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1. Introduction

The aim of this Special Issue is to highlight the progress in the manufacturing,
characterization, and applications of environmentally friendly polymeric blends from
renewable resources.

Materials from renewable resources have attracted increasing attention in past decades
as a result of environmental concerns and due to the depletion of petroleum resources.
Polymeric materials from renewable sources have a long history. They were already used
in ancient times and later accompanied man along with the development of civilization.
Currently, they are widespread in many areas of life and used, for example, in packaging,
and in the automotive and pharmaceutical industries.

Polymers from renewable resources are generally classified into three groups: (i) natural
polymers, such as cellulose, starch and proteins; (ii) synthetic polymers from natural
monomers, such as poly(lactic acid), and (iii) polymers from microbial processes, such as
poly(hydroxybutyrate). The emergence of new methods and analytical tools provides a
new level of understanding of the structure–property relationship of natural polymers and
allows the development of materials for new applications.

One of the attractive properties of the natural polymers and synthetic polymers pro-
duced from natural monomers is their inherited biodegradability. On the other hand, this
is related to their moisture sensitivity, which limits their application. Other important limi-
tations of most polymers from renewable resources are their lower softening temperature
and mechanical strength. These and many other properties of polymers can be modified
and improved through the blending of two or more compounds, for example two or more
polymers, polymers and fibers, polymers and nanoparticles etc.

A blending approach, which may result in both polymer blends or composites, is an
effective way to achieve a desirable combination of properties that are often absent in the
individual components. Polymer blends and composites are useful as they can be produced
from low-cost raw materials, including industrial waste products, without sacrificing their
desired properties; they can also be used to prepare high-performance compounds for
broader applications due to biodegradability and reusability of the end products.

The final properties can be modified by changing the relative concentration and kind
of monomeric units used in the synthesis or by varying the proportion of homopolymers
and various additives in a blend composition. Development of effective methods of
manufacturing products from blends of renewable polymers and environmental friendly
synthetic polymers in a controlled way is the challenge of our time.

Accordingly, in this Special Issue of Materials, which is aimed at recognizing the cur-
rent state of knowledge and development in the use of environmentally friendly polymeric
blends from renewable sources, the following aspects were investigated:

• synthesis of composites based on natural fillers;
• chemical modification of polymers or fillers in order to improve interfacial interactions;
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• potential applications of the biobased materials.

2. Short Description of the Articles Presented in This Special Issue

In this Special Issue, 13 original articles have been published on various topics, includ-
ing the preparation, characterization, and some examples of uses of polymeric materials
from renewable resources. This issue includes five articles on polyurethanes blended with
various types of additives [1–5], of which two papers discusses the polyurethane systems
partly prepared from naturally-derived components, such as lignin [5] or naturally-derived
polyols [4]. Four papers discuss the preparation of synthetic unsaturated polyester resins
reinforced with natural fillers [6–9], and two other papers are focused on the modification
of polyolefins (PE,PP) to improve their strength properties [10,11]. One work is concerned
with the preparation of biochar and bio-oil from biomass, where the potential uses of both
types of products are discussed [12]; the other paper considers the modification of cotton
linter for use as efficient adsorbent for the phosphate.

Most of above papers pay particular attention to the role of eco-friendly fillers, i.e., mi-
crocrystalline cellulose, wood flower, lignin, rice straw nanofibers, lavender residues, sugar
beet pulp, barley fibers, hemp shives, walnut shells, and curauá fibers in the improvement
of various properties in the final materials.

In the papers of Członka, Strąkowska et al., problems of polyurethane composites
with different biofillers were discussed.

In the paper “Polyurethane Hybrid Composites Reinforced with Lavender Residue
Functionalized with Kaolinite and Hydroxyapatite” [1], blends were obtained with laven-
der fillers functionalized with kaolinite and hydroxyapatite. The obtained materials were
characterized with enhanced mechanical, thermal, and performance properties.

In the paper “Rigid Polyurethane Foams Reinforced with POSS-Impregnated Sugar
Beet Pulp Filler” [2], blends were reinforced with sugar beet pulp impregnated with
aminopropyl isobutyl-polyhedral oligomeric silsesquioxanes. The results showed that the
greatest improvement in physicomechanical properties was observed at a lower concentra-
tion of filler.

In the paper “Impact of Hemp Shives Impregnated with Selected Plant Oils on Mechan-
ical, Thermal, and Insulating Properties of Polyurethane Composite Foams” [3], materials
reinforced with hemp shives fillers were synthesized with three different types of fillers:
nontreated filler, filler impregnated with sunflower oil, and filler impregnated with tung
oil. The incorporation of impregnated biofillers resulted in the improvement of thermal
stability and flame retardancy of foams.

In the paper “Rigid Polyurethane Foams Based on Bio-Polyol and Additionally Rein-
forced with Silanized and Acetylated Walnut Shells for the Synthesis of Environmentally
Friendly Insulating” [4], composites produced from walnut shell-derived polyol (20 wt. %)
were also reinforced with nontreated, acetylated, and silanized biofiller from walnut shells.
The composites with the addition of acetylated and silanized filler exhibited a more uniform
structure than foams with the addition of nontreated filler.

