holding capacity (WHC) according to the EN17033 and OECD Guideline
(https://www.iso.org/obp/ui/#iso:std:iso:23517:ed-1:v1:en/, accessed on 25 December
2021). One piece of film was collected from each box weekly and weighed. Each plastic film
was brushed softly and washed with distilled water several times to remove the attached
soil and microorganisms. The washed plastic samples were placed in a Petri dish and dried
overnight in an oven at 60 ◦C before weighing. After weekly sampling, the whole box
was weighed and refilled with distilled water to maintain a 50% WHC water content. The
degree of degradation was evaluated by WL as described previously.

2.8. Analysis of Lipolytic Enzyme Activities in Culture Supernatant

The lipolytic enzyme activity analytical procedure was modified based on a previous
study [41]. A. terreus HC was cultured in basal medium with PBSA plastic film pieces
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(2.5 cm × 5.0 cm, 0.1 g) at 30 ◦C for 60 days. After 30 days of incubation, 30 mL of fresh
carbon-free basal medium was added to the culture broth and incubated for an additional
30 days. After 60 days of incubation, all the PBSA film pieces were taken from the broth. The
total amount of the culture broth was collected and filtered through Qualitative Filter Paper
NO. 1 (TOYO ADVANTEC) and a 0.22 μm filter to remove residual hyphae and the visible
suspended matter, and a centrifugal concentrator (molecular weight cutoff (MWCO) 10
kDa, Sartorius) was used at 5000× g at 4 ◦C to condense the culture fluid. Then, the sample
was dialyzed with a cellulose membrane (EIDIA, catalog number: UC27-32-100, 14,000
Dalton MWCO) in 0.1 M Tris-HCl. The dialyzed sample and crude protein suspension
were stored at −20 ◦C for further enzyme activity analysis.

The lipolytic enzyme activity assay was modified based on previous studies [39,42].
p-nitrophenyl esters are usually used as substrates to measure lipase/esterase activity [43].
Thus, 900 μL of crude protein suspension was added to 100 μL of 10 mM 4-nitrophenyl
acetate (C2), 4-nitrophenyl butyrate (C4), 4-nitrophenyl caprylate (C8), 4-nitrophenyl de-
canoate (C10), 4-nitrophenyl dodecanoate (C12), or 4-nitrophenyl palmitate (C16) (Sigma–
Aldrich Co.), which were dissolved in DMSO as the substrate. The solution was incubated
at 30 ◦C for 30 min. Fluorescence analysis of the chromogenic pNP products derived from
the hydrolyzed p-nitrophenyl substrates was conducted by a microplate reader (Thermo
Scientific™ Varioskan™ LUX, VLBL00 D0, Thermo Fisher Scientific Inc., Taipei, Taiwan)
at a wavelength of 405 nm. For the preparation of the pNP calibration standard curve, 0,
25, 50, 75, 100, or 125 μg of pNP was dissolved in DMSO buffer and incubated at 30 ◦C for
30 min. We used a microplate reader to measure the optical density at 405 nm (O.D405).
The enzyme activity unit (Unit) is expressed as the production of 1 μmole of nitrophenol
product per minute per mL of crude protein.

2.9. Analysis of Lipolytic Enzyme Activities in Soil

The soil samples used in this assay were those containing PBSA residue after 30
days of degradation as described in the above section titled “Section 2.7”. To analyze the
lipolytic enzyme activities of the soil containing decomposed PBSA films, we conducted
the following procedures with slight modifications [44]. Individual soil samples (0.05 g)
were suspended in 1 mL of 100 mM NaH2 PO4/NaOH buffer (pH 7.25) and mixed well
at 30 ◦C and 100 rpm for 30 min. Then, 80 μL of 25 mM nitrophenyl esters with different
lengths of carbon substrates (i.e., 4-nitrophenyl acetate (C2), 4-nitrophenyl butyrate (C4),
4-nitrophenyl caprylate (C8), 4-nitrophenyl decanoate (C10), 4-nitrophenyl dodecanoate
(C12), or 4-nitrophenyl palmitate (C16) (Sigma–Aldrich Co.) were dissolved individually
in isopropanol (Sigma–Aldrich Co.) and mixed well at 30 ◦C and 100 rpm for 30 min.
To measure the pNP released from individual substrates, we prepared a buffer control
without soil suspension. A sample of soil background without pNP substrates was also
prepared as a control. To stop the reaction, the solutions were cooled on ice for 10 min.
Afterward, each solution was centrifuged at 3000× g and 4 ◦C for 10 min. Then, 100 μL
of supernatant was collected via pipette, and the OD405 was determined by a microplate
reader (Thermo Scientific™ Varioskan™ LUX, VLBL00 D0, Taipei, Taiwan) to measure
pNP products derived from the hydrolyzed p-nitrophenyl substrates. To prepare the pNP
calibration standard curve, 0, 25, 50, 75, 100, or 125 μg of pNP was dissolved in 100 mM
NaH2PO4/NaOH buffer and incubated at 30 ◦C for 30 min. The standard contents were
cooled on ice for 10 min and centrifuged at 2000× g and 4 ◦C for 10 min. A microplate
reader was used to measure the OD value of each soil sample.

2.10. Phytotoxicity Assessment of the Soil Containing PBSA Residues

This experiment followed a previous method with some modifications [45]. The
soil was collected from the experimental farm of National Taiwan University and sieved
through a 3 mm stainless steel sifting screen. Four pieces of PBSA films were buried in
the device utilized for the soil burial test for phytotoxicity assessment. The total weight of
plastic films (i.e., approximately 0.8 g) was a mass percentage of approximately 0.2% of the
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total soil weight (i.e., 400 g). The total weight of the soil system was determined every week,
and distilled water was replenished to maintain the water content as described above. After
30 days of incubation, soil containing PBSA residue was filled into 128 holes of a plug tray
(3 × 3 × 3 cm3 for each hole). Each group contained 64 seeds of Chinese cabbage (Brassica
rapa L. ssp. chinensis var. Maruha), which were sown on the surface of the soil to observe
germination. After the seeds were germinated and cultivated until the seedlings with two
true leaves appeared (~8 days of cultivation), the germination rates were calculated, and
the fresh weights of the seedlings were determined to evaluate the growth.

To evaluate the long-term impact on plant growth, soil samples containing PBSA
residue were filled into 3-inch pots (300 g soil/pot). Each group contained 8–10 seedlings
of Chinese cabbage, which were grown in potting soil for 7 days and transplanted into
each pot. The rate of fertilizer application followed that of a previous study [46]. Dur-
ing the cultivation period, 0.05 g chemical fertilizer (Sinon Chemical Industry Co., Ltd.,
Taichung, Taiwan, with an N:P:K ratio of 14:15:10) was applied every week. After 21 days
of cultivation, the shoot fresh and dry weights of the plants at five-leaf ages were measured.

3. Results

3.1. Isolation and Identification of Two Elite PBSA-Degrading Fungal Strains

We applied a rapid screening platform (i.e., clear zone method) to screen and isolate
PBSA-degrading microorganisms from soil samples in this study. As shown in Figure S1,
several transparent circles with different sizes were formed on the PBSA agar plates. We
noticed that the numbers of clear zones varied with sampling location. Among the samples,
those derived from the tomato field located in Xiushui township (CHT) and the paddy field
in Hsinchu (HCP-A) showed better degrade abilities than those collected in other places.
It was previously shown that microbial degradation is associated with temperature [47].
We found that the PBSA degradation rates were elevated at relatively high temperatures.
This phenomenon was observed among the samples of the deep compost soil at National
Taiwan University (NTUCS-D), the paddy fields in Hsinchu (HCP-A, B), and site D of the
Xindian riverside (Xindian D). When clear zones were formed on the plates, a single colony
of individual PBSA-degrading microorganisms was isolated by the streaking plate method.

According to the morphological characteristics of the isolates with hyphae and spores,
we assumed that these isolates were fungi. We isolated dozens of fungal strains from the
soil sampling sites, eight of which showed obvious PBSA-degrading activities and were
sequenced (Figure S2). Two strains, L30 and HC, were selected based on their growth
rates and clear zone sizes. These two strains were derived from a lemon field located in
Chaozhou township, Pingtung County, and the B side of a paddy field in Hsinchu. L30 and
HC showed high sequence similarity with Aspergillus fumigatus (99.74%) and Aspergillus
terreus (99.78%) by the partial sequences of ITS sequences, respectively. A phylogenetic tree
was built from the partial sequences of ITS to elucidate the taxonomic position of these
strains (Figure 1A). A. oryzae RIB40 (ATCC42149) was used as a positive control for PBSA
degradation tests in this study [48]. The clear zones as well as the morphologies of these
strains formed on PBSA agar plates are shown in Figure 1B.
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Figure 1. Phylogenetic tree of ITS and clear zone formation on PBSA agar plates. (A) A phyloge-
netic tree of two selected fungal strains (Aspergillus terreus HC and Aspergillus fumigatus L30) was
constructed from a comparison of sequences of approximately 400 bp of the internal transcribed
spacer (ITS) region using neighbor-joining analysis of a distance matrix with Kimura’s two-parameter
model. Bootstrap values (expressed as percentages of 1000 replications) greater than 75% are shown
at branch points. A reference fungal strain, Aspergillus oryzae RIB40 (ATCC42149), was used as a
control in this study, and Fusarium nisikadoi was used as an outgroup. The scale bar represents 0.05
substitutions per nucleotide position. (B) Morphology of the elite PBSA-degrading fungal strain.

3.2. Two Elite Fungal Strains Showed High PBSA Biodegradation Efficacy

After coincubation with individual elite fungal strains and PBSA film in a carbon-
free basal medium for 30 days, hyphae were observed on the surface of the plastic film
(Figure 2A, upper panel). After removing the hyphae, several cracks and cavities were ob-
served on the surface of the plastic films treated with A. terreus HC or A. oryzae ATCC42149
(Figure 2A, bottom panel). On the other hand, the films treated with A. fumigatus L30
became relatively thin and transparent in comparison with untreated films (Figure 2A,
bottom panel). The degradation rates of individual elite fungal strains were determined by
the weight loss (WL) of the films. As shown in Figure 2B, the weights of the plastic films
were significantly reduced by biodegradation. The WL of the plastic films treated with
A. terreus strain HC, A. fumigatus strain L30, and A. oryzae RIB40 for 30 days were 47.5%,
30.2%, and 27.5%, respectively. Since A. terreus HC showed better degrading ability than
the other strains, we used this strain for subsequent soil burial tests.
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Figure 2. Colonization of fungal strains on PBSA plastic films and their degradation abilities. (A)
Biodegradation PBSA films after 30 days of incubation. Twelve pieces of PBSA films (size: 2.5 × 5.0
cm2; thickness: 50 μm) were cocultured with A. terreus HC, A. fumigatus L30, and A. oryzae RIB40
(ATCC42149) at 30 ◦C in a carbon-free basal medium. The upper panel shows the attached hyphae
of individual strains on the surface of PBSA plastic films after 30 days of incubation. The bottom
panel shows the surface of plastic films after hyphae removal by rinsing with DDW. (B) Weight loss
of PBSA plastic film against time. The sampling times were 0, 14, 30 days after incubation. The values
are expressed as the mean ± standard deviation of three biological replicates (p < 0.05; Tukey’s post
hoc ANOVA test).

3.3. Effect of Replacement or Addition of Fresh Medium on PBSA Plastic Film Degradation

To evaluate the degradation rates of the elite strains over a relatively long period of
time, we conducted a degradation experiment after 60 days of incubation. As shown in
Figure 3, the degradation rate of A. fumigatus strain L30 or A. terreus strain HC decreased
after 30 days of incubation, and the latter was obviously changed compared with the former.
We deduced that nutrient depletion occurred during this incubation period. Accordingly,
we evaluated two strategies to rescue the degradation rates. One strategy was to add fresh
medium (30 mL), and the other strategy was to replace all of the old medium (100 mL) after
30 days of incubation. In comparison with those of medium without change, we found that
the degradation rate of either A. fumigatus strain L30 (Figure 3A) or A. terreus strain HC
(Figure 3B) was increased when 30 mL of fresh medium was added into the culture fluid
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after 30 days of incubation, although there was no significant difference in the degradation
ability of the former strain. The degradation rates of these strains on the 60th day remained
almost the same as those before 30 days of incubation. For the trials to replace the whole
old culture broth (100 mL), there were remarkable differences between the two strains.
As shown in Figure 3A, the degradation rate of A. fumigatus strain L30 was improved
significantly in comparison with that of strain in the medium that was unchanged after
30 days of incubation. In contrast, the degradation rate of A. terreus strain HC was almost
reduced to zero after replacing the old incubation broth with a fresh medium (Figure 3B).

Figure 3. Determination of the effect of replacement or addition of fresh medium on PBSA plastic
film degradation after 60 days of incubation. (A) Weight loss of PBSA film against time with A.
fumigatus strain L30. (B) Weight loss of PBSA film against time with A. terreus HC. w/o medium
change: maintaining the original medium during the whole incubation period (60 days); replacement
of all culture medium (100 mL) or addition of 30 mL of fresh medium were carried out on the 30th day
of incubation. The value of individual treatment is expressed as the row mean ± standard deviation.
Statistical analyses were based on the degradation rates (g/day) on the 30th (in uppercase letters A
and B) and 60th (in lowercase letters a and b) days of incubation.
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3.4. Appearance of PBSA Plastic Films Degraded by Two Elite Aspergillus Strains

To observe erosion or decomposition of the plastic surface by elite strains after 30
days of incubation, SEM analysis was conducted. As shown in Figure 4 and Figure S3,
the SEM images showed a PBSA film with an intact surface when not inoculated with
Aspergillus (Figure S3). When inoculated with Aspergillus strains, filamentous hyphae of A.
fumigatus L30 or A. terreus HC densely covered the surface and even intertwined inside and
penetrated the plastic film, as shown in Figure 4(Aa,Ba). While removing the hyphae, many
cracks and holes were observed on the film surface (Figure 4(Ab,Bb). Moreover, internal
erosion also occurred, as shown in Figure 4(Ac,Bc), and irregular cavities were observed
inside the PBSA films. The visual results suggest that biodegradation occurred not only on
the surface of PBSA films but also inside the films.

 

Figure 4. Scanning electron microscopic images of plastic films degraded by two elite fungal strains.
PBSA films degraded by A. terreus fumigatus L30 (A) and HC (B) after 30 days of incubation. (Aa) The
attachment and network of A. terreus L30 hyphae on the surface of PBSA film, (Ab) cracks and holes
on the plastic surface, (Ac) irregular cavity in internal of plastic film. (Ba) A. fumigatus HC hyphae
intertwined inside the plastic film and formed holes on the plastic surface, (Bb) cracks and holes on
the plastic surface, and (Bc) internal erosion of the plastic film.

3.5. Changes in the Chemical Composition of PBSA Films during Biodegradation

To confirm the chemical composition of PBSA films before and after biodegradation,
we conducted an NMR analysis. The 1 H-NMR spectrum of PBSA is shown in Figure 5 with
a chemical structure illustration. The peaks marked with 1, 2, 3, 4, and 5 (Figure 5) indicated
protons of SA (1), AA (2, 3), and BDO (4, 5). We compared the intensity of terminal H
moieties with the five main signals, and the intensity ratios of the PBSA film without
degradation were 4.00:620.35 (1), 4.00:218.66 (2), 4.00:1121.22 (3 and 5), and 4.00:837.26 (4)
(Figure 5A). After biodegradation with A. terreus HC for 30 days, lower intensity ratios were
shown as 4.00:335.32 (1), 4.00:117.41 (2), 4.00:564.05 (3 and 5), and 4.00:442.18 (4) (Figure 5B).
As shown in Figure 5, the Mn value decreased from 37610.6 to 20079.0. The weakening of
the relative intensity ratios and the decrease in the Mn suggested that structural weakening
occurred in the PBSA films due to decomposition by A. terreus HC.
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Figure 5. NMR spectra of PBSA films after degradation by A. terreus HC. (A) PBSA film without
degradation. (B) PBSA film degraded by A. terreus HC for 30 days. Compared with the original PBSA
film, the PBSA film, after 30 days of biodegradation, showed a lower number average molecular
weight (Mn) but a similar monomer composition ratio. Peaks 1–5 correspond to the main signals of
protons shown in (A,B). Peak 1 represents succinic acid (SA), peaks 2 and 3 represent adipic acid
(AA), and peaks 4 and 5 represent 1,4-butanediol (BDO).
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3.6. Biodegradation of PBSA Films in Farmland Soil

To simulate the degradation of PBSA films under general soil environments, we
conducted a soil burial test (Figure 6A,B). Soil samples were collected from NTU farmland
in September (late summer) and December (winter) of 2020 to evaluate the effect of seasonal
conditions on biodegradation. The PBSA films retained approximately 98% of their weight
after being buried in sterile soil for 28 days (Figure 6B,C). The PBSA films were degraded
by approximately 95% while buried in the nonsterile soil collected in September after 28
days of incubation (Figure 6C), whereas the films were degraded by 61.3% when buried in
soil collected in December (Figure 6). We evaluated the effects of supplementation with
different doses of A. terreus HC fungal mycelia on degradation rates. For the soil collected
in September, the weights of PBSA were reduced by 54.9% and 69.3% when the nonsterile
soil was supplemented with low and high doses of fungal mycelia, respectively, after 14
days of incubation (Figure 6C). The film weights achieved 92.2% and 93.4% reductions after
28 days of degradation at low and high fungal mycelia doses, respectively (Figure 6C). For
the soil collected in December, the weights of PBSA were reduced by 23.7% and 37.4% when
the nonsterile soil was supplemented with low and high fungal mycelia doses, respectively,
after 14 days of incubation (Figures 6D and S4A). This result indicated that the addition of
a high dose of A. terreus HC fungal mycelia to winter soil could improve the degradability
(+14%) in the early stage of incubation (14 days). After 28 days of incubation, the weight
of PBSA films was reduced by 70.2% and 78% with low and high fungal mycelia doses,
respectively, and there was no significant difference between the two treatment groups
(Figure 6C).

Figure 6. Soil burial test for biodegradation of PBSA films. (A) Schematic diagram of the device for
the soil burial test. (B) A piece of degraded PBSA film before analysis. (C) Biodegradation of PBSA
films buried in summer soil. (D) Biodegradation of PBSA films buried in winter soil. PBSA plastic
films were buried in NTU farmland soil that was collected from late summer (September) or winter
(December) in 2020. Low (10 mL of mycelial suspension) or high (50 mL of mycelial suspension)
doses of A. terreus HC fungal mycelia were inoculated into the soil. The values for the respective
weights of PBSA film are the mean ± standard deviation of triplicate samples (p < 0.05; Tukey’s post
hoc ANOVA test).
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3.7. Lipolytic Enzyme Activities of A. terreus HC and Soil

We extracted crude enzymes from the supernatant of A. terreus HC broth after 60
days of incubation in the presence of PBSA films. Lipolytic enzymes included lipases and
esterases. We used p-nitrophenyl fatty acid esters with different chain lengths (C2, C4, C8,
C10, C12, and C16) as substrates to investigate the substrate specificity of the potential
lipolytic enzymes of A. terreus HC. As shown in Figure 7A, the lipolytic enzymes produced
by A. terreus HC displayed relatively high activities for C8 to C16 chain fatty acids (i.e.,
medium to long-chain fatty acids), and the maximal activity was observed for C10 fatty
acids. Intriguingly, we noticed that although the p-nitrophenyl ester with a short chain
(i.e., 4-nitrophenyl acetate, C2) has often been selected as a candidate substrate for lipolytic
enzyme activity assays in the literature, it was not detected in the extracellular medium of
A. terreus HC after PBSA degradation (Figure 7A).

Figure 7. Lipolytic enzyme activities in the A. terreus HC culture broth and soil. (A) The lipolytic
enzyme activities of A. terreus HC in the culture broth were determined by chromogenic nitrophenyl
esters with different chain lengths as substrates (i.e., p-nitrophenyl esters). The supernatant of the
A. terreus HC culture was collected from the culture fluid incubated with PBSA film and A. terreus
HC for 60 days. (B) The lipolytic enzyme activities of soil. (C) The lipolytic enzyme activities of
soil supply with A. terreus HC. (D) The lipolytic enzyme activities of soil buried with PBSA. (E) The
lipolytic enzyme activities of PBSA buried soil supply with A. terreus HC. The assay was conducted
after 30 days of PBSA degradation in soil. The substrates used were as follows: C2, 4-nitrophenyl
acetate; C4, 4-nitrophenyl butyrate; C8, 4-nitrophenyl caprylate; C10, 4-nitrophenyl decanoate; C12,
4-nitrophenyl dodecanoate; and C16, 4-nitrophenyl palmitate. The results are presented as the mean
± standard deviation (p < 0.05; Tukey’s post hoc ANOVA test).

After conducting the soil burial test (Figure 7B–E), we further determined the lipolytic
enzyme activities of the soil samples (NTU farmland) with the same substrates mentioned
above. As shown in Figure S5A, lipolytic enzyme activities of the test soil were detected
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against all the substrates of C2 to C16 chain fatty acids. We found that the activities were
relatively high against those of short-chain fatty acids (C2 to C4) and decreased with
increasing carbon chain length (C8 to C16). When PBSA films were buried in the soil for 30
days, we found that the lipolytic enzyme activities against the substrates with C8 and C12
chain lengths were remarkably higher than those in soil without PBSA films (Figure S5B
and Figure 7D,E). Furthermore, we noticed that when a suspension of A. terreus HC mycelia
was added to the test soil at the beginning of the experiment, the lipolytic enzyme activities
against the substrates with C10 and C16 chain lengths were dramatically higher than those
without fungal addition, which were 1.3- and 5.8-fold increased, respectively (Figure S5B).

3.8. Phytotoxicity Assessment

Phytotoxicity assessment was conducted to evaluate whether there were potential
adverse effects derived from the soil containing PBSA residues or A. terreus HC on the agri-
cultural environment or plant growth. Chinese cabbage, a popular green leafy vegetable in
many Asian countries, was used as the test material. As shown in Figure 8, the germination
rates in each treatment group were not significantly different and were 55%, 58.8%, 57.5%,
and 60% for the soil, soil + PBSA, soil+ A. terreus HC, and soil + PBSA+ A. terreus HC
treatments, respectively, and the average biomass of the seedlings did not significantly vary,
with values of 0.10 g, 0.11 g, 0.12 g, and 0.11 g, respectively (Figure 8A).

Figure 8. Phytotoxicity assessment of PBSA plastic film residues or A. terreus HC on plant growth.
Seeds of Chinese cabbage were cultivated in soil containing 30-day degraded PBSA film residues
to determine the seedling vigor for assessing phytotoxicity. (A) The biomass of Chinese cabbage
seedlings was assessed after 8 days of germination. (B) The phenotype of Chinese cabbage at 21 days
of cultivation. (C,D) Fresh and dry weights of shoots after 21 days of cultivation in soil containing
PBSA residues. Ns: no significant difference among the treatments. The results are presented as the
mean ± standard deviation (p < 0.05; Tukey’s post hoc ANOVA test).
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For the assessment of adult plants, we found no significant difference among the
treatments either in morphology or in biomass (shoot fresh and dry weight) of Chinese
cabbage after 21 days of cultivation in the PBSA-containing soil (Figure 8B–D). The average
fresh weights were 14.44, 13.51, 15.60, and 13.77 (g), and the dry weights were 1.29, 1.32,
1.35, and 1.31 (g) for the soil, soil + PBSA, soil+ A. terreus HC, and soil + PBSA+ A. terreus
HC treatments, respectively. These results indicated that neither PBSA residue nor A.
terreus HC influenced the germination rate, seedling biomass, and growth of the test green
leafy vegetable.

4. Discussion

4.1. Individual Aspergillus Strains Showed Unique PBSA Degradation Characteristics

In this study, two PBSA-degrading Aspergillus strains (A. terreus HC and A. fumigatus
L30) were isolated from farmland soil in Taiwan. As shown in Figure 3, the degradation
rate of A. fumigatus L30 or A. terreus HC was increased, while 30 mL of fresh basal medium
was added to the incubation broth after 30 days of incubation (i.e., the blue curves). Some
literature mentioned that supplementation with other nutrients or substrates can stimulate
the degradation ability, which may be due to increased microbial biofilm growth or the pro-
vision of an easily metabolized nutrient source for microbes [49–52]. We deduced that this
advantageous effect was due to an increase in cell growth and promotion of the synthesis
of degrading enzymes by adding fresh basal medium during fed-batch cultivation.

On the other hand, we noticed that while the whole suspension (100 mL) of cell
culture was removed and replaced with the equivalent amount of fresh basal medium, the
PBSA degradation (30–60 days) of A. fumigatus L30 was not affected (i.e., the red curve
in Figure 3A), whereas that of A. terreus HC was almost terminated (i.e., the red curve
in Figure 3B). The case of A. terreus HC was reminiscent of the phenomenon previously
reported by Bottone and colleagues [53]. They found that some filamentous fungi, such
as Mucor and Aspergillus spp., the inhibitory substances were self-produced during their
culture under minimal medium, which precluded the new hyphal backgrowth in the fresh
medium. They also observed that even inoculation with fresh spore suspension did not
result in new hyphal growth. These inhibitory substances could be bicarbonate, which was
identified in the respiratory metabolism of Aspergillus nidulans [54,55]. Accordingly, we
assumed that A. terreus HC produced the still unidentified substance to inhibit its metabolic
activity while the whole culture suspension was replaced by a fresh basal medium, although
this remains to be elucidated.

4.2. PBSA Degradation Efficiency of the Winter Soil Can Be Improved by Addition of Fungal Mycelia

To evaluate the effect of temperature on PBSA degradation, we sampled the farmland
soil in different seasons (September and December) for the soil burial test. As shown in
Figure 6, a higher degradation rate was shown in the treatment using late summer (Septem-
ber) soil than that using early winter (December) soil. Hoshino and colleagues proposed
PBSA degradation rates under different weather conditions, which were correlated with the
accumulation of daily effective temperatures (i.e., effective temperature = T−10 ◦C, T: daily
temperature) [56]. We deduced that increasing the temperature increases the rate of effec-
tive biodegradation by microbes in the soil sample. As mentioned above, the degradation
activity of the indigenous winter soil was lower than that of the summer soil (Figure 6). We
found that adding a high dose (50 mL of mycelial suspension) of A. terreus HC mycelia to
the winter soil sample could improve the degradation rate by 15% at day 14. Such an effect
of bioaugmentation with elite microbial inoculant was also reported in previous studies.
For example, Ishii and colleagues reported that the addition of 10 mg of wet cells of A.
fumigatus NKCM1706 into the soil could promote sixfold PBS degradation at 30 ◦C [57]. On
the other hand, such a bioaugmentation effect was not observed in the trial using the sum-
mer (September) soil sample (Figure 6C). The degradation rate of the September soil group
without fungal mycelia inoculation was relatively high on day 14 of incubation, suggesting
that indigenous microbes already possessed high degradation activities. Accordingly, even
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supplementation with a high dose of A. terreus HC mycelia did not exceed the background
effect. Taken together, these results suggest that supplementation with proper amounts of
elite microbial cultures, such as A. terreus HC mycelia, is a practical strategy to enhance
PBSA biodegradation activity in environments with poor decomposition.

4.3. PBSA Could Induce the of Lipolytic Enzyme Activities in Farmland Soil

The lipolytic enzyme activities of the NTU farmland soil samples were determined
and shown in Figure 7. We found that the soil showed lipolytic activities against all the
substrates of C2 to C10 chain fatty acids even in the absence of PBSA film. When PBSA
films were buried in the soil for 30 days, the activities were significantly increased against
the substrates with C8 and C12 chain lengths compared with the activities without PBSA
addition (Figure 7D). This result indicated that PBSA induced the synthesis of lipolytic
enzymes of indigenous microbes to degrade substrates with medium and long carbon
chains in soil. In a previous study, Yamamoto-Tamura and colleagues observed a similar
phenomenon [16]. The authors reported that the activity of soil esterase was remarkably
induced upon the addition of PBSA film. Accordingly, we assumed that the presence of
PBSA induced esterase production from indigenous microbes in the soil. Moreover, we
noticed that when A. terreus HC mycelia were added to the soil with PBSA films (i.e., soil
+ PBSA + HC) (Figure 7E), the lipolytic enzyme activities against the substrates with C10
and C16 chain lengths were further increased in comparison with those without the fungal
supplement (i.e., soil + PBSA) (Figure 7D and Figure S5). Taken together, these results,
with respect to soil lipolytic enzyme activities, showed that the NTU farmland soil mainly
contains short-carbon-chain enzymes, but when the soil contained buried PBSA films,
indigenous soil microorganisms were triggered to secrete long carbon chain-degrading
enzymes. Moreover, while adding plastic decomposing microbes can further promote the
secretion of long carbon chain-degrading enzymes, we deduced that the elite fungal strain
A. terreus HC can degrade PBSA into shorter-chain fatty acids, which are then catabolized
by the other indigenous microorganisms in the soil. This hypothesis remains to be proved
by further analysis.

4.4. No Observed Adverse Effect on the Growth of Leafy Vegetable by PBSA Degradation or the
Addition of Elite Fungal Culture in Farmland Soil

Plastic pollution has become a global concern for ecosystem health and biodiversity
conservation. People are increasingly interested in understanding the impact of biodegrad-
able plastic on ecosystems [4,5,58,59]. The analysis of the toxicity of biodegradable mulch
to plants is mainly carried out by measuring plant growth in soil containing biodegradable
plastic film fragments [60–64]. Since the sensitivity of plants to a variety of biodegrad-
able materials is species dependent, a few studies have shown that some products may
alter plant development, while a few others showed certain mulches to be likely safer for
use in agricultural environments [4]. Wang and colleagues reported that soil containing
the residue of PBS-based copolymers (P(BS-co-SA)) did not affect the growth of Chinese
cabbage [6]. Furthermore, approximately 0.6~2% (w/w) of PLA, PHB, PBAT, or the inno-
vative biodegradable material Mater-Bi® was individually buried in the testing soils for
6–7 months, and plant seeds were sown inside. These studies reported that there was no
adverse effect on either the germination rates of cress, barley s, Brassica, and sorghum
or the dry weight of seedlings [61,63,64]. On the other hand, Fritz and colleagues found
that when the soil contained 2% (w/w) polyester amide mulch film fragments, the plant
biomass decreased 20–50% in cress, millet, and rapeseed [60]. In this study, we conducted a
phytotoxicity assessment to evaluate whether there were potential adverse effects derived
from soil containing 0.2% PBSA films or that supplemented with A. terreus HC on plant
growth. As shown in Figure 8, we did not observe an obvious adverse influence of PBSA
degradation or the addition of fungal culture on the seed germination rate, seedling, and
mature plant weight of Chinese cabbage. Whether PBSA or A. terreus HC in soil affects other
kinds of plants, soil microbial communities, or other organisms requires further research.
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5. Conclusions

In this study, we selected two elite PBSA-degrading Aspergillus strains, namely, A.
terreus HC and A. fumigatus L30, from soil samples in Taiwan. It is noteworthy that
biodegradation of PBSA by A. terreus is reported for the first time. The PBSA films placed in
the carbon-free basal medium were approximately 42% degraded by A. terreus HC within
30 days of incubation, while the films were 26% degraded by A. fumigatus L30. In the soil
burial test, A. terreus HC showed over 90% and 75% degradation rates for summer and
winter soil environments, respectively. When adding a high dose of A. terreus HC mycelia to
the winter soil, the degradation efficacy of PBSA was further improved. This suggests that
the application of an elite fungal mycelial suspension to soil with a low degrading ability
can aid in its degradability. According to the results of the soil burial test, it can be deduced
that PBSA can induce the synthesis of lipolytic enzymes of indigenous microbes to degrade
substrates with medium and long carbon chains in the soil. In the phytotoxicity test, the
degradation of PBSA films or the addition of fungal mycelia did not cause obvious adverse
effects on the growth of seedlings or adult plants of Chinese cabbage. Taken together,
the results of this study not only advance our understanding of the biodegradation of
PBSA by elite Aspergillus strains but also provide insight into improving the efficiency of
biodegradation in soil environments with moderate temperature.
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uninoculated PBSA plastic film. Figure S4. Weight loss (%) of PBSA plastic films against degradation
time in soil burial tests. Figure S5. Lipolytic enzyme activities in the soil.
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Abstract: Natural rubber from different Hevea braziliensis clones, namely RRIM600, RRIT251, PB235
and BPM24, exhibit unique properties. The influences of the various fresh natural rubber latex and
cream concentrated latex on the non-rubber components related properties were studied. It was found
that the fresh natural rubber latex exhibited differences in their particle size, which was attributed
to the non-rubber and unique signature of clones which affect various properties. Meanwhile, the
cream concentrated latex showed the protein contents, surface tension, and color of creamed latex to
be lower than the fresh natural latex. However, TSC, DRC, viscosity, particle size and green strength
of concentrated latex were found to be higher than the fresh natural latex. This is attributed to the
incorporation of HEC molecules. Also, the rubber particle size distribution in the RRIM600 clone
exhibited a large particle size and uniform distribution, showing good mechanical properties when
compared to the other clones. Furthermore, the increased green strength in the RRIM600 clone
can be attributed to the crystallization of the chain on straining and chain entanglement. These
experimental results may provide benefits for manufacturing rubber products, which can be selected
from a suitable clone.

Keywords: fresh natural latex; non-rubber components; clones; cream concentrated latex; hydroxyl
ethyl cellulose

1. Introduction

Natural rubber latex (NRL) is obtainable from a rubber plant in the form of latex.
Latex is the white milk-like fluid which is obtained by wounding the rubber plant. Hevea
braziliensis is the most common commercial source of latex today. Fresh natural rubber latex
consists of two main components. 25–41% of dry rubber content or hydrocarbon (cis-1,4-
polyisoprene) and the other non-rubber components consisting of mainly carbohydrates,
proteins, lipids, minerals, and salt content in an aqueous serum phase (Table 1) [1,2].
Fresh natural rubber latex can be contaminated by micro-organisms because it contains
various nutritious substances otherwise known as non-rubber components [3]. Normally,
natural rubber latex spontaneously coagulates shortly after it comes out of the tree. Due
to the bacterial attack often occurring on the protein constituents which act as colloidal
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stabilizers to keep the latex water dispersible, coagulation is prevented [2,4]. In order to
facilitate preservation, high amounts of ammonia are added to the latex. Ammonia is
added to the latex to maintain in the form of liquid, and this is concentrated either by
creaming or centrifuging. The resulting concentration can be transported as a liquid. Fresh
natural latex can be transformed to concentrated natural latex in order to maintain the
constant quality of concentrated natural latex, and to generate the economic value for
latex’s transportation. The concentrated natural latex can be produced by various processes,
including evaporation, electrocantation, centrifuging and creaming processes [3].

Table 1. Composition of fresh natural rubber latex [2].

Constituents % Composition

Rubber particles (cis-1,4-polyisoprene) 30–40
Protein 2.0–3.0
Lipids 0.1–0.5
Resins 1.5–3.5

Ash 0.5–1.0
Sugars 1.0–2.0
Water 55–65

The creaming process is popular, as it often avoids the use of sophisticated equipment,
thus offering a simple and cost-effective route to concentrate the latex. The creaming process
is a chemical process involving the addition of creaming agents into the vessels containing
field latex to hasten phase separation (upper rubber fraction and lower serum) [5]. The
creamed latex generally contains around 50–60% of dry rubber content. It is well-known
that concentrated natural rubber latex is used in many applications. Mainly, it has been
used in gloves, condoms, toys, balloons, catheters, medical tubing, elastic threads, latex
foams, etc. [6–8]. NR has outstanding strength, along with excellent dynamic properties,
low hysteresis loss, high tensile strength and resistance to forms of fatigue such as chipping,
cutting or tearing [9]. However, fresh natural rubber latex from various Hevea brasiliensis
clones consists of different non-rubber components. Composition of fresh natural latex
depends on factors such as soil condition, fertilizer quality, tapping system, season, and,
in particular, the natural rubber clonal variety [10]. A previous study on the properties
of various Hevea brasiliensis clones (i.e., RRIM600, PB235, and RRTI408) clearly showed
the difference in protein and lipid contents. The protein and lipid contents, together with
gel content, play essential roles in controlling various properties of unvulcanized NR. It is
noted that the non-rubber components, especially proteins and phospholipids, have been
found to strongly affect the various properties of raw NR and its vulcanizates. For instance,
the proteins present in latex play a major role in deciding the properties of latex products
such as elasticity, modulus and barrier functions. This relates to the presence of nitrogenous
amino acids, which might act as cure accelerators, antioxidants and thermal stabilizers in
NR. In addition, the whole lipid content, especially the phospholipids, was found to be
inversely proportional to the tack properties of NR and unsaturated fatty acids act as a
plasticizer for rubber by lowering the plasticity of NR [11,12]. Furthermore, fresh natural
rubber latex from various Hevea brasiliensis clones consists of high molecular weight (MW)
components and a wide distribution of molar mass (MMD). The molecular structures of
two NR clones (i.e., RRIM600 and PB235) were analyzed by size exclusion chromatography
(SEC) and it was found that the RRIM600 clone had bimodal MMD, whereas the PB235
clone had unimodal MMD [12]. Therefore, the non-rubber content, especially proteins and
lipids, have been found to strongly affect various properties of raw NR and predominantly
influence the green strength of un-vulcanized NR. Furthermore, unsaturated fatty acids
can act as plasticizers in natural rubber latex [13]. The properties of fresh natural rubber
latex are varied (P < 0.01) as a function of clone type, tapping method and climate factors.
For example, dry rubber content (DRC) is generally decreased in the beginning of the dry
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season (May to June), while simultaneously the nitrogen and ash contents (%) are increased
in the same period [14].

The present work aimed to study the effect of non-rubber components on the properties
of fresh natural latex and creamed concentrated latex. Fresh natural latex from 4 different
clones (RRIM600, RRIT251, PB235 and BPM24) were chosen to study their different dry
rubber content and molar mass distributions. The yield of fresh natural rubber latex from
four different clones is comparatively more upon introducing new genetic varieties of Hevea
Brasiliensis recommended by the Rubber Research Institute of Thailand (RRIT). The fresh
natural latex was collected from plantations in Songkhla province, Thailand, during the
late part of tapping season in Thailand (May and June).

The impact of non-rubber components on both biochemical and physicochemical indi-
cators in liquid (latex) and dry states (film) was investigated. Protein contents, molecular
weight (MW), DRC, TSC, surface tension, viscosity and morphology were measured for
liquid latex, and the mechanical properties of the dry state (unvulcanized natural rubber
film) were investigated.

2. Materials and Methods

2.1. Materials

Natural rubber latex samples from four Hevea brasiliensis clones, namely RRIM600,
RRIT251, PB235 and BPM24, were collected from plantations in Songkhla province, Thai-
land, during the late part of tapping season in Thailand (i.e., May–June). 28% of ammonia
solution was added as a preservative to the fresh field NR latex and it prevents coagulation
of latex. Hydroxyethylcellulose (HEC) was used as a creaming agent purchased from
Brenntag Ingredients Public Company Limited (Bangkok, Thailand). Potassium laurate
was purchased from Lucky Four Co., Ltd., (Bangkok, Thailand) and used as a pH modifier
for the creaming process of fresh field NR latex.

2.2. Preparation of Creamed Concentrated Latex

Creamed concentrated latex was prepared using a formulation, as shown in Table 2.
The percentages of dry rubber content of four Hevea brasiliensis clones, namely RRIM600,
RRIT251, PB235 and BPM24, are found to be 41.0%, 40.8%, 42.5% and 24.0%, respectively.
20% (w/w) potassium laurate was added into the treated latex with continuous mechanical
stirring for 5 min before incorporation of the creaming agent. The creamed concentrated
latex with hydroxyethyl cellulose (HEC) as a creaming agent was dissolved in deionized
water at a concentration of 1% (w/w). The mixture was thoroughly stirred at 120 rpm for
30 min. The mixture was then incubated at room temperature for 7 days. After 7 days, the
latex was found to be separated into two layers, rubber particles at the top and aqueous
serum at the bottom. The aqueous serum phase was removed and the upper rubber
fraction—the creamed concentrated latex—was finally extracted from the mixture for
further investigation.

Table 2. Formulation is used to prepare creamed concentrated latex.

Chemicals Quantity, phr

Fresh filed NR latex 100
HEC (1% w/w in water) 0.4

20% w/w potassium laurate 0.3

2.3. Characterization and Measurements
2.3.1. Analysis and Testing of the Fresh Natural Latex and Creamed Concentrated Latex

Analysis and testing of latex including the total solid content (TSC) and dry rubber
content (DRC) were performed according to ISO 124 and ISO 126, respectively. The viscosity
of latex was also measured using a Brookfield digital viscometer, model LVDV - III Ultra,
with spindle no. 2 at a speed of 60 rpm. Furthermore, the surface tension was determined
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by Du Noüy ring method [15]. The measurement was performed by an instrument known
as a Tensiometer.

2.3.2. The Protein Contents

The protein content was estimated from its nitrogen content by the Kjeldahl method
according to the Association of Official Analytical Chemists (AOAC) and Official Methods
of Analysis of Fertilizers (OMAF) [16]. A 0.1 g rubber sample was mixed with a mixture of
catalysts (0.65 g) and then digested in concentrated sulfuric acid (H2SO4) until the rubber
was completely digested. Then, an alkaline solution (67% w/v NaOH) was added to the
mixture of the digested solution. After that, the solution was distilled, and the distillate was
collected in a boric acid solution. Finally, the distillate was titrated with 0.01 N H2SO4 to
determine the ammonia content, allowing for estimating the protein content by multiplying
the nitrogen content (mass) with 6.25.

2.3.3. Molecular Weight and Polydispersity Index

Molecular weight (Mw), number-average molecular weight (Mn) and polydispersity
index (PDI) of the fresh natural latex were investigated by gel perforation chromatography
(GPC) technique (1260 infinity II GPC/SEC MDS, Agilent Technologies, Germany) with a
refractive index detector. The solution of fresh natural latex samples with a concentration
of 0.001 g/ mL was prepared by using tetrahydrofuran (THF) as a solvent before filtrating
through a 0.45 μm membrane. The THF was also applied as a mobile phase with a flow
rate of 1.0 mL/min under 40 ◦C.

2.3.4. Morphological Properties

Particles and particle distribution of the lattices were also analyzed using a laser particle
size analyzer, Coulter model LS230 particle size analyzer. Furthermore, morphological prop-
erties of the latex particles were examined with a transmission electron microscope (TEM),
model Jem 2010, Japan with 160 kV with a magnification of 10,000×. In TEM technique, the
latex was first diluted with deionized water to a concentration of 0.025 wt%. An aqueous
solution of OsO4 (2 wt%) was then added into the diluted latex and allowed to stain the
rubber molecule overnight [17]. The stained samples were then examined by TEM.

2.3.5. Mechanical Properties

The tensile testing was performed using a universal testing machine (model H10KS,
Hounsfield, UK). The tests were performed with a crosshead speed of 500 mm/min at
room temperature using dumbbell-shaped specimens according to ASTM D412. In the
case of hardness, the samples were tested using a Shore A durometer (Frank GmbH,
Hamburg, Germany) as per ASTM D2240. Furthermore, the color of NRs from various
Hevea brasiliensis clones was characterized with a Lovibond colorimeter according to ASTM
D3157 and with a HunterLab spectrophotometer.

3. Results and Discussion

3.1. Characterization of Fresh Natural Latex

The physical properties of fresh natural latex from four different Hevea brasiliensis
clones were measured. Table 3 shows the TSC (total solid content), DRC (dry rubber
content), protein contents, surface tension, viscosity and color of different fresh natural latex
collected from a variety of clones. TSC, DRC and protein contents showed different results
for NRs from various clones. The DRC of RRIM600, RRIT251 and PB235 clones exhibited
the same trend (40–42%), whereas the BPM24 clone showed the least value. Moreover,
protein contents estimated from Kjeldahl method also showed different values. This is
consistent with the observation that clones and the environment affect the metabolism
of latex regeneration [18]. The viscosity of the fresh natural latex depends on TSC and
DRC due to a high TSC, and DRC may limit the yield by hindering latex flow. In addition,
the surface tension is the important parameter that decides the physical properties of
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fresh natural latex with respect to its intrinsic properties and its applications (wetting and
dipping). The results of surface tension of all clones showed the same trend (42–45 mN/m).

Table 3. TSC, DRC, protein content, surface tension, viscosity, lovibond comparator and particle size
of the fresh natural latex from four different Hevea brasiliensis clones.

Properties
Hevea Brasiliensis Clones

RRIM600 RRIT251 PB235 BPM24

Total solid content (%) 45.30 ± 0.16 43.47 ± 0.13 45.16 ± 0.05 28.03 ± 0.03
Dry rubber content (%) 40.90 ± 3.45 40.82 ± 0.28 42.47 ± 0.58 23.61 ± 1.90
Protein content (wt%) 3.03 ± 0.009 3.33 ± 0.007 2.64 ± 0.004 3.31 ± 0.002

Viscosity (cps)
(Spin no.1/Speed 60 rpm) 12.50 11.50 12.00 5.00

Surface tension (mN/m) 45.50 ± 0.70 45.00 ± 1.41 42.00 ± 0.00 45.00 ± 1.41
Lovibond comparator 2.50–3.00 3.00–4.00 8.00–10.00 12.00–14.00

Particle size (μm) (mean) 1.66 1.59 1.27 1.24

The color of all clones selected were determined with a Lovibond colorimeter and
HunterLab spectrophotometer, and they are summarized in Table 3. A photo of the rubber
sample is also shown in Figure 1. The yellow color of NR is not only due to the presence of
non-rubber constituents but also depends on clonal and seasonal variations, soil types and
tapping frequency. The distinctive yellow color in NR has been attributed to the presence
of carotenoids. Mostly, the non-rubber components affect the color of products made
from it. Therefore, the color change of the samples is likely to arise from the oxidation of
non-rubbers such as proteins and lipids [19].

Figure 1. The color of the fresh natural latex from four different Hevea brasiliensis clones.

3.2. Rubber Particle Size Distribution of the Fresh Natural Latex

Figure 2 shows the particle size distribution of fresh natural latex from four different
Hevea brasiliensis clones. Results showed that the diameters of rubber particles in all clones
varied between 0.40 μm and 5.00 μm. The typical quasi-unimodal particle size distribution for
RRIM600 and RRIT251 clones was observed, whereas PB235 and BPM24 clones were bimodal.
This confirms the presence of two populations of chains in rubber, leading to determination
of the average molar masses, as well as the size and shape of natural rubber molecules. The
main difference between the four clones therefore lies in the relative quantity of short chain. It
is anticipated that the high number of short chains in the bimodal distribution for PB235 and
BPM24 clone yielded many chain ends or terminals of NR molecules and chain ends together
with more non-rubber components than the other clones.
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Figure 2. Particle size distribution of the fresh natural latex from four different Hevea brasiliensis clones.

Rubber particle size in RRIM600 and RRIT251 clones are found to be larger in the range
between 0.50 μm and 4.50 μm. The fine particles with size lower than 0.50 μm are observed
in BPM24 clone together with more portions of larger rubber particles in the range between
0.40 μm and 3.50 μm and shows wider particle size distribution than other clones, whereas
PB235 clone shows narrower distribution in the range of 0.45–2.52 μm. The difference in the
range of particle size might be attributed to the non-rubbers and the unique signature of the
clones [20]. These results are in good agreement with the results of transmission electron
micrographs as shown in Figure 3. It is clearly observed that the latex of RRIM600 and
RRIT251 clones consist of large particles (Figure 3a,b), while the latex from PB235 and BPM24
clones (Figure 3c,d) consist of both large and small particles. Rubber particles are observed
as spherically shaped and some were pear-shaped; regardless, their particle size, either they
were large or small rubber particles for all clones selected [21]. It was observed that some
elongated particles appeared as a result of aggregation of non-rubber in the analyzed sections
of BPM24, consisting of many nodules of non-rubber on the particle surfaces.

Figure 3. Transmission electron micrographs of (a) RRIM600; (b) RRIT251; (c) PB235; and (d) BPM24.
(×10,000).
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3.3. Molar Mass Distribution of the Fresh Natural Latex

The molar mass and molar mass distributions (MMD) in the natural rubber play an
important role in their bulk properties. The molar mass distribution of natural rubber from
RRIM600, RRIT251, PB235 and BPM24 clones are shown in Table 4. MMD, in the case of all
clones, confirmed that the rubber from RRIM600 and RRIT251 are bimodal MMD, but the
rubber from PB235 and BPM24 clones are unimodal MMD. The properties of NRs from the
four clones depend on the relative quantity of short chains. It is anticipated that the high
number of short chains in this bimodal distribution yielded many chain ends or terminals of
NR molecules [10]. The polydispersity index (PDI) of the BPM24 clone exhibited a superior
value when compared to the other clones and exhibited an MWD curve with unimodal
distribution with almost constant value skewed in case of low molecular weight. However,
the size of rubber particles might influence the molecular weight of their rubber particles
in the latex.

Table 4. Molecular weight and polydispersity index of fresh natural latex from four different Hevea
brasiliensis clones.

Hevea Brasiliensis Clones
Mn × 105

(g/mol)
Mw × 106

(g/mol)
Polydispersity Index

(PDI)

RRIM600 3.81 1.96 5.14
RRIT251 3.71 1.68 4.53

PB235 4.34 2.02 4.66
BPM24 1.37 1.09 7.92

3.4. Mechanical Properties of Fresh Natural Latex

Table 5 shows the mechanical properties of NR films collected from four different
Hevea brasiliensis clones. The green strength of elastomers has been commonly attributed
to long-chain branching, interactions between polar groups, the presence of a gel, chain
entanglements, and crystallization on stretching [22]. The variations in these factors are
responsible for the different green strength in the case of NRs from various rubber clones.
It was seen that RRIM600, RRIT251 and BPM24 clones showed higher stress at break
compared to PB235. This might be attributed to the lower protein content (Table 3) that cor-
responds to the levels of short chains cis-1,4-isoprene. It was presumed that the non-rubber
components in rubber molecules caused the formation of loosely crosslinked structures or
a gel in natural rubber. Generally, the area under stress-strain curve indicates the toughness
of a material. In Figure 4, it is seen that the PB235 clone showed the least area due to the
least toughness among the other clones, and this was related to the results reported previ-
ously [10,11]. This finding clearly indicates that the non-rubber components (i.e., protein
content) acted as the reinforcing filler and enhanced the rigidity of rubber. They also form
macro-gel in rubber molecules by providing stronger rubber networks with high moduli,
stiffness, and hardness [11,23–25]. This indicates that the removal of proteins or non-rubber
components lead to reduce the moduli, stress at break and hence the stiffness of rubber [25].
In the previous work, [10,22,26] rubber molecular chains comprise of long-chain isoprene
units and the chain ends consist of one protein end group and another phospholipid
end group. It can be seen that the α-terminal group with mono- or di-phosphate groups
associated with phospholipids, whereas the ω-terminal is a dimethylallyl group that in-
teracts with proteins [26]. In Figure 5, it is clearly seen that these molecules could interact
with both the functional terminal groups via hydrogen bonding and ionic bonds derived
from metal ions. The proteins in natural rubber are considered to originate branch points
by hydrogen bonding, as well as the phospholipids are linked to another phospholipid
molecule in other chain ends via hydrogen bonding or ionic bonds derived from metal
ions. Moreover, proteins at ω-terminal could interact with other protein molecules through
hydrogen bonding [10,26]. In addition, the increase in green strength can be attributed to
the number of branch points per chain and chain entanglement. The long chain branching
in rubber molecule plays an important role in the higher green strength [22]. It was found
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that a high polydispersity index in case of RRIM600 and BPM24 clones exhibited the higher
green strength. These findings might have resulted from the distribution of larger rubber
particles and not that of smaller particles. Thus, it is reasonable to assume that the long
chain branching in natural rubber affects the green strength. Therefore, it is concluded
that the green strength is related to the non-rubber components, branch structure, chain
entanglements, and particle size in the natural rubber molecules.

Table 5. Mechanical properties of NR from fresh natural latex collected from four different Hevea
brasiliensis clones.

Properties
Hevea Brasiliensis Clones

RRIM600 RRIT251 PB235 BPM24

100% modulus (MPa) 0.36 ± 0.01 0.37 ± 0.04 0.32 ± 0.01 0.40 ± 0.02
300% modulus (MPa) 0.38 ± 0.01 0.39 ± 0.06 0.34 ± 0.04 0.42 ± 0.02
500% modulus (MPa) 0.40 ± 0.02 0.42 ± 0.08 0.36 ± 0.01 0.45 ± 0.04
Green strength (MPa) 0.86 ± 0.07 0.73 ± 0.09 0.47 ± 0.07 0.89 ± 0.06

Elongation at break (%) 969 ± 13 884 ± 4 850 ± 45 877 ± 30
Hardness (Shore A) 15.0 ± 0.8 15.5 ± 0.5 13.0 ± 0.8 14.0 ± 0.5

Figure 4. Stress-strain curves of NRs from the four Hevea brasiliensis clones.
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Figure 5. Schematic representation of α- and ω-terminal groups on the rubber latex particle surface.

3.5. Characterization of Cream Concentrated Latex from Four Different Hevea Brasiliensis Clones

Creaming method is a physicochemical process in which the creaming agent is mixed
with fresh natural latex and then a phase separation process (upper rubber fraction and
lower serum) is applied [4]. This work is aimed at preparing concentrated latex using
hydroxyethyl cellulose (HEC) as a creaming agent. Creamed concentrated latex generally
contains the creaming agent, as well as ammonia for preservation. It was found that TSC,
DRC, viscosity, and particle size values of the cream concentrated latex are clearly higher
than those of fresh natural latex, whereas the protein content, surface tension, and the
color exhibited lower values. Table 6 shows the TSC and DRC of creamed concentrated
latex, which are increased in the case of all clones when compared to the fresh natural
latex. This indicates that hydroxyethyl cellulose (HEC) increases the efficiency to separate
rubber particles from the serum solution [2,4]. The incorporation of high-molecular weight
hydroxyethyl cellulose (HEC) with higher degree of polarity is responsible for the creaming
phenomenon. Thus, hydroxyethyl cellulose (HEC) as a hydrophilic colloid dispersed in
aqueous medium and covered the surface of rubber particles. Also, the branched segments
of the HEC molecules could be well entangled with the neighboring rubber particles
(Figure 6), restricting the movement of the rubber particles and causing a larger rubber
particle size that led to an increase in viscosity of the latex [2,27]. It is clear that the creamed
concentrated latex from all the clones selected exhibit higher TSC, DRC, particle size and
viscosity. Furthermore, during the creaming process, ammonia and potassium laurate
soap need to be added in order to prevent coagulation and reduce the viscosity in the
latex. It is known that potassium laurate soap is a nonionic surfactant used as stabilizing
additives for natural rubber latex. The addition of surfactants during storage modifies the
surface of the rubber particles or interface between rubber particles and water by reducing
the energy difference between rubber hydrocarbon chains and water. It forms a stable
colloidal mixture by reducing the surface tension of all clones selected [28]. Moreover, the
addition of creaming agent, ammonia, and surfactant leads to chemical transformations of
latex particles along the storage time. Therefore, the amount of non-rubber components
or protein should be reduced. The protein content of fresh natural latex is decreased after
the creaming process, especially in the case of RRIM600 and PB235 clones reduced the
values by 27% and 38%, respectively. Proteins associated with rubber particles are reduced
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by strong alkali hydrolysis known as saponification reaction [26,27,29,30]. Finally, the
color of rubber according to Lovibond colorimeter in creamed concentrated latex collected
from all clones showed lighter color compared to the fresh natural latex, especially the
BPM24 clone shown in Figure 7. The removal of some non-rubber constituents from the
latex during storage may be the reason for this light color. It was found that the RRIM600
clone exhibits more transparency than other clones. Therefore, it was concluded that the
properties of cream concentrated latex depend on creaming agent, stabilizing agent, and
non-rubber components.

Table 6. TSC, DRC, protein contents, surface tension, viscosity, Lovibond comparator and particles
size of the cream concentrated latex from four different Hevea brasiliensis clones.

Properties
Hevea Brasiliensis Clones

RRIM600 RRIT251 PB235 BPM24

Total solid content (%) 56.75 ± 0.02 54.46 ± 0.05 66.30 ± 0.05 49.93 ± 0.15
Dry rubber content (%) 54.91 ± 0.06 51.53 ± 1.27 64.80 ± 0.02 48.01 ± 1.81
Protein content (wt%) 2.20 ± 0.002 2.93 ± 0.009 1.64 ± 0.004 2.60 ± 0.001
Viscosity (cps)(Spin
no.1/Speed 60 rpm) 46.00 41.00 75.50 7.00

Surface tension (mN/m) 41.50 ± 0.71 41.00 ± 0.00 39.00 ± 0.00 38.50 ± 0.70
Lovibond comparator 2.00–2.50 3.50–5.00 7.00–8.00 5.00–7.00

Particle size (μm) (mean) 1.90 ± 0.00 1.79 ± 0.70 1.52 ± 0.70 1.22 ± 0.64

Figure 6. Proposed model for the structures of creamed latex with the incorporation of HEC molecules
at the surface of rubber particles.

Figure 7. The color of cream concentrated latex from four different Hevea brasiliensis clones.
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3.6. Rubber Particle Size Distribution of Fresh Natural Latex and Cream Concentrated Latex from
the RRIM600 Clone

Figure 8 shows the particle size distribution of fresh natural latex and cream concen-
trated latex from the RRIM600 clone. The result shows that the diameter of rubber particles
in cream concentrated latex are distributed widely in the range of 0.4–15 μm, whereas the
fresh natural latex showed a narrower distribution in the range 0.4–5.0 μm. It is clear that
the hydroxyethyl cellulose (HEC) molecules covered the surface of rubber particles and
might be attributed to all types of rubber particles that can possibly diffuse from the serum
into the creamed layers during the creaming process [27]. Thus, the larger size is observed
in the rubber particle in the case of concentrated latex. The results are in good agreement
with the TEM measurement, as shown in Figure 9. The cream concentrated latex (Figure 9b)
showed a greater number of large particles due to the enclosement of HEC and surfactant
layer on the surface of particles.

Figure 8. Particle size distribution of the fresh natural latex and cream concentrated latex from the
RRIM600 clone.

Figure 9. Transmission electron micrographs of (a) Fresh natural latex; and (b) Cream concentrated
latex from the RRIM600 clones. (×10,000).
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3.7. Comparison between the Mechanical Properties of Fresh Natural Latex and Cream
Concentrated Latex fromRRIM600 Clone

Table 7 shows the green strength, moduli at 100, 300, and 500% elongations, elongation
at break, and hardness. Also, Figure 10 shows the stress-strain curve of fresh natural
latex, and is compared with the cream concentrated latex. The overall properties of cream
concentrated latex were shown to be higher than that of the fresh natural latex, except the
elongation at break. This can be explained by the long chain branching in HEC molecules
and physical entanglement between HEC and rubber chains. This might be attributed to
the crystallization on stretching being related to the number of branch points per chain
and chain entanglement [26,31]. This physical entanglement could resist the movement
of rubber chains. This result led to the increase in modulus, green strength, and hardness
by reducing the elongation at break. Furthermore, the toughness observed from the area
under stress-strain curve of the fresh latex exhibit slightly higher than creamed latex. This
might be related to the non-rubber components due to the higher non-rubber constituents
(proteins and lipids) forming strong structures of loose crosslinks in rubber molecules [10].
Therefore, it is concluded that the green strength is related to the incorporation of high-
molecular weight HEC molecules as a creaming agent and non-rubber components, along
with rubber molecules.

Table 7. Mechanical properties of fresh natural latex and cream concentrated latex from RRIM600 clone.

Properties Fresh Natural Latex Cream Concentrated Latex

100% modulus (MPa) 0.36 ± 0.010 0.39 ± 0.005
300% modulus (MPa) 0.38 ± 0.010 0.42 ± 0.005
500% modulus (MPa) 0.40 ± 0.015 0.51 ± 0.012
Green strength (MPa) 0.86 ± 0.070 1.47 ± 0.030

Elongation at break (%) 969 ± 13 834 ± 4
Hardness (Shore A) 13.0 ± 0.8 27.0 ± 0.5

Figure 10. Stress-strain curve of fresh natural latex and cream concentrated latex from RRIM600 clone.
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4. Conclusions

Natural rubber was collected from four different Hevea brasiliensis clones (i.e., RRIM600,
RRIT251, PB235, and BPM24) and the studies showed a variation in their non-rubber com-
ponents. The amount of non-rubber components in the latex led to better mechanical and
physicochemical properties, such as TSC, DRC, viscosity, surface tension, color, particles
size, and molar mass distribution. It was found that the RRIM600, RRIT251, and BPM24
clones showed a protein content of about 3.30 wt%, while the PB235 clone exhibited the
least protein content. In addition, the rubber particle size distribution in the RRIM600 clone
exhibited a large particle size and a uniform distribution. This resulted in better mechanical
properties when compared to the other clones.

Furthermore, the cream concentrated latex was successfully prepared using HEC
as a creaming agent and potassium laurate as a creaming aid. It was found that the
cream concentrated latex showed higher TSC, DRC, viscosity, particle size, and mechanical
properties compared to the fresh natural latex. However, except for the surface tension,
protein contents and color were found to be lower than the cream concentrated latex. This
is attributed to the incorporation of high-molecular weight HEC molecules and surfactant
in the cream concentrated latex. Knowledge acquired from this investigation may lead to
various applications according to the unique signature of natural rubber from each clone.
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Abstract: The eutrophication of freshwater environments caused by an excess inflow of phosphorus
has become a serious environmental issue because it is a crucial factor for the occurrence of harmful
algal blooms (HABs) in essential water resources. The adsorptive removal of phosphorus from
discharged phosphorus containing effluents has been recognized as one of the most promising
solutions in the prevention of eutrophication. In the present study, a polyvinyl chloride (PVC)-
polyethyleneimine (PEI) composite fiber (PEI-PVC) was suggested as a stable and recoverable
adsorbent for the removal of phosphorus from aqueous phases. The newly introduced amine groups
of the PEI-PVC were confirmed by a comparison between the FT-IR and XPS results of the PVC
and PEI-PVC. The phosphorus sorption on the PEI-PVC was pH dependent. At the optimum pH
for phosphorus adsorption (pH 5), the maximum adsorption capacity of the PEI-PVC fiber was
estimated to be 11.2 times higher (19.66 ± 0.82 mg/g) than that of conventional activated carbon
(1.75 ± 0.4 mg/g) using the Langmuir isotherm model. The phosphorus adsorption equilibrium of
the PEI-PVC was reached within 30 min at pH 5. From the phosphorus-loaded PEI-PVC, 97.4% of
the adsorbed amount of phosphorus on the PEI-PVC could be recovered by employing a desorption
process using 1M HCl solution without sorbent destruction. The regenerated PEI-PVC through the
desorption process maintained a phosphorus sorption capacity almost equal to that of the first use.
In addition, consistently with the PVC fiber, the PEI-PVC fiber did not elute any toxic chlorines into
the solution during light irradiation. Based on these results, the PEI-PVC fiber can be suggested as a
feasible and stable adsorbent for phosphorus removal.

Keywords: phosphorus; adsorption; adsorbent; polyvinyl chloride; polyethyleneimine (PEI)

1. Introduction

Phosphorus (P) is widely applied as an important element in various areas of human
activity (e.g., agricultural, living, and bio-industrial areas) [1]. Accordingly, a large number
of effluents possessing phosphorus have been discharged into water bodies (e.g., rivers
and lakes) from various point and non-point routes, such as mining, industrial, sewage,
agricultural soil, and surface runoffs [2–4]. Excessively accumulated phosphorus in water
bodies can cause eutrophication, which, in turn, causes serious environmental problems
such as harmful algal blooms (HABs) in precious water resources because phosphorus is a
limiting nutrient for the proliferation of harmful microalgal and cyanobacterial cells [5].
Therefore, the control and removal of phosphorus from aqueous phases is an immensely
important task to maintain the quality of water resources.

Various water treatments based on physiochemical and biological technologies, such
as electrodialysis, struvite precipitation, membrane filtration, and biological digestion,
are being developed and applied to remove phosphorus from aqueous phases [6–10].
Among these methods, chemical precipitation is used to form ammonium phosphate, is
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recognized as the most well-established phosphorus removal process, and is reported to
have the highest removal efficiency (90–95%); however, it can be economically applied to the
treatment of an aqueous solution containing a high phosphate concentration (>50 mg/L).
Moreover, in the case of biological and membrane processes, some technical limitations
have been claimed, such as low effectiveness and strict control requirements (biological
process) and high capital and energy cost requirements (membrane process).

Adsorption technology is considered as a reliable and economical application method
for the removal of phosphorus from aqueous solutions, because it does not require any
additional separate operation processes, additives, or power sources [11]. Therefore, var-
ious types of adsorbents have been designed for application in the adsorption process
for the removal of phosphorus (phosphate) from aqueous phases. Synthesized metal
hydroxide/oxide-based adsorbents, such as Mg(OH)2 and ZrO2, have been reported to
have considerable phosphate adsorption capacities at 16.3 and 47.4 mg/g, respectively [12].
Clay minerals, such as palygorskite [13] and clinoptilolite [14], have been investigated
as adsorbents for the removal of phosphate from aqueous phases. In addition, biochars
derived from wood, corncob, rice husk, and saw dust have gained interested as possible
adsorbents for the adsorptive removal of phosphate [15]. However, it is difficult to recover
these adsorbents from solution after application due to their small size. When considering
phosphorus industrial demands and exhausting natural phosphorus sources, and since
phosphorus-loaded adsorbents can be another source of phosphorus, the recovery of adsor-
bent after use may be important from the viewpoint of industrial sustainability [3]. Molded
adsorbents using a polymer matrix have been suggested as the solution for the difficult
separation of small, formed adsorbents from solution. For example, chitosan is recognized
as a potent polymer matrix of adsorbent for the removal of anionic-formed phosphates
by electrostatic attraction due to its content of numerous cationic amine groups and pos-
sibility to be immobilized in various hydrogel forms (bead and fibers) [16]. However,
since it is a biodegradable biopolymer, it is possible to re-discharge adsorbed phosphorus
from chitosan-based adsorbents through natural decomposition of the matrix. Indeed, it
has been reported that adsorbed cyanotoxins on chitosan can be released again into the
aqueous phase through the degradation of the chitosan matrix [17]. Therefore, to prevent
secondary pollution by re-discharging target pollutants, the use of a stable matrix should
be considered in the development of molded adsorbents.

In the present study, to fabricate an easily recoverable and highly stable adsorbent for
the adsorptive removal of phosphorus, the synthetic polymer polyvinyl chloride (PVC),
which is a chemically/physically stable, inexpensive, and light-weight commercial thermo-
plastic [18], was applied as an adsorbent matrix. Since the adsorption target phosphorus
generally appears in anionic phosphate forms (H2PO4

−, HPO4
2−, and PO4

3−) in aqueous
phases depending on its pKa property, it can be electrostatically adsorbed to cationic func-
tional groups such as amine groups. However, the chemical structure of PVC does not
possess any functional groups as adsorption sites for anionic phosphates. To aminate the
PVC matrix, amine-rich ionic polymer polyethyleneimine (PEI) was applied because PEI
modification is a well-known method that can efficiently enhance the adsorption perfor-
mance of adsorbents for anionic pollutants, including phosphates [2,19,20]. Generally, to
fabricate PEI-modified molded adsorbents, at least three separate reaction processes are
required, including adsorbent molding, PEI-coating/grafting, washing, and cross-linking
processes. However, we expected that the PEI-PVC composite adsorbent (PEI-PVC) would
only require polymer dissolution and fabrication processes because the amine groups of
PEI molecules can be coupled to the alkyl chloride groups of the PVC backbone via the
nucleophilic substitution reaction through chloro-groups during the polymer dissolution
step [21]. Consequently, we could fabricate the PEI-PVC adsorbent through the direct
injection of the dissolving PEI-PVC composite solution into water. In addition, to obtain
an easily separable and surface area-maximized PEI-PVC adsorbent, it was fabricated
in fiber form. The enhanced amine groups and decreased chloride of the PEI-PVC fiber
compared to those of the pristine PVC could be confirmed using FT-IR and XPS analyses.
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Through pH edge, kinetics, and reuse tests using the PEI-PVC fiber for phosphorus, the
pH-dependent, rapid, and reusable phosphorus adsorption properties of the PEI-PVC fiber
were determined. The estimated phosphorus adsorption capacity of the PEI-PVC through
isotherm tests was comparable to that of other reported adsorbents. Moreover, during
utilization as an adsorbent, although the pristine PVC matrix could generate toxic chlorines
by photo-oxidative degradation, the PEI-PVC fiber did not elute chlorines under light
irradiation conditions. Therefore, the suggested PEI-PVC fiber can be feasible and stable
adsorbent for phosphorus adsorption. In addition, our results might provide a sustainable
way to valorize waste PVC to a capable adsorbent for the treatment of anionic pollutants.

2. Materials and Methods

2.1. Materials

Polyvinyl chloride (PVC, MW of 40 kDa), branched polyethyleneimine (PEI) solution
(MW of 750,000, 50% PEI content), and potassium phosphate dibasic (K2HPO4, >98%) were
purchased from Sigma-Aldrich Korea Ltd. (Seoul, Korea). N,N-dimethylformamide (DMF,
99.8%) was supplied by Duksan Science (Seoul, Korea). HCl (36%) and NaOH (>97%) were
purchased from Samchun Chemicals Co., Ltd. (Seoul, Korea) and Daejung Chemicals &
Metals Co., Ltd. (Siheung, Korea), respectively.

2.2. Preparation of Adsorbents

To prepare the PEI composite PVC fiber sorbent (PEI-PVC), two grams of PEI solution
(50% in solution) was mixed with 30 mL of PVC solution (2 g PVC/30 mL DMF). Next,
the mixture was allowed to react at 80 ◦C for 4 h in a water bath. The reacted mixture
was continuously injected into a methanol solution (50% v/v in D.W.) to form a fiber
sorbent using a plastic hub needle with air compression. The fabricated PEI-PVC fibers
were washed with distilled water several times for the removal of residual DMF and other
impurities. The prepared PEI-PVC fiber was then freeze-dried for 24 h. To minimize the
effect of humidity and CO2 on the sorbent, it was stored in a desiccator during period
adsorption tests.

2.3. Comparison of Functional Group Characteristics in PVC and PEI-PVC Fibers

The measurement of functional group characteristics on the sorbents was carried
out using Fourier transform infrared spectroscopy (FT-IR, Agilent Cary 630 FTIR, Agilent
Technology, Santa Clara, CA, USA). FT-IR analyses of adsorbents were conducted within
the wavenumber range of 650–4000 cm–1 in the attenuated total reflectance (ATR) mode
with scanning number of 100 and 0.9 cm−1 scanning resolution. Furthermore, to analyze
minute changes in the functional groups of the sorbents, the XPS signals for N1s and Cl2p of
the PVC and PEI-PVC were analyzed via XPS (X-TOOL, ULVAC-PHI, Kanagawa, Japan).

2.4. Evaluation of Phosphorus Adsorption Performance of Adsorbents

To determine and compare the phosphorus adsorption performances of the PEI-PVC
and AC, pH effect (pH edge), kinetics, and isotherm tests were performed in a batch system.
In the adsorption experiments, the phosphorus stock solution (initial concentration of
phosphorus: 1000 mg/g) was diluted with distilled water to prepare test solutions contain-
ing desired initial concentration of phosphorus. For the adsorption test, the adsorbents
(adsorbent dosage: 1 g/L) were agitated with the prepared phosphorus solutions in a
shaking incubator until reaching the adsorption equilibrium state at 170 rpm and 25 ◦C. In
addition, during the adsorption process, the solution pH was continuously monitored and
adjusted to the desired pH range using HCl (0.1 M and 1 M) and NaOH (0.1 M and 1 M)
solutions. The detailed conditions of each experiment are summarized in Table 1.
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Table 1. Adsorption experimental conditions.

Conditions
Experiments

pH Effect Kinetics * Isotherm

Working volume (L) 0.03 0.08 0.03

Weight of adsorbents (g) 0.03 0.08 0.03

pH 2–8 5 (4.95–5.05) 5, 6, and 7

Initial phosphorus concentration (mg/L) 98.3 91.7 1–100

Adsorption reaction time (h) 24 8 24

* To determine the adsorption equilibrium time of adsorbents, during the adsorption experiment, solution samples
were taken at different reaction times.

After adsorption processes, to measure residual phosphorus concentration in the exper-
imental samples, liquid–solid separation was conducted using high-speed centrifugation at
9000 rpm. The residual phosphorus concentration in the supernatants was detected using
inductively coupled plasma-optical emission spectrometry (ICP-OES, Agilent, Santa Clara,
CA, USA). The adsorbed amount of phosphorus by the adsorbents could be calculated
using Equation (1) as presented below:

q =
ViCi − Vf Cf

M
(1)

where q (mg/g) is the phosphorus adsorption capacity of the adsorbent. M (g) is the
applied adsorbent weight to the adsorption experiment. Ci and Cf are the phosphorus
concentrations (mg/L) at the initial and final adsorption states, respectively. Vi (L) is the
initial volume of the sample, and Vf (L) is the final volume considering the amount of
added acid/alkaline solution for pH adjustment.

2.5. Determination of PEI-PVC Reusability

To determine adsorbent reusability of the used PEI-PVC fiber in phosphorus adsorp-
tion, phosphorus-loaded PEI-PVC fiber was prepared through adsorption process (agitating
0.03 g of PEI-PVC fiber with 30 mL of phosphorus solution for 4 h at pH 5 and 25 ◦C).
The initial phosphorus concentration was 98.25 ± 0.30 mg/L. After the sorption process,
phosphorus-loaded PEI-PVC was separated from the mixture and briefly rinsed using
30 mL of distilled water one time to remove residual phosphorus solution. Then, the rinsed
phosphorus-loaded PEI-PVC was treated in 30 mL of 1M HCl solution for 4 h to dissociate
the adsorbed phosphorus from used PEI-PVC. After that, the regenerated PEI-PVC was
washed several times using distilled water to remove the remaining HCl solution. The
adsorption process was performed again using completely regenerated PEI-PVC under
the same conditions as the first adsorption trial. The adsorption and desorption processes
using PEI-PVC were repeated in three cycles.

2.6. Measurement of Chlorine Elution from PVC-Based Sorbents

To measure the eluted chlorine levels that were generated from the PVC backbone
of the sorbents, PVC and PEI-PVC fibers were agitated in 150 mL of autoclaved distilled
water for 24 h under white fluorescent light (50 mol/m2) at 25 ◦C. The eluted chlorine
concentration in the gathered samples was measured using a residual chlorine meter
(HI 96710, Hanna, Woonsocket, RI, USA) following the manufacturer’s protocol. All
experiments were conducted thrice.

3. Results and Discussion

3.1. Change of Functional Group Properties of PVC Sorbent after PEI Reaction

Since the adsorption target phosphorus usually exhibits anionic phosphate forms in
an aqueous solution depending on its pKa properties, cationic functional groups possessing
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sorbents can adsorb phosphates by electrostatic attraction. Therefore, the determination
of the existing cationic binding sites on the sorbents might be an important factor to
confirm the applicability of adsorbents to phosphorus adsorption processes. In the present
study, the newly generated cationic functional groups of the PEI-PVC fiber by the PEI
and PVC composite were analyzed using FT-IR and XPS instruments. Figure 1 presents
the FT-IR spectrum of the PVC and PEI-PVC. As shown in Figure 1, the PEI-PVC fiber
showed FT-IR peaks associated with the base material PVC. The peaks in the range of
2921–2852 cm−1 correspond to the symmetric and symmetrical stretching bonds of C–H
in the PVC molecules [22,23]. It has been reported that peaks at 2965 and 1245 cm−1 are
related to the C–H stretching of CH–Cl in the PVC molecule [24]. In addition, the peaks at
1430 (C–H bending of –CH2), 1324 (C–H deforming in plane), 1093 (C–C stretching), and
970 cm−1 (CH2 rocking) indicate the chemical bond properties of the PVC matrix [25]. In the
FT-IR spectra of the PEI-PVC, FT-IR adsorption peaks associated with amine groups could
be found, whereas those of the PVC did not show. The newly observed broad peak in the
range of 3600–3200 cm−1 and the strong peak at 1654 cm−1 are attributed to the asymmetric
N–H stretching of amines and the bending of secondary amines, respectively [26]. In
addition, the appearance of the small peak at 1440 cm−1 can be attributed to –NH bending
or C–N stretching [26,27]. Furthermore, the intensity of the peak at 1245 cm−1 assigned to
the bending bond of C–H near Cl in the PVC backbone decreased and shifted to 1235 cm−1

in the FT-IR spectra of the PEI-PVC. These observed peak changes in the FT-IR result of
the PEI-PVC fiber might indicate increased amine groups and decreased Cl amounts in the
PEI-PVC fiber due to a nucleophilic substitute reaction between the chloro-groups of the
PVC backbone and the amine groups of the PEI molecules [21]. Additional evidence related
to these changes in functional groups could be confirmed by XPS analyses for nitrogen (XPS
N1s) and chloride (XPS Cl2p) atoms of the PVC-based fibers (Figure 2). When comparing
the XPS N1s signals between the PVC and PEI-PVC fibers, the PVC fiber did not show any
XPS signals related to the nitrogen-based chemical bonds (i.e., amine groups). However, in
the case of the PEI-PVC, the strong N1s signal was newly observed in the binding energy
range of 392–404 eV. This signal might be attributed to the amine groups of the coupled PEI
molecules with the PVC backbone since N1s peaks of –NH2 and C–N = C bonds in the PEI
molecules could be observed at 398.8 and 399.5 eV [19]. This result is clearly connected to
the newly appeared FT-IR peaks of the amine groups in the FT-IR spectra of the PEI-PVC
fiber. In the case of XPS Cl2p signals, a higher XPS signal intensity was observed in the XPS
result of the PVC than in that of the PEI-PVC. This evidently indicates that the amount of
chloride was decreased in the PEI-PVC fiber compared to that of the PVC fiber owing to
the substitution reaction between the PEI molecules and the chloride in the PVC.

The decreased amount of chloride in the PEI-PVC compared to the pristine PVC could
be additionally supported by the different eluted chlorine concentrations from the PVC
and PEI-PVC fibers under light irradiation conditions. It has been reported that PVC
can generate toxic chlorines via the photo-degradation of the backbone structure [28]. As
shown in the XPS Cl2p results, since the amount of chloride in the PEI-PVC was reduced,
it was expected that the elution of chlorines from the PEI-PVC fiber might be reduced
compared to that of the PVC. Therefore, the generated chlorines from the PVC and PEI-
PVC fibers were compared (Figure 3). As we hypothesized, the pristine PVC fiber released
0.12 ± 0.002 mg/L of chlorine into the aqueous solution during light exposure for 24 h,
whereas the PEI-PVC fiber did not. The PEI-PVC-agitated sample showed a chlorine con-
centration almost the same as that of the control water (0.013 ± 0.001 mg/L). Furthermore,
the prevention of toxic chlorine emissions from the PEI-PVC fiber under light conditions
might be a meaningful result indicating that the PEI-PVC fiber is directly applicable and a
stable adsorbent for the removal of phosphorus in actual environments.
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Figure 1. FT-IR spectrum of PVC and PEI-PVC.

Binding Energy (eV)

195 196 197 198 199 200 201

In
te

nc
it

y 
(x

10
0 

cp
s)

0

50

100

150

200

250

Binding Energy (eV)

195 196 197 198 199 200 201

In
te

nc
it

y 
(x

10
0 

cp
s)

0

50

100

150

200

250

Binding Energy (eV)

392 394 396 398 400 402 404

In
te

nc
it

y 
(x

10
0 

cp
s)

30

32

34

36

38

40

42

44

Binding Energy (eV)

392 394 396 398 400 402 404

In
te

nc
it

y 
(x

10
0 

cp
s)

30

32

34

36

38

40

42

44

Pristine PVC (N1s)

PEI-PVC (N1s)

Pristine PVC (Cl2p)

PEI-PVC (Cl2p)

Figure 2. XPS N1s and Cl2p signals of PVC-based sorbent materials.
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Figure 3. Eluted chlorine levels from PVC and PEI-PVC in an aqueous solution.

3.2. pH Effect on Phosphorus Adsorption

Through the FT-IR and XPS measurements, it was determined that amine groups
derived from PEI molecules are the main binding sites of the PEI-PVC fiber, which can
electrostatically adsorb phosphates. Since the electrostatic attraction between the PEI-PVC
fiber and phosphates can be affected by the solution pH due to the deprotonation of the
amine groups of the PEI-PVC and the phosphates in the solution depending on their pKa
properties, the solution pH condition is an important factor in the adsorption process [2].
In the present study, the pH effect on the phosphorus adsorption of the PEI-PVC was
evaluated under different solution pH conditions (pH 2–8). In addition, the pH effect on
the phosphorus sorption capacity of the conventional adsorbent activated charcoal (AC)
was evaluated to make a comparison with that of the PEI-PVC fiber.

Figure 4 illustrates the pH effect on the phosphorus uptakes of the PEI-PVC and AC.
As displayed in Figure 4, the PEI-PVC exhibited a pH-dependent phosphorus adsorption
property. With an increase in solution pH from 2 to 3.5, the phosphorus sorption capacity of
the PEI-PVC increased accordingly. At solution pH 3.5, the phosphorus sorption capacity
of the PEI-PVC was recorded as approximately 27 mg/g (26.8 ± 0.48 mg/g), and it showed
similar phosphorus sorption capacities until pH 5. Above pH 5, the phosphorus uptake of
the PEI-PVC fiber decreased substantially. The pH-dependent phosphorus adsorption of the
PEI-PVC fiber can be explained by the electrostatic interaction between the amine groups
of the PEI-PVC and phosphate anions, as we assumed previously. It has been reported that
the pKa values of amine groups (e.g., primary, secondary, and tertiary amine groups) in
PEI molecules can be observed at approximately pH 4.5, 6.7, and 11.6, respectively [29].
Accordingly, the amine groups on the PEI-PVC derived from PEI molecules can be fully
positively charged under acidic conditions below pH 4; therefore, it was expected that
the phosphorus sorption uptake of the PEI-PVC might record the maximum value at
pH 2. However, the phosphorus sorption uptake of the PEI-PVC at pH 2 was significantly
lower than that at pH 3.5. This result might be attributed to the pH dependence of
phosphate speciation. Phosphorus can exist as uncharged phosphoric acid (H3PO4) and
electrostatically adsorbable phosphate anions (H2PO4

−, HPO4
2−, and PO4

3−) depending
on the solution pH condition in the aqueous solution [30]. According to our previous
study [2], only 40% of total phosphorus amounts can be presented as the electrostatically
adsorbable phosphate anion H2PO4

− at pH 2. However, the almost amount of phosphorus
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can be changed to the phosphate anionic form at pH 3.5. The increasing fraction of anionic
phosphate might contribute to the increasing phosphorus uptake of the PEI-PVC in the
range of pH 2–pH 3.5 by the enhancement of the electrostatic attraction between the
PEI-PVC and phosphate. Above pH 5, although the almost amount of phosphorus can be
formed as the adsorbable phosphate anions, since the positivity of the PEI-PVC could be lost
by the deprotonation of amine groups depending on their pKa properties, the phosphorus
sorption capacity of the PEI-PVC might be reduced. The conventional adsorbent, AC, did
not show pH dependence on phosphorus adsorption capacity. However, the phosphorus
sorption capacities of the AC were significantly lower than those of the PEI-PVC fiber
under all of the pH conditions.
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Figure 4. pH effect on the phosphorus sorption uptake of PEI-PVC and activated charcoal.

3.3. Reusability of PEI-PVC Fiber

The pH-dependence property of the PEI-PVC fiber on phosphorus adsorption could
be applied to the phosphorus desorption process for the reuse of the PEI-PVC. As discussed
above, under highly acidic conditions, since phosphate anions can be changed to uncharged
phosphoric acid (H3PO4), adsorbed phosphorus might be recovered from phosphate-loaded
PEI-PVC. To estimate the desorbed amount of phosphorus, the phosphate-adsorbed PEI-
PVC at pH 5 was treated using 1M HCl solution. Figure 5 displays the measured amounts
of the adsorbed and desorbed phosphorus through the sorption and desorption processes
using the PEI-PVC fiber. As shown in Figure 5, 1.93 ± 0.01 mg of phosphorus could be
adsorbed on the PEI-PVC at pH 5 with the first use of the PEI-PVC fiber. In addition, after
the treatment of the phosphate-loaded PEI-PVC using the 1M HCl solution, the almost
amount of adsorbed phosphorus on the PEI-PVC fiber could be desorbed (1.88 ± 0.05 mg)
owing to the loss of electrostatic attraction between the binding site and the sorbate through
the speciation change from phosphate anions to uncharged phosphoric acid under highly
acidic conditions. From the replicated adsorption and desorption tests, it was found that the
regenerated PEI-PVC could adsorb a similar amount of phosphorus to that used in the first
trial. In the second and third trials of phosphorus adsorption using regenerated PEI-PVC,
1.78 ± 0.06 and 1.84 ± 0.04 mg of phosphorus were adsorbed on the regenerated PEI-PVC,
respectively. When considering the reusability of PEI-PVC, the adsorptive removal process
of phosphorus using PEI-PVC might have an economic benefit.
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Figure 5. Reusability of PEI-PVC in three cycle applications (adsorbed phosphorus at pH 5 and
desorbed in 1 M HCl solution).

3.4. Adsorption Kinetics

Adsorption equilibrium time is an important factor to determine the efficiency of the
developed sorbent for the target materials. Therefore, to determine the sorption equilib-
rium time of the PEI-PVC for phosphorus, a kinetic experiment using the PEI-PVC was
performed in a batch system at pH 5. From the kinetic result (Figure 6), the PEI-PVC
showed a rapid adsorption equilibrium at approximately 30 min for phosphate anions
at pH 5. In the case of the AC, a faster phosphorus adsorption equilibrium was attained
than that attained with the PEI-PVC (within 15 min). However, this might be attributable
to the significantly low phosphorus sorption capacity of the AC compared to that of the
PEI-PVC. To compare the phosphorus sorption kinetic parameters of the PEI-PVC and AC
in detail, a pseudo-second-order kinetic model was applied to the experimental kinetic
data of the PEI-PVC fiber and AC because it is one of the representative kinetic models
used to determine the kinetic properties of adsorbents. The pseudo-second-order kinetic
model is represented as Equation (2):

qt =
q2

e k2t
1 + qek2t

(2)

where qe and qt are the phosphorus sorption capacity of the sorbents (mg/g) at the sorption
equilibrium state and specific sorption reaction time (t), respectively. The parameter
k2 (g/mg min) indicates the estimated adsorption rate constants from the pseudo-second-
order model, respectively.
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Figure 6. Phosphorus sorption kinetics of PEI-PVC and activated charcoal at pH 5.

The estimated kinetic parameters for the PEI-PVC and AC from the pseudo-second-
order kinetic model are summarized in Table 2. According to Table 2, the estimated
correlation coefficients (R2) of the pseudo-second-order model for the phosphorus sorp-
tion kinetic data of the PEI-PVC and AC were 0.9585 and 0.9211, respectively. These
high R2 values indicate that the phosphorus sorption kinetic experimental results of the
PEI-PVC and AC were predicted well by the pseudo-second-order kinetic model. The
sorption reaction rate (k2) of the AC was estimated as 0.037 ± 0.013 g/mg·min using the
kinetic model. This was a value approximately 6.5 times higher than that of the PEI-PVC
(0.0057 ± 0.0007 g/mg·min), and it was better connected to the faster sorption equilib-
rium state of the AC than the PEI-PVC fiber. However, as shown in the experimental
kinetic results, the PEI-PVC showed a comparable sorption equilibrium time to that of
the AC. Furthermore, the phosphorus sorption capacity (qe) calculated from the sorption
kinetic data of the PEI-PVC was 5.9 times higher (23.39 ± 0.47 mg/g) than that of the AC
(3.94 ± 0.21 mg/g) using the pseudo-second-order model. Based on the kinetics result, the
PEI-PVC fiber can be suggested as an efficient substitute for conventional adsorbents (i.e.,
activated carbons) to rapidly counteract the inflow of phosphorus from the effluents of
point or non-point pollutant sources.

Table 2. Adsorption kinetic parameters of applied sorbents for phosphorus estimated from pseudo-
second-order model at pH 5.

Adsorbents

Kinetic Parameters

k2

(g/mg·min)
qe

(mg/g)
R2

PEI-PVC 0.0057 ± 0.0007 23.39 ± 0.47 0.9585
AC 0.037 ± 0.013 3.94 ± 0.21 0.9211

3.5. Maximum Phosphorus Sorption Capacity of PEI-PVC Fiber

Together with the sorption kinetic property, the maximum sorption capacity (qmax)
of the sorbent toward the target pollutant is an essential factor for the evaluation of the
adsorption performance of the developed adsorbent. Therefore, to determine the qmax of
the developed sorbent PEI-PVC fiber, isotherm experiments were performed under various
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pH conditions (pH 5–7). In addition, the maximum phosphorus (i.e., phosphate anions)
sorption capacities of the PEI-PVC fiber were compared with those of the conventional
adsorbent (AC). The obtained isotherm results using the PEI-PVC and AC at different
pH values are presented in Figure 7. As shown in Figure 7, the phosphorus sorption
capacities of the PEI-PVC and AC showed increasing values as the equilibrium phosphorus
concentration was increased. In addition, above the specific equilibrium phosphorus
concentration, the phosphorus adsorption uptakes of the PEI-PVC and AC reached the
adsorption equilibrium state at all pH values. The phosphorus adsorption uptakes of
the PEI-PVC fiber at the equilibrium state decreased from approximately 20 mg/g to
13 mg/g as the solution pH was increased from pH 5 to pH 7. The AC showed almost
constant phosphorus adsorption capacities (average 1.75 ± 0.4 mg/g) at the adsorption
equilibrium state regardless of pH conditions. These phosphorus uptakes of the AC were
clearly low compared to those of the PEI-PVC fiber. Therefore, extensively used isotherm
models (Freundlich and Langmuir isotherm model equations) were applied to the only
experimental isotherm results of the PEI-PVC for the estimation of detailed isotherm
parameters. The Freundlich and Langmuir isotherm model equations are presented as
Equations (3) and (4), respectively. The estimated isotherm parameters from these model
equations are presented in Table 3.

qe = K f C
1
n
f (3)

qe =
qmax, LbCf

1 + bCf
(4)

where qe is the experimentally calculated phosphorus sorption capacity (mg/g). Cf (mg/L)
is the final phosphorus concentration in the solution after the adsorption process. The
parameters Kf (L/g) and n are the Freundlich constants, which can be indicators of sorption
capacity and sorption intensity, respectively. The parameters in the Langmuir model
equation qmax,L and b indicate the maximum capacity (mg/g) and sorption affinity (L/mg)
of the adsorbent for phosphorus, respectively.

As summarized in Table 3, the Freundlich parameter (Kf) associated with the phospho-
rus adsorption capacity of the PEI-PVC fiber increased with the decrease in the solution pH
from pH 7 (5.12 ± 0.97 L/g) to pH 5 (9.83 ± 1.34 L/g). The dimensionless n value of the
PEI-PVC in phosphorus adsorption showed a similar tendency to that of the Kf values. The
recorded n values from the isotherm data of the PEI-PVC fiber for phosphorus at pH 5, pH
6, and pH 7 were 5.21 ± 1.05, 5.29 ± 1.10, and 4.14 ± 0.91, respectively. According to Toor
and Jin [31], if the n value is larger than 1, it can be determined that the adsorption process
is favorable. Therefore, the phosphorus adsorption process with application of the PEI-PVC
fiber might be a favorable process. The application of the Langmuir isotherm model to
the experimental isotherm data of the PEI-PVC showed better fitting lines, because of its
higher determination coefficients (R2 values: 0.9755, 0.9843, and 0.9844 at pH 5, 6, and 7,
respectively), than those of the Freundlich model (R2 values: 0.9192, 9161, and 0.9046 at
pH 5, 6, and 7, respectively) at all solution pH values. The maximum phosphorus sorp-
tion capacities (qmax,L) of the PEI-PVC fiber were estimated from the Langmuir model as
19.66 ± 0.82, 16.54 ± 0.54, and 13.66 ± 0.51 mg/g at pH 5, 6, and 7, respectively. In addition,
the isotherm result of the PEI-PVC fiber showed a higher b value at pH 5 (2.08 ± 0.59 L/mg)
than at pH 6 (1.65 ± 0.35 L/mg) and pH 7 (0.42 ± 0.08 L/mg) using the Langmuir model.
As discussed above section, since the higher amount of amine groups in the PEI-PVC fiber
could be positively activated at pH 5 compared to those at pH 6 and pH 7 depending on
the pKa properties of the amine groups, the higher values of the Freundlich and Langmuir
isotherm parameters corresponding to the sorption capacity and affinity for phosphorus
adsorption could be calculated from the isotherm data.
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Figure 7. Isotherm results of PEI-PVC and activated charcoal for phosphorus adsorption at pH 5, 6,
and 7.

Table 3. Estimated isotherm parameters of PEI-PVC for phosphorus from Freundlich and
Langmuir models.

Models Parameters
pH

5 6 7

Freundlich
Kf 9.83 ± 1.34 8.20 ± 1.14 5.12 ± 0.97
n 5.21 ± 1.05 5.29 ± 1.10 4.14 ± 0.91

R2 0.9192 0.9161 0.9046

Langmuir
b 2.08 ± 0.59 1.65 ± 0.35 0.42 ± 0.08

qmax, L 19.66 ± 0.82 16.54 ± 0.54 13.66 ± 0.51
R2 0.9755 0.9843 0.9844

Furthermore, a comparison of the maximum phosphorus adsorption capacity of the
PEI-PVC fiber with that of previously reported adsorbents was performed (Table 4). As
shown in Table 4, in general, the adsorbents containing Zr showed higher qmax values than
those of the PEI-PVC fiber at natural pH. For instance, the qmax values for the phosphorus
of Zr-loaded orange waste gel, Zr-loaded MUROMAC, and Zr-loaded okara were calcu-
lated as 57, 43, and 14.39 mg/g, respectively. Under the condition of pH 3, the covalently
cross-linked chitosan by epichlorohydrin showed higher phosphorus adsorption perfor-
mance (38.22 mg/g) compared to the PEI-PVC fiber (approximately 27 mg/g), whereas
the maximum phosphorus uptake of electrostatically cross-linked chitosan by sodium
citrate (13.3 mg/g) was smaller than that of the PEI-PVC. Although we could find several
adsorbents showing higher qmax values for phosphorus than the PEI-PVC fiber, there still
remains an opportunity to enhance the phosphorus adsorption performance of the PEI-PVC
fiber through the optimization of adsorbent processes and the additional application of
adsorption-supporting materials. In addition, as shown in Table 4, the PEI-PVC fiber still
displayed superior or comparable phosphorus adsorption performance to other previ-
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ously reported sorbents. For example, zirconium ferrite [32], Fe-loaded juniper fiber [33],
iron–hydroxided eggshell [34], and La(III)-modified fine needle [35] showed maximum
phosphorus sorption capacities of 13, 2.31, 14.49, and 6.31 mg/g at pH 7, respectively.

Table 4. Maximum phosphorus adsorption capacities of previously reported adsorbents.

Adsorbent
Maximum Phosphorus
Adsorption Capacity

(mg/g)
pH Condition Ref.

Mg(OH)2 5.3 pH 7 [12]
ZrO2 21.9 pH 7 [12]

Palygorskite 3.7 pH 7 [13]
Clinoptilolite 6.6 pH 5.3 [14]

Zeolite 8.3 pH 5.3 [14]
Fe-loaded juniper fiber 2.31 pH 6.4 [33]

Iron–hydroxide eggshell 14.49 pH 7 [34]
Zirconium ferrite 13 pH 7 [32]

Zr(IV)-loaded apple peels 20.35 pH 2 [36]
Zr(IV)-loaded orange waste gel 57 pH 7 [32]

Zr(IV)-loaded MUROMAC 43 pH 7 [32]
Zn(II)-activated coir

pith carbon 5.1 pH 4 [37]

Cross-linked chitosan
by epichlorohydrin 38.22 pH 3 [16]

Cross-linked chitosan by
sodium citrate 13.3 pH 3 [16]

La(III)-loaded orange waste 13.94 pH 5–7 [38]
La(III)-modified fine needle 6.31 pH 7.1 [35]

Fe(III)-loaded okara 4.78 pH 3 [39]
Zr-loaded okara 14.39 pH 7 [39]

4. Conclusions

In the present study, the amination of a non-functional PVC matrix was performed
using a simple chemical reaction process between PEI and PVC to develop an adsorbent
for phosphorus removal from aqueous phases. From the FT-IR and XPS-N1s results of the
prepared PEI-PVC, the aminated characteristics of the PEI-PVC fiber were well determined.
The adsorption of phosphorus on the PEI-PVC was affected by the solution pH. The
maximum phosphorus sorption capacity (qmax) of the PEI-PVC fiber was estimated as
19.66 ± 0.82 mg/g at pH 5 using the Langmuir equation. At pH 6 and pH 7, the qmax
values of the PEI-PVC fiber were calculated as 16.54 ± 0.54 and 13.66 ± 0.51, respectively.
In the kinetic analysis, the PEI-PVC showed a rapid phosphorus adsorption equilibrium
time within 30 min at pH 5. The used PEI-PVC could be regenerated without destructing the
adsorbent matrix using the 1M HCl solution by the desorption of the adsorbed phosphorus
in the PEI-PVC fiber (desorption rate: >98%). In addition, the regenerated PEI-PVC was
reusable for phosphorus adsorption without the loss of sorption capacity. Furthermore, it
was found that the PEI-PVC fiber did not discharge toxic chlorines during light irradiation.
Based on the results, we can suggest that the stable and reusable PEI-PVC fiber can be
a feasible adsorbent for phosphorus removal from aqueous phases. However, to further
enhance its phosphorus adsorption performance, additional research on the optimization
of adsorbent processes and the additional application of adsorption-supporting materials
might be needed.
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Abstract: The goal of this work was to analyze the effect of CNCs on the gelatinization of different
starches (potato, wheat and waxy maize) through the characterization of the rheological and thermal
properties of starch–CNC blends. CNCs were blended with different starches, adding CNCs at
concentrations of 0, 2, 6 and 10% w/w. Starch–CNC blends were processed by rapid visco-analysis
(RVA) and cooled to 70 ◦C. Pasting parameters such as pasting temperature, peak, hold and break-
down viscosity were assessed. After RVA testing, starch–CNC blends were immediately analyzed by
rotational and dynamic rheology at 70 ◦C. Gelatinization temperature and enthalpy were assessed by
differential scanning calorimetry. Our results suggest that CNCs modify the starch gelatinization but
that this behavior depends on the starch origin. In potato starch, CNCs promoted a less organized
structure after gelatinization which would allow a higher interaction amylose–CNC. However, this
behavior was not observed in wheat and waxy maize starch. Insights focusing on the role of CNC
on gelatinization yielded relevant information for better understanding the structural changes that
take place on starch during storage, which are closely related with starch retrogradation. This in-
sight can be used as an input for the tailored design of novel materials oriented towards different
technological applications.

Keywords: gelatinization; cellulose nanocrystals; rheology; calorimetry

1. Introduction

Starch and cellulose are the most widely distributed polymers in nature. Starch
is found in the form of granules which are energy reservoirs for plants [1]. Cellulose,
in turn, is part of the structural basis of cell walls in plant tissues, normally forming
complexes with hemicellulose and lignin [2]. Although starch and cellulose have been
widely used in food science and technology, in recent years, the interest in exploring the
novel applications of these polymers and their composites has increased across completely
different fields. Indeed, the literature has reported the use of cellulose as a strategy to
improve some poor physical properties of starch such as brittleness, low mechanical
resistance, high gas permeability and high hygroscopicity [3,4]. This strategy can be useful
for the tailored design of starch–cellulose composites destined for food packaging and
coating materials [4–7], scaffolds for tissue engineering (e.g., wound healing) [8–10] as well
as applications in bioengineering and the pharmaceutical industry [3,8,11].

Likewise, more recently, interest in exploring the use of nanocellulose in the design
of starch-based composites has also increased. Among the more interesting choices are
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cellulose nanocrystals (CNCs). CNCs correspond to the crystalline fractions presented
in the elemental fiber of a cellulose microfibril [12,13]. CNCs are normally produced
by acid hydrolysis under severe conditions in terms of concentration and temperature,
which allows obtaining nanosized crystalline whiskers [14,15]. Depending on hydrolysis
conditions and the cellulose source, CNCs have dimensions of approximately 120–200 nm
in length and have a negative charge (z-potential lower than −30 mV) [14,15].

Despite the effect of CNCs on the physical properties and functionality of different
starches being described in the literature, studies describing the role of CNCs during the
gelatinization of starch are scarce. The gelatinization of starch has been well-described in
terms of the mechanism of granule swelling, granule disruption, the loss of birefringence
and amylose and amylopectin leaching due to the effect of temperature and stirring [16–18].
However, a comprehensive study of the gelatinization of starch in the presence of nanocrys-
tals will help to understand the behavior of starch during the storage when the complex
process of self-association and self-assembling will take place. This behavior explains the
retrogradation of starch.

Therefore, this work aimed to study the gelatinization of starches from different
sources (potato, wheat and waxy maize) in the presence of CNCs produced from cotton
cellulose pulp. Pasting parameters closely related to starch gelatinization (such as pasting
temperature, peak viscosity, hold viscosity and breakdown viscosity) were assessed in
starch–CNC blends by rapid visco-analysis (RVA). The viscoelasticity of these blends were
evaluated by rheology test at 70 ◦C, whereas the gelatinization temperature and enthalpy
were assessed by differential scanning calorimetry (DSC).

2. Materials and Methods

2.1. Materials

Native potato (Avebe, Veendam, The Netherlands), wheat (Sigma Aldrich, Darmstadt,
Germany) and waxy maize (Sigma Aldrich, Darmstadt, Germany) starches were purchased
in powder form. Cellulose nanocrystals (CNCs) produced from cotton fibers were pur-
chased in freeze-dried form from The Process Development Center of University of Maine
(Orono, ME, USA). Starch and CNCs were used as received without further purification
and stored at room temperature until further use.

2.2. Methods
2.2.1. Sample Preparation

CNC suspensions were prepared for blending with native starch to have a starch
suspension with an CNC concentration of 0, 2, 6 and 10% w/w dry cellulose (Equation (1)).
For this purpose, well-defined amounts of CNCs were suspended in distilled water (con-
ductivity < 10 mS) only by stirring. Before being mixed with starch, CNCs were sonicated
(1500 W, 5 min) at ambient temperature (20 ± 2 ◦C) to promote the complete dispersion of
nanocrystals:

CNC concentration (%, w/w) = (CNCweight/(CNCweight + Starchweight)) × 100 (1)

2.2.2. Gelatinization of Starch–CNC Blends by Rapid Visco-Analysis (RVA)

The gelatinization of starch–CNC blends was carried out by rapid visco-analysis (RVA
4500, Perten Instruments, North Ryde, Australia) in accordance with the methodology
proposed by Diaz-Calderon et al. [19] with minor modifications. Two grams of native starch
was weighed in aluminum canisters and 25 mL of CNC suspension with different cellulose
concentration was transferred using a micropipette. The canister was then inserted into
the instrument and viscosity patterns were obtained as a function of temperature: holding
at 25 ◦C during 2 min; heating between 25 and 95 ◦C at 13.5 ◦C/min; holding at 95 ◦C for
5 min; cooling to 25 ◦C at 13.5 ◦C/min; and holding at 25 ◦C for 1 min. The analysis was
performed under constant stirring (160 rpm). As the goal of this work was focused on
understanding the gelatinization of native starch, the pasting parameters evaluated were
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pasting temperature (◦C), peak viscosity (cP), hold viscosity (cP) and breakdown viscosity
(difference between hold viscosity and peak viscosity, cP). All measurements were carried
out at least in triplicate.

2.2.3. Rheological Characterization of Gelatinized Starch–CNC Blends

The changes in viscoelasticity of starch–CNC blends were carried out by rheology
(Discovery HR-2, TA Instrument, New Castle, DE, USA). Samples analyzed by rheology
were prepared using the RVA machine and following the same protocol explained in
Section 2.2.2, but with the cooling stage finishing at 70 ◦C. Once the protocol was finished,
the RVA canister was immediately transferred to a controlled bath set at 70 ◦C. Samples
were collected from the canister and transferred to the rheometer.

Apparent viscosity (Pa·s) and shear stress (Pa) were assessed from the rotational flow
curve obtained at 70 ◦C using cone geometry (stainless steel, 40 mm diameter, 0:30:7 angle
and 15 μm truncation) in the shear rate range between 1 and 1000 1/s.

Dynamic changes in storage modulus (G′, Pa) and loss modulus (G”, Pa) were obtained
through a frequency sweep carried out at 70 ◦C to analyze the behavior of G′, G”, and the
loss factor (G”/G′) as a function of angular frequency from 1 to 648 rad/s at 0.5% strain
which was within the linear viscoelastic range (LVR) previously defined by an amplitude
sweep (0.1–1000%) at 70 ◦C. A flat plate geometry (5 cm diameter) was used for analysis and
a 300-micron gap was selected for testing. The analysis considered at least five replicates
per experimental condition.

2.2.4. Thermal Properties of Gelatinized Starch–CNC Blends

Gelatinization temperature (◦C) and enthalpy (J/g starch) were measured by differ-
ential scanning calorimetry (DSC 1, Mettler-Toledo, Greinfensee, Switzerland) following
the protocol reported by Díaz-Calderón et al. [19]. In order to improve the resolution
signal, a higher concentration of the starch weight suspensions was used, keeping the
CNC weight previously indicated fractions (0–10% w/w). The starch concentration was
20% w/v. Approximately 60 μL of starch–CNC blend suspensions were loaded into 100 μL
aluminum pans and then hermetically sealed. The DSC was calibrated using indium
(melting temperature and enthalpy of 156.5 ± 1.56 ◦C, H = 28.6 ± 1 J/g), and an empty pan
was used as a reference. Thermal properties of the suspensions were measured as follows:
holding temperature at 5 ◦C during 3 min, heating from 5 ◦C to 85 ◦C at 10 ◦C/min, and
holding at 85 ◦C during 3 min. The gelatinization temperature (◦C) was recorded from
the onset of the endothermic peak associated with the starch granule swelling, while gela-
tinization enthalpy was considered as the area under the endothermic peak. Gelatinization
enthalpy was normalized in terms of starch dry mass and was expressed in J/g starch. All
measurements were performed at least in triplicate.

2.2.5. Statistical Analysis

Where appropriate, the statistical significance was assessed by a paired t-test (same
variances) and ANOVA using the Solver tool in Excel (Office 2016, Microsoft Corp.,
Redmond, WA, USA).

3. Results

3.1. Gelatinization of Starch–CNC Blends by Rapid Visco-Analysis (RVA)

Viscosity patterns of starch samples resulted from RVA are presented in Figure 1.
As expected, the viscosity pattern showed marked differences among the starches tested:
potato, wheat and waxy maize. From the viscosity patterns, the pasting parameters that
allowed characterizing the gelatinization of starch were assessed, which in our study
were pasting temperature, peak viscosity, hold viscosity and breakdown viscosity. The
assessments of the pasting parameters for our starch–CNC blends are presented in Table 1.

Significant differences (p-value < 0.05) in the pasting parameters were observed among
the pure starch samples (0%CNC). Regarding the pasting parameters of starch–CNC

301



Polymers 2022, 14, 1560

blends, our results show that the presence of CNC did not produce a significant differ-
ence (p-value > 0.05) on the pasting temperature. However, CNC produced a significant
decrease (p-value < 0.05) in peak viscosity which was proportional to the increase in CNC
concentration only in potato starch. In wheat and waxy starch, a decrease in peak viscos-
ity was only detected at the highest CNC concentration tested. On the other hand, hold
viscosity (also called through viscosity or hot-paste viscosity [16]) was significant lower
(p-value < 0.05) only at the highest CNC concentration tested (10%) in potato and waxy
maize starch. This parameter was not significant modified (p-value > 0.05) in the wheat
starch blend. Likewise, the breakdown viscosity was significantly reduced (p-value < 0.05)
by CNC in potato starch, and only at the highest CNC level tested in wheat and waxy starch.
Interestingly, the assessment of the relative decrease only showed a marked decrease in
potato starch, whereas in wheat and waxy starch, this ratio was lower only at the highest
CNC level tested.

Figure 1. RVA profiles in starch from the different sources: potato (orange line), wheat (grey line) and
waxy maize (blue line). Dotted line represents the temperature profile used during analysis.

3.2. Rheological Characterization of Gelatinized Starch–CNC Blends

Rheology analysis by rotational and dynamic tests were carried out at 70 ◦C on
samples completely gelatinized by RVA. Apparent viscosity and shear stress as a function
of shear rate recorded in pure starch samples and starch–CNC blends are presented in
Figures 2 and 3, respectively. In agreement with the hold viscosity data assessed by RVA
(Table 1), the flow curve showed significantly higher viscosity values in potato starch at
70 ◦C over the complete shear rate range tested, whereas the waxy starch showed the lowest
viscosity at 70 ◦C. Independent of the source, all starches showed non-Newtonian behavior.

Figure 3 shows the effect of different concentrations of CNC on the apparent viscosity
and shear stress as a function of shear rate tested at 70 ◦C in complete gelatinized starches.
Our results show that CNC produced only slight changes in apparent viscosity and shear
stress. Indeed, well-defined viscosity data recorded at 40 1/s (Table 2) showed that the
presence of CNC only significant modified (p-value < 0.05) the apparent viscosity of waxy
starch at 6% and 10%, tested at 70 ◦C. Likewise, the non-Newtonian condition of gelatinized
starches tested at 70 ◦C was not modified by the presence of CNC, independently of the
starch source. As expected, and following the same trend observed in Figure 3, gelatinized
potato starch–CNC blends showed the highest apparent viscosity values, whereas waxy
maize–CNC showed the lowest values of viscosity, independently of the CNC concentration.
The same behavior was observed in terms of shear stress as a function of shear rate in the
starch–CNC blends.
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Figure 2. Flow curve in gelatinized pure starch samples (0%CNC) at 70 ◦C: (a) apparent viscosity
and (b) shear stress as a function of shear rate.

 

Figure 3. Flow curve in gelatinized starch samples at 70 ◦C and at different concentrations of CNCs:
(a) potato; (b) wheat; and (c) waxy maize. Top plots correspond to apparent viscosity as a function of
shear rate, whereas bottom plots correspond to shear stress as a function of shear rate.

The viscoelastic characterization of starch–CNC blends is presented in Figures 4 and 5.
Dynamic tests were carried out within the linear viscoelastic range previously defined by
an amplitude sweep at 70 ◦C (Figures S1 and S2, Supplementary File). Wheat and waxy
starch did not show significant differences (p-value > 0.05) in G′ and both showed a slight
slope over the angular frequency range tested at 70 ◦C (Figure 4a). Potato starch showed a
significantly lower G′ over the whole angular frequency tested along with a marked slope
depicting the strong dependence of G′ with the angular frequency. All the gelatinized
starch samples showed significantly higher values of G′ compared to values of G”, which
represent the gel-like condition of starch blends after processing by RVA. The latter is also
confirmed from the values of the loss factor at 70 ◦C which resulted in values lower than
1 in all samples tested (Figure 4b). However, at angular frequencies lower than 100 rad/s,
the loss factor in potato starch was constant and with higher values than those assessed in
the wheat and waxy starch.
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Table 2. Apparent viscosity and shear rate of starch–CNC blends assessed at a shear rate of 40 1/s
and 70 ◦C. Values in brackets correspond to standard deviation. Different upper letters in the same
column represent significant differences (p-value < 0.05).

Viscosity (Pa·s, 40 1/s, 70 ◦C) Shear Stress (Pa·s, 40 1/s, 70 ◦C)

CNC
(%, db)

Potato Wheat Waxy Potato Wheat Waxy

0 2.44 (0.08) a 1.07 (0.07) a 0.51 (0.05) a 97.3 (1.5) a 42.5
(2.9) a

20.4
(1.4) a

2 2.64 (0.05) b 0.85 (0.02) b 0.50 (0.03) a 105.2 (2.1) b 33.9
(1.0) b 19.8 (1.3) a,c

6 2.60 (0.03) b 0.85 (0.03) b 0.40 (0.02) b 103.5 (1.3) b 33.8
(1.3) b

16.5
(1.4) b

10 2.33 (0.06) a 0.96 (0.09) a,b 0.43 (0.01) b 92.8 (8.1) a 38.2 (4.4) a,b 17.2 (1.0) b,c

Figure 4. G′ and G” (a) and loss factor (G”/G′) (b) assessed as a function of angular frequency in
gelatinized starch samples at 70 ◦C.

The effect of CNC on the viscoelasticity of our starch blends is shown in Figure 5, and
selected values of G′, G” and the loss factor assessed at 10 rad/s and 70 ◦C are presented
in Table 3. Our results show that the effect of CNC on the G′ is different depending on
the starch source. Thus, CNC produced a significant increase in G′ in potato starch and
waxy starch (p-value < 0.05) but a significant decrease in wheat starch. However, this effect
was not proportional to the CNC concentration (Table 3). Similar behavior was observed
with G” data. The behavior of G′ and G” were well reflected by the loss factor data which
increased in the case of potato and wheat starch as a function of CNC concentration and
decreased in waxy starch in the presence of CNC.

3.3. Thermal Properties of Gelatinized Starch–CNC Blends

Both the gelatinization temperature (◦C) and gelatinization enthalpy (J/g starch) of
starch–CNC blends are shown in Figure 6. The presence of CNC had little effect on the
gelatinization temperature recorded from the onset of the endothermic peak associated with
starch granule swelling, which agrees with the behavior of pasting temperature assessed
by RVA (Table 1). As far as enthalpy is concerned, significant changes were only observed
in potato starch, where the presence of CNC produced a decrease in enthalpy but without
significant differences (p-value > 0.05) among CNC concentrations. In both wheat and
waxy starch, the presence of CNC did not change the value of energy necessary to trigger
the granule swelling and disruption.
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Figure 5. G′, G” and loss factor (G”/G′) assessed as a function of angular frequency in gelatinized
starch samples at 70 ◦C and at different concentrations of CNCs: (a) potato; (b) wheat; and (c) waxy
maize. Top plots correspond to a frequency sweep as a function of shear rate, whereas the bottom
plots correspond to the loss factor as a function of shear rate.

Table 3. G′, G” and loss factor of starch–CNC blends assessed at an angular frequency of 10 rad/s
and 70 ◦C. Values in brackets correspond to standard deviation. Different upper letters in the same
column represent significant differences (p-value < 0.05).

G′ (Pa, 10 rad/s, 70 ◦C) G” (Pa, 10 rad/s, 70 ◦C) Loss Factor (G”/G′, 10 rad/s, 70 ◦C)

CNC
(%, db)

Potato Wheat Waxy Potato Wheat Waxy Potato Wheat Waxy

0 16.74
(0.9) a

76.43
(3.0) a

52.90
(2.4) a

7.76
(0.2) a

18.32
(1.6) a

7.59
(0.9) a

0.46
(0.02) a

0.24
(0.025) a

0.14
(0.072) a

2 15.92
(0.8) a

76.17
(3.8) a

66.28
(4.2) b

8.06
(0.3) a

18.33
(0.9) a

7.30
(0.3) a

0.51
(0.01) b

0.24
(0.002) a

0.11
(0.010) a

6 21.65
(1.8) b

55.91
(3.7) b

65.64
(3.2) b

10.92
(0.7) b

14.82
(0.9) b

6.72
(0.4) a

0.51
(0.02) b

0.27
(0.06) a

0.10
(0.001) a

10 26.45
(1.2) c

59.26
(2.4) b

67.45
(3.7) b

12.28
(0.5) b

16.63
(0.6) a,c

7.69
(0.5) a

0.46
(0.01) a

0.28
(0.004) b

0.11
(0.003) a

Figure 6. Gelatinization temperature (a) and enthalpy (b) of starch from different sources (potato,
wheat and waxy) as a function of CNC concentration. Continuous lines only correspond to guide
the eye.

306



Polymers 2022, 14, 1560

4. Discussion

Differences in the viscosity patterns among starches showed in Figure 1 can be ex-
plained by polymorphism expressed by each starch (e.g., A-type in case of wheat and waxy,
B-type for potato), which are dependent on the source, the hierarchical structure and lamel-
lar organization in native granules and the branch-chain length of amylopectin [20]. On the
other hand, the assessment of pasting parameters (Table 1) can be used as an approach to
understand the effect of CNCs on the gelatinization of starch. Thus, the decrease in peak
viscosity suggests that the mechanism of granule swelling and disruption is affected by
the presence of CNCs, although this behavior would be dependent of the starch source.
The literature has only partially reported the effect of CNCs (or other nanowhiskers) on
the pasting properties of gelatinized starch, but with contradictory results. For instance,
Cui et al. [21] described that CNCs produced a significant increase in peak viscosity in
both waxy maize and sweet potato starch, which was attributed to a cross-linking effect
via hydrogen bonding between CNCs and starch granules, resulting in a reduced degree
of granule swelling. However, Ji et al. [22] found that chitin nanowhiskers significantly
reduced the peak viscosity in potato starch, explaining this behavior by an effect of re-
placement of starch with chitin nanowhiskers causing a dilution of the concentration of
starch, and decreasing the peak viscosity. George et al. [23] recently suggested that a lower
hydration property restricts the granule swelling and thereby reduces the peak viscosity.
Likewise, the literature hypothesized about the ability of cellulose particles to bind water
or compete for free water with leached amylose and ungelatinized granules affecting hy-
dration, mobility and granule swelling [19,24]. This could be another reason why in our
study the presence of CNCs reduced the peak viscosity.

On the other hand, the pasting temperature was not changed by CNCs, suggesting
that the process by which the starch granules begin to swell is not modified by the presence
of CNCs, regardless of the starch origin. These results agree with the study of Cui et al. [21]
who reported that the presence of CNCs did not modify the pasting temperature in normal
maize, waxy maize and sweet potato starches. However, that study was carried out using
samples with marked differences in starch concentration, which resulted in values of the
pasting temperature which were identical between waxy and potato. Previously, Ji et al. [22]
reported that chitin-based nanowhiskers did not change the pasting temperature of maize
starch. Most recently, George et al. [23] reported that the addition of starch nanocrystals in
concentrations of up to 15% did not produce significant changes in the pasting temperature
of rice and wheat starch.

The hold viscosity was shown to be significantly lower at the highest CNC concen-
tration tested in potato and waxy starch, which agree with the data of apparent viscosity
(Table 2). The literature lacks works that describe changes in viscosity in gelatinized starch
by the effect of nanoparticles and nanocrystals. BeMiller [25] reviewed the effect of different
hydrocolloids on the pasting, paste and gel properties of different starch–hydrocolloids
composites, finding that changes in viscosity in gelatinized starches would be in depen-
dent of the hydrocolloid molecular size, and concluding a possible direct correlation
between the molecular weight and increase in viscosity. Most recently, Ji et al. [22] reported
that the presence of chitin nanowhiskers did not modify the hold viscosity in maize and
potato starch pastes, which was explained by a possible effect of the interaction between
chitin nanowhiskers and starch molecules via hydrogen bonds among the OH groups of
nanowhiskers and starches. Likewise, the literature reported that a significant decrease
in breakdown viscosity would suggest a reduced capacity for the swelling of starch gran-
ules [26]. This could be the case in the data reported in Table 1; however, the evaluation of
the relative decrease in viscosity during gelatinization resulted in potato starch showing a
decrease from values of 3.80 to 1.26 by the effect of CNCs (Table 1). In the case of wheat
and waxy maize starch, the values of relative decrease remained constants except for the
highest CNC concentration, which was lower in both cases. These results support the fact
that CNCs mainly modify the RVA pattern and pasting properties in potato starch.
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Regarding the apparent viscosity behavior of starch at 70 ◦C, our results show a
significant higher viscosity in potato starch (Figure 2). This behavior was correlated with
the substantially longer branch-chains length of the potato starch which once leached out
during gelatinization to offer higher resistance to flow [20]. The non-Newtonian behavior of
starchy pastes can be explained by the alignment effect of starchy particles in the direction
of the shear during the analysis, as has been reported in the literature [20,27–29]. The
increase in shear stress as a function of the shear rate (Figure 2b) associated with changes in
viscosity has been related with the solid–liquid character of the gelatinized suspensions [30],
as well with the increase in interaction between starch particles and fibrils. Agglomerates
or network structures able to be broken or aligned during rheological measurements result
in higher shear stress values [24,27].

Changes in pasting properties can be better understood through the viscoelastic char-
acterization of starch pastes. The results shown in Figure 4 suggest that once gelatinized,
potato starch shows a less ordered structure (lower G′, less elastic) compared to wheat and
waxy starch. In wheat and waxy, the starchy paste is more elastic at lower angular frequen-
cies, suggesting the time-dependence condition of the structural organization of gelatinized
starch tested at 70 ◦C. This behavior may help to explain the differences previously found
in hold viscosity (Table 1) and apparent viscosity (Figures 3 and 4). Since potato starch
was shown to be less organized and less elastic once gelatinized, the viscosity in potato
starch is higher than that observed in wheat and waxy starch, which is consistent with the
higher values of the loss factor observed in the potato starch. These results suggest that the
gelatinization mechanism could be different depending on the starch origin or could be
influenced by the polymorph organization presented in the native granule. Ai and Jane [20]
have reported that the integrity of a swollen granule after gelatinization is essential to
understanding the formation of strong gels. The granules of potato starch readily swell
and disperse during gelatinization because of the lack of amylose–lipid complex formation
which helps to maintain the integrity of swollen starches [20]. Thus, this behavior agrees
with results shown in Figure 5 and Table 3, where gelatinized potato starch showed a lower
G′ and higher loss factor values at 70 ◦C. Similar behavior was reported by Cui et al. [21]
whom despite testing the viscoelasticity of different gelatinized starch–CNC gels at 4 ◦C,
also showed that sweet potato starch has a lower G′ and higher loss factor values compared
to normal maize and waxy maize starch.

Regarding the effect of CNCs on the viscoelasticity of gelatinized starches assessed
at 70 ◦C, our results showed to be strongly dependent on the starch origin. Only a few
studies reporting viscoelastic data in starch–CNC blends are available in the literature.
For instance, Cui et al. [21] suggested the occurrence of interactions between CNCs and
amylose, allowed by the high specific surface area and hydroxyl groups of CNCs. These
interactions would explain why, in their study, CNCs delayed retrogradation in both sweet
potato and normal maize starch. Our results show that waxy starch would retain structural
order after gelatinization due to an increased G′ and decreased loss factor as a function
of CNC concentration (Figure 5, Table 3). In turn, in both potato and wheat starch, the
presence of CNCs increased the loss factor, suggesting a less organized structure [31].
Interestingly, CNCs decreased the value of G′ in wheat starch, whereas in potato starch,
CNCs increased G′. However, the potato starch showed higher values of the loss factor
compared with the wheat starch despite the fact that CNCs also lead to an increase in G” in
potato starch (Figure 5, Table 3). This behavior could be explained by the higher interaction
amylose–CNC promoted by the leaching of amylose during gelatinization, which in the
case of potato, is higher than in other starches, as was proposed by Ai and Jane [20]. Thus,
the higher amylose–CNC interaction occurring in potato starch could explain the higher
values of G′ and G”, which was not observed in wheat and waxy starches. Future studies of
this point should include using IR-spectroscopy or RAMAN spectroscopy to characterize
the type and intensity of these interactions.

Thermal characterization by DSC showed a good correlation with rheology data. The
fact that the gelatinization temperature (Figure 6a) and pasting temperature (Table 1) of
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each starch did not show significant differences (p > 0.05) suggests that temperature related
to the starting point of starch gelatinization is not modified by CNCs. Similar behavior
was reported by Cui et al. [21] and Ji et al. [22]. Differences among the values of gela-
tinization temperature and pasting temperature could be explained because gelatinization
temperature by DSC is detected from the point at which the double helices of amylose
and amylopectin begin to unfold, whereas the pasting temperature from RVA is detected
from the point at which the granule starts to swell [32]. On the other hand, differences
detected between the gelatinization enthalpies of different starches also reflect differences
in how these starches gelatinize. Thus, higher values of enthalpy in potato starch agree
with the fast swelling and higher dispersion because of the absence of the amylose–lipid
complex which helps to maintain the integrity of swollen starches [20]. However, the effect
of CNCs reducing the value of the gelatinization enthalpy, which has been reported by
other authors in the literature [21,33], can have more than one explanation. For example,
Cui et al. [21] explained the reduction in enthalpy by the addition of CNCs due to an effect
of the inhibition of gelatinization and conservation of double helices. Likewise, the ability
of cellulose particles to bind water or compete for free water with leached amylose affecting
hydration and granule swelling was hypothesized in the literature [19,26]. However, a
potential effect of amylose–CNC interaction as has been suggested by our rheological
characterization should not be neglected. Nonetheless, this behavior could help explain
the lower enthalpy observed in wheat and waxy starch which were not modified by the
presence of CNCs (Figure 6b). In this sense, as has been proposed in the previous section, a
complementary analysis carried out by IR-spectroscopy and NMR could help understand
this phenomenon that has not been extensively studied to date and may open up a new
area of research.

5. Conclusions

Our results suggest that the presence of CNC produces changes in the mechanism
of granule swelling and disruption during gelatinization, along with promoting a certain
amylose–CNC interaction, although this behavior would be dependent of the starch origin.
Thus, in potato starch, there was a marked decrease in peak viscosity and breakdown vis-
cosity over CNC concentration, both values being consistent with the assessment of relative
decrease in viscosity. This behavior was not observed in wheat starch and waxy starch.
Hold viscosity measured by RVA agreed with apparent viscosity measured by rotative test,
whereas both the peak temperature and gelatinization temperature were not changed by
the presence of CNCs in all the starches studied. However, viscoelastic characterization at
70 ◦C showed higher values of loss factor in potato starch–CNC, suggesting a less organized
structure after gelatinization, which in turn showed good correlation with the increase in
G” at different CNC concentration. Our results are presumably influenced by how potato
starch gelatinizes and would not be affected by the presence/absence of amylose, as data
from wheat and waxy starch suggest. The amylose–CNC interaction in potato starch could
explain the higher values of enthalpy detected by calorimetry. However, complementary
studies are needed to define the characteristics of these interactions.

These results can be useful in different technological applications based on the use of
starch–nanocellulose composites. For instance, for the design of novel composite materials
for packaging, bioplastics, bioprinting and food ingredients, to name a few. The potential
impact of these biomaterials on sustainable processes opens interesting perspectives in
terms of industrial application.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/polym14081560/s1, Figure S1: G′ (a) and G” (b) assessed as a
function of oscillation strain in gelatinized starch samples at 70 ◦C. Figure S2: G′ and G” assessed as
a function of oscillation strain in gelatinized starch samples at 70 ◦C, and at different concentrations
of CNC: (a) potato, (b) wheat and (c) waxy maize.
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Abstract: In this study, magnetic fly ash was prepared with fly ash and nano-magnetic Fe3O4, ob-
tained by co-precipitation. Then, a magnetic fly ash/polydimethylsiloxane (MFA@PDMS) sponge
was prepared via simple dip-coating PDMS containing ethanol in magnetic fly ash aqueous sus-
pension and solidifying, whereby Fe3O4 played a vital role in achieving the uniformity of the FA
particle coating on the skeletons of the sponge. The presence of the PDMS matrix made the sponge
super-hydrophobic with significant lubricating oil absorption capacity; notably, it took only 10 min for
the material to adsorb six times its own weight of n-hexane (oil phase). Moreover, the MFA@PDMS
sponge demonstrated outstanding recyclability and stability, since no decline in absorption efficiency
was observed after more than eight cycles. Furthermore, the stress–strain curves of 20 compression
cycles presented good overlap, i.e., the maximum stress was basically unchanged, and the sponge
was restored to its original shape, indicating that it had good mechanical properties, elasticity, and
fatigue resistance.

Keywords: super hydrophobic; magnetic fly ash; polydimethylsiloxane; oil/water separation

1. Introduction

With global industrialization, oil spills remain a major source of water pollution and
are among the most difficult challenges facing the world today. They are not only harmful
to the natural ecosystem, but also have long-term adverse effects on human health and the
economy [1,2]. However, treatment methods, such as flotation [3], combustion and linseed
oil, have the disadvantages of poor selectivity and low efficiency [4].

The contact angle of water droplets on a lotus leaf is about 156◦. As such, water
droplets can easily slide off the surface of a leaf, taking surface pollutants with them and
thereby achieving a self-cleaning effect. This phenomenon known as the “lotus leaf effect”.
Inspired by this natural phenomenon, biomimetic superhydrophobic membrane materials
based on polymer materials have been developed through polymerization, vapor/liquid
phase deposition, membrane transfer, micro-contact printing, electrostatic spinning and
other processes. Superhydrophobic materials have a wide range of applications [5–7]. In
recent years, the surface structures of lotus leaves have been mimicked, and interfaces simi-
lar to those of hydrophobic biomaterials with completely different wettability properties
for oil and water have been designed and synthesized on the basis of surface chemical
bionics. Such structures can effectively achieve efficient separation of oil and water. Su-
perhydrophobic materials prepared by mimicking the surface characteristics of natural
superhydrophobic materials are collectively known as biomimetic superhydrophobic mate-
rials. With the aim of adsorbing organic pollutants and purifying oily wastewater, research
on such structures is rapidly growing in scope [8–10].

Superhydrophobicity means that water droplets are spherical on the surface with a
contact angle greater than 150 degrees. True intrinsic superhydrophobicity does not exist,
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and the maximum water contact angle for flat materials is only 119 degrees. However,
metals, ceramics and polymers can be made superhydrophobic by certain treatments,
i.e., creating a suitable surface roughness or through the modification of a low surface
energy material. For example, metals do not have superhydrophobic properties, but if
their surface is roughened by corrosion etching and the surface energy is reduced by
fluorination, a contact angle of more than 150 degrees can be obtained, thus turning them
into superhydrophobic materials. In contrast, the surface energy of polymers is usually
very low, making it easier to convert them into superhydrophobic materials [11].

For example, non-stick pans are made of polytetrafluoroethylene, which is superhy-
drophobic as long as the surface is rough. The lower the surface energy of the material
(i.e., the more energy the molecules on the surface of the material have compared to the
molecules inside), the better the hydrophobicity. When a low surface energy material has a
microscopic rough structure, an air film will be formed between the water droplets and the
material, preventing water from wetting the surface and thus forming a superhydropho-
bic state [12].

The surface energy of synthetic polydimethylsiloxane (PDMS) is only 22 mN/m. The
compound is fluorine-free, environmentally-friendly and cheap, and it can be made to
be highly soluble in organic solvents with curing agents [13,14]. PDMS has Si-O-Si as its
main chain and has both organic groups and inorganic structures. Its Si-O bond length
and bond angle are large, and it is easy to deform. As such, it can grafted/coated in the
preparation of low surface energy biomimetic materials with special wettability properties,
making it possible to achieve selective adsorption or filtration of oil–water mixtures [15,16].
Wang [17] prepared a super-hydrophobic PDMS@Fe3O4/MS sponge by an impregnation
method. The sponge has the advantages of low cost, simple operation and high oil–water
separation efficiency. The same author [18] synthesized a hydrophobic PDMS/reduced
graphene oxide composite with an adsorption capacity for n-hexane that was 18.5 times
its own weight. Zhu [19] connected cement gel particles with PDMS by covalent bonds.
This not only changed the morphology of the particles, but also increased their contact
angle, providing a research basis for PDMS organic/inorganic hybrid biomimetic materials.
Finally, Yu et al. prepared Fe3O4 nanoparticles by the solvothermal method. They then
used ammonium persulfate (APS) as an initiator to synthesize magnetic polystyrene oil-
absorbing materials with different coating rates by emulsion polymerization of styrene and
divinylbenzene (DVB) at different doses on the nanoparticle surfaces [20].

Fly ash is a kind of solid waste, whose main components are silica and alumina. Fly
ash itself has adsorption capacity. Compared with other materials, fly ash has a large
specific surface area and a porous structure, and thus, has good adsorption characteristics.
The use of fly ash as a raw material has obvious advantages in terms of the required
source materials.

The innovation of this study is the preparation of a new composite functional poly-
meric bionanomaterial, MFA@PDMS, for oily wastewater treatment. Based on the concept
of “waste to waste”, the natural porous structure of solid waste fly ash was used to con-
struct a PDMS porous skeleton to make it rough and improve its oil–water separation
efficiency [21,22]. Magnetic Fe3O4 nanoparticles were used to modify the natural porous
structure of the fly ash in order to prepare the magnetic porous skeleton. Then, the super-
hydrophobic bionanomaterials were combined with the magnetic porous skeleton material
coating/resin to prepare fluorine-free oil–water separation polymer bionanomaterials.

The preparation process is simple and the resulting magnetic sponges are super
hydrophobic and super lipophilic. Additionally, the magnetic properties of the material
make it possible to separate oil–water mixtures by an external magnetic field [23]. Magnetic
nanomolecular sieve composites have the advantages of high magnetization performance
and surface area. In addition, Fe3O4 nanoparticles were shown to improve the mechanical
properties of the sponge, which remained superhydrophobic when it was under tension or
compression. The tested sponge also showed good mechanical stability, oil stability and
reusability in terms of its superhydrophobicity and oil absorption [21].
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2. Materials and Methods

2.1. Materials

The fly ash (FA) used in this study was obtained from the Kanas Power Plant in
Xinjiang Autonomous Region, China. Its chemical composition was as follows: SiO2
(45.9 wt%), Al2O3 (19.03 wt%), CaO (16.39 wt%), SO3 (6.01 wt%), Fe2O3 (5.65 wt%), K2O
(2.07 wt%), MgO (2.02 wt%) and Na2O (0.954 wt%). The PDMS prepolymer and its curing
agent were obtained from American Dow Corning. FeCl2·4H2O, FeCl3·6H2O and sodium
citrate all came from Macklin Biochemical (Shanghai, China) Co., Ltd. Ammonia water was
obtained from Sigma-Aldrich (Shanghai, China) Trading Co., Ltd.

2.2. Preparation of Magnetic Fly Ash/Polydimethylsiloxane (MFA@PDMS) Sponge

(1) Preparation of magnetic fly ash: First, we poured FeCl2·4H2O (1.72 g) and FeCl3·6H2O
(4.72 g) into a three-port flask, added 80 mL distilled water, and stirred for 10 min at
80 ◦C. Then, we added ammonia water dropwise (25 %) until a pH of 10 was reached.
Black material could be seen in the process of dropping, and the reaction continued for
30 min after the solution had turned black. Next, 20 mL 0.3 m sodium citrate solution
was added and the mixture heated to 90 ◦C for 30 min. We then added about 8 g of fly
ash and continued stirring for 2 h. At the end of the reaction, we applied solid–liquid
separation with an external magnetic field and repeated washing with distilled water. Then,
we dried the compound at 80 ◦C for 12 h and, finally, used mechanical grinding to obtain
the magnetic fly ash nanomaterials (FA@Fe3O4).

(2) Preparation of magnetic fly ash @PDMS bionic material: First, we placed 0.20 g
magnetic fly ash, 4.00 g PDMS prepolymer and 0.40 g curing agent (10:1) into a beaker.
The mixture was stirred, and 2.00 g anhydrous ethanol was added and mixed evenly. We
then slowly added 4 mL water, stirred and allowed the mixture to emulsify for 15 min. It
was poured into a sand core funnel mold for forming, and then placed in a drying oven at
120 ◦C for curing for 1.5 h to obtain dark brown spongy magnetic material (MFA@PDMS).

2.3. Adsorption Capacity, Separation Efficiency and Reusability Test

(1) To evaluate the adsorption capacity, a certain mass of the material was first im-
mersed in an organic solvent and weighed after reaching mass absorption equilibrium. The
measurement was repeated three times and the average value was taken. The adsorption
capacity Q of the material was calculated according to Formula (1).

Q =
(M1 − M0)

M0
(1)

where Q (g/g) is the mass-based adsorption capacity, M1 (g) is the mass of the sponge after
oil absorption and M0 (g) is the mass of the sponge before oil absorption.

(2) Next, we built an oil–water separation device and calculated the oil–water separa-
tion efficiency, R, of the sponge according to Formula (2).

R =
VC
V0

× 100% (2)

where R (%) is the oil–water separation efficiency, Vc (mL) is the volume of the original
solvent or oil collected after separation and V0 (mL) is the volume of the original solvent or
oil before separation.

(3) The repeatability of the material was initially evaluated using a simple electronic
universal testing machine. First, the material was immersed in an organic solvent to achieve
maximum absorption and its mass was weighed and recorded as M2. Afterwards, the
absorbed oil was recovered by mechanical compression and the mass of the material was
determined again and recorded as M3. The reusability of the sponge was assessed by
absorption-compression cycles, each time weighing the material to calculate the adsorption
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multiplier (i.e., the weight of the material after the adsorption of an organic solvent/the
weight of the material itself).

2.4. Wenzel Model

In Equation (3), r represents the roughness factor of the solid surface (r > 1), which is
actually the magnitude of the ratio of the actual area on the surface to the projected area;
θW represents the apparent contact angle with the rough surface; and θY is the contact angle
in an ideal state [12].

cosθW = r(γSV − γSL)

γLV
= r·cosθY (3)

Under the condition that the solid surface itself is hydrophilic, if the surface roughness
increases, the hydrophobicity of the surface will not increase. In contrast, under the
condition that the solid surface itself has a certain degree of hydrophobicity, if the surface
roughness increases, it will also have a certain effect on the hydrophobicity of the solid
surface, and the level of hydrophobicity will naturally increase.

2.5. Determination and Characterization

The composite samples were analyzed using an X-ray fluorescence spectrometer
(XRF, ARL PERFORM’X, Thermo Fisher Scientific, Waltham, MA, USA) and Fourier trans-
formation infrared spectrometer (FTIR, VERTEX 70 RAMI, Bruker Corporation, Billerica,
MA, USA). The morphologies of samples were comparatively observed by scanning elec-
tronic microscopy (SEM, SU8010, Hitachi, Ltd., Tokyo, Japan). The morphologies of the
samples were observed using a transmission electron microscope (TEM, JEM-2100, JEOL
Ltd. Akishima City, Tokyo, Japan). Magnetic analyses of the samples were conducted using
a vibrating sample magnetometer (VSM, Lake Shore Corporation, Columbus, OH, USA).
The stress–strain analyses of the samples were conducted using an electronic universal
testing machine (CMT6103, MTS Systems Corporation, Eden Prairie, MN, USA).

3. Results and Discussion

3.1. Materials Characterization
3.1.1. TEM Analysis of Nanometer Fe3O4

The sample powder was dried using a 200 nm copper mesh. The electron acceleration
voltage of the transmission electron microscope (TEM) was 100 kV.

A TEM image of the magnetic nano-Fe3O4 is shown in Figure 1. As shown, the average
particle size of the magnetic nanospheres was 30 nm, and the particle size was uniform.

Figure 1. Transmission Electron Microscope Image of Fe3O4.
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3.1.2. SEM Analysis

As Figure 2a,b shows, the surface of PDMS was extremely uniform and the folds
were extremely smooth, which is the reason why the sponge material had such good
mechanical properties and elasticity. Additionally, its internal porous structure increased
its oil absorption performance to a certain extent.

 
Figure 2. SEM of (a,b) PDMS and (c,d) MFA@PDMS.

As Figure 2c,d shows, the morphology changed significantly with modification with
MFA; the smooth surface of the PDMS became rough, which was favorable for hydropho-
bicity. Additionally, because of the natural porous structure of FA, the MFA@PDMS had a
rough, honeycomb porous structure, which undoubtedly increased the hydrophobicity of
the sponge surface and the oil absorption ability of the sponge.

3.1.3. FT-IR Analysis

The Fourier transform infrared spectrum (FT-IR) of the MFA@PDMS is shown in
Figure 3. The absorption peak at 2964 cm−1 corresponds to -CH3 stretching vibrations; that
at 1262 cm−1 was attributed to the sharp symmetric deformation vibration peak of Si-CH3;
that at 793 cm−1 corresponded to that Si-C tensile vibration peak [23]; that near 1083 cm−1

was attributed to the asymmetric stretching vibrations of Si-O-Si bond and Si-O-Al bonds,
which was caused by the polymerization of the fly ash aluminosilicate or silicon-oxygen
tetrahedron structure. Finally, a crystal lattice absorption peak of Fe3O4 appeared at
599 cm−1, indicating that the MFA@PDMS material had been prepared successfully.
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Figure 3. FT-IR Diagram of MFA@PDMS.

3.1.4. Characterization of Magnetic Properties on MFA@PDMS Sponge

The vibrating sample magnetometer (VSM) test results for nano-Fe3O4 and MFA@PDMS
sponge are shown in Figure 4. As shown, their coercivity was low, and they demonstrated
super-paramagnetism. Figure 5 is a graph comparing the natural sedimentation separation
and magnetic field separation of the FA@Fe3O4 suspension.

Figure 4. Hysteresis loop of Fe3O4 and MFA@PDMS.

Figure 5. Solid–liquid separation process of FA@Fe3O4. (a) Suspension; (b) Natural sedimentation
separation; (c) Magnetic field separation.
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3.2. Hydrophobicity of MFA@PDMS Sponge

Deionized water dyed with blue ink (aqueous phase) and hexane dyed with oil-soluble
black (oil phase) were dropped on the surface of the MFA@PDMS sponge (the volume ratio
of hexane to water was 1:1). The experimental results are shown in Figure 6. The deionized
water with blue ink formed a typical spherical shape, revealing the superhydrophobicity
of the surface of the material. The surface contact angle was calculated to be greater than
150◦, while the black hexane penetrated the interior of the parent body. A material with
hydrophobic characteristics cannot be wetted by water, but can be wetted by oil. It can be
seen that the sponge material had good hydrophobicity to aqueous solution, reflecting its
good waterproof performance; this is also key its selectivity for oil–water separation.

 

Figure 6. Hydrophobic Properties of MFA@PDMS sponge.

3.3. Oil–Water Separation Performance of MFA@PDMS Sponge
3.3.1. Separation Performance for Immiscible Oil/Water

In order to verify the oil–water separation capability of the MFA@PDMS sponge, an
experiment was designed (see Figure 7). The MFA@PDMS sponge was placed in a normal
hexane aqueous solution containing Sudan red II dye. The hexane solution was then moved
to an oily area using a magnet. It was observed that the red normal hexane was quickly
absorbed by the sponge (the red circles correspond to the locations of the red hexane),
with the oil-bearing water quickly becoming transparent, indicating that that material
has excellent oil–water separation capability (the separation efficiency can reach more
than 95%), can effectively and quickly remove n-hexane (oil phase) from water, and can
be remotely controlled via an external magnetic field, thereby facilitating the separation,
recovery and transportation of oils.

Figure 7. Oil–water separation using the MFA @ PDMS sponge.

According to the experimental process shown in Figure 8, the adsorption times of pure
PDMS, FA@PDMS, Fe3O4@PDMS and MFA@PDMS sponges for n-hexane were tested; the
results are shown in Figure 8. As indicated, the adsorption multiple of the MFA@PDMS
sponge was the highest, reaching six times of its own weight, indicating that the addition
of MFA significantly improved the oil–water separation effect of the PDMS.
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Figure 8. Comparison of adsorption times.

3.3.2. Separation Performance for Oil–Water Emulsion

In general, the particle size of the dispersed phase of oil–water emulsions is much
smaller than 20 μm, and a stable protective layer is formed on the surface of droplet
molecules. As such, it is difficult to break emulsions, making oil–water separations ex-
tremely difficult. In this study, the separation efficiency of MFA@PDMS for different types
of emulsified oils (n-hexane, phenol and canola oil) was investigated via the experimental
method shown in Figure 9. The results are shown in Figure 10.

Figure 9. Schematic diagram of oil–water separation process of emulsion mixture.

Figure 10. Schematic diagram of emulsion oil–water separation efficiency changes over time.
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This oil–water separation device was based on the hydrophobicity and lipophilicity
of the MFA@PDMS based material. The MFA@PDMS was clamped in the middle of the
left tube and the oil–water mixture was poured into the wide-mouth collection container
on the right side. The red oil quickly passed through the MFA@PDMS and flowed into
the collection container on the lower left side, while the blue deionized water was blocked
on the top side of the MFA@PDMS. Finally, the oil–water mixture was successfully sep-
arated. When the oil–water mixture came into contact with the MFA@PDMS surface, its
superhydrophobic and super lipophilic properties caused the oil contaminants to penetrate
and pass through the material instantly, while the aqueous solution was blocked by its
hydrophobic nature. In this study, after each separation, the sample was washed and dried
before being reused for the next oil–water separation.

As shown in Figure 10, the separation efficiency of magnetic MFA@PDMS sponge
for n-hexane emulsified oil was the highest, reaching 97.12%, followed by phenol, which
reached 95.27%. This was due to the unique structure of fly ash, i.e., its large specific
surface area, porosity and abundant aluminum-silicon components, as well as the super-
hydrophobic performance of PDMS, which can attract organic molecules and chain-like
structures to the inner surface of sponge materials through π-π dispersion interactions and
the donor receptor effect [6].

3.4. Reuse of MFA@PDMS Sponge

The experiment shown in Figure 11 was designed to characterize the reutilization
performance of the sponge bionic material. The sponge material was put into n-hexane
dyed with Sudan red II, and it was observed that its thickness increased from 0.6 cm to
1.2 cm after only 10 min. We then removed the sponge bionic material and weighed it
to calculate its adsorption multiple (i.e., the weight of the material after absorbing the
normal hexane/the weight of the material). The oil phase could be extruded by simple
compression, and the material could be reused within 30 min after extrusion. Over eight
adsorption-extrusion-drying tests, the oil absorption capacity did not decrease significantly,
showing good reusability.

Figure 11. Flexible deformation of materials during oil absorption-extrusion-drying process on
MFA@PDMS sponge.

An H5KT-type static mechanical tester was used for our stress–strain performance
analysis. The compressive stress–strain relationships under single and 20 cyclic quasi-static
compressive loadings are shown in Figures 12 and 13, respectively (the compression rate
was 50 mm/min).

As shown in Figures 12 and 13, the maximum stress of the material was 446.9 kPa
before adsorption on the sponge and 410 kPa afterwards, indicating that the material has
good recyclability. The stress–strain curves of 20 compression cycles showed good overlap,
and the maximum stress was basically unchanged, indicating that the sponge has good
mechanical properties, elasticity, and fatigue resistance.
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Figure 12. Stress–strain diagram of MFA@PDMS sponge material during a single cycle.

Figure 13. Stress–strain diagram of MFA@PDMS sponge over 20 cycles.

4. Conclusions

In this study, magnetic FA was used to construct a flexible PDMS porous structure, and
a MFA@PDMS sponge for oil–water separation was successfully prepared. The sponge was
shown to be able to adsorb six times its own weight of n-hexane in only 10 min. It could
remotely process oil-bearing waters under the action of an external magnetic field, making
it an effective, fast and convenient approach. The MFA@PDMS can be reused by applying
a simple oil absorption-extrusion-drying operation which takes around 30 min, after which
the oil–water separation performance is not significantly reduced. The stress–strain curves
of 20 compression cycles for the sponge showed good overlap, and the maximum stress
was basically unchanged, i.e., the sponge was restored to its original shape, indicating that
it has good mechanical properties, elasticity, and fatigue resistance.
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