In the paper of Gonçalves, Rudnitskaya, Sales, Costa, Evtuguin (“Nanocomposite
Polymeric Materials Based on Eucalyptus Lignoboost® Kraft Lignin for Liquid Sensing
Applications” [5]) polyurethane–lignin copolymer blended with carbon multilayer nan-
otubes was used in all-solid-state potentiometric chemical sensors. The interaction between
carbon nanotubes and lignin molecules in the polymer enhanced its electrical conductivity.

The papers of Delgado-Aguilar et al. concerned eco-friendly blends derived from polyolefines.
The paper of Delgado-Aguilar, Tarrés, Marques, Espinach, Julián, Mutjé, and Vilaseca

(“Explorative Study on the Use of Curauá Reinforced Polypropylene Composites for the
Automotive Industry” [10]) studied the properties of composites reinforced with natural
fibers (curauá). The results showed that the tensile properties were similar to uncoupled
glass fiber-based composites.

In the paper of Serra-Parareda, Tarrés, Delgado-Aguilar, Espinach, Mutjé, and Vilaseca
(“Biobased Composites from Biobased-Polyethylene and Barley Thermomechanical Fibers:
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Micromechanics of Composites” [11]), barley fibers were used as reinforcement for a
polyethylene blend. Grafted polyethylene was used as a coupling agent to increase in
interfacial adhesion.

Another two papers were devoted to synthetic resin reinforced with various bio-based fillers.
In the paper of Chabros, Gawdzik, Podkościelna, Goliszek, and Pączkowski (“Com-

posites of Unsaturated Polyester Resins with Microcrystalline Cellulose and Its Deriva-
tives” [7]), modified and unmodified microcrystalline cellulose were used as a filler for
unsaturated polyester resin composites. The results showed that especially for modified cel-
lulose, the properties of composites were similar to those with the addition of nanocellulose,
but incorporating nanocellulose into the resin was much more difficult.

In the paper of Pączkowski, Puszka, Miazga-Karska, Ginalska, and Gawdzik (“Synthe-
sis, Characterization and Testing of Antimicrobial Activity of Composites of Unsaturated
Polyester Resins with Wood Flour and Silver Nanoparticles” [6]) the properties of the
wood–resin composites were studied. For composites with wood flour, deterioration of
mechanical properties was observed. Antimicrobial activity tests showed that bacterial
strains can colonize the surface of the cross-linked unsaturated polyester resin. Composites
with the addition of wood flour are a good surface for bacteria colonization and their
elimination may occur when nanosilver is added to the composite.

In the paper of Alcántara, González, Pareta, and Vilaseca (“Biocomposites from
Rice Straw Nanofibers: Morphology, Thermal and Mechanical Properties” [8]), cellulose
nanofibers were extracted from rice straw and reinforced the poly(vinyl alcohol) matrix.
The results show that Young’s modulus of the polymer increased by three and a half times
after adding nanofiller.

In the paper of Wang, Liu, Duan, Xu, Zhang, She, and Zheng (“The Eco-Friendly
Biochar and Valuable Bio-Oil from Caragana korshinskii: Pyrolysis Preparation, Charac-
terization, and Adsorption Applications” [12]) biochar and bio-oil were obtained from
caragana biomass carbonization in different pyrolysis conditions and the adsorption and
pharmaceutical properties of these products were discussed.

The papers of Du at al. and Goliszek at al. concern synthesis of sorbents based on
natural components.

In the paper of Du, Dong, Lin, Yang, and Zhao (“Radiation Synthesis of Pentaethylene
Hexamine Functionalized Cotton Linter for Effective Removal of Phosphate: Batch and
Dynamic Flow Mode Studies” [13]), quaternized cotton linter fibers were prepared by
electron beam preirradiation grafting technology. The results showed that the modified
cotton linter fibers can be used as sorbents for phosphate removal.

The paper of Goliszek, Podkościelna, Sevastyanova, Gawdzik, and Chabros (“The
Influence of Lignin Diversity on the Structural and Thermal Properties of Polymeric Micro-
spheres Derived from Lignin, Styrene, and/or Divinylbenzene” [9]) investigates the impact
of lignin influence on the properties of the porous biopolymeric microspheres. It was found
that the materials have a high thermal resistance and the incorporation of methacrylated
lignin into the microspheres resulted in an increase of specific surface area and porosity.

3. Conclusions

The usage of polymer blends and composites, both prepared by blending, are two
strategies used in the “green” requirements of many industries. Green chemistry strategies
are mainly accomplished by reducing waste production, reducing raw material usage,
reducing nonrenewable energy sources and overall energy demand, reducing risks, hazards,
and costs. In this Special Issue, the great potential of agricultural and wood residuals,
as they are or chemically modified, for the improvement of broad range of polymeric
materials is clearly demonstrated. Cheap and abundant resources such as wood, rice straw,
hemp, walnut shells, and other types of biomass and their constituents can improve the
strength, thermal and some specific properties of final polymeric materials that have a great
potential to be used in automotive, construction, and pharmaceutical and environmental
protection industries.
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6. Pączkowski, P.; Puszka, A.; Miazga-Karska, M.; Ginalska, G.; Gawdzik, B. Synthesis, Characterization and Testing of Antimicrobial
Activity of Composites of Unsaturated Polyester Resins with Wood Flour and Silver Nanoparticles. Materials 2021, 14, 1122.
[CrossRef] [PubMed]
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Abstract: This paper presents the properties of the wood-resin composites. For improving their an-
tibacterial character, silver nanoparticles were incorporated into their structures. The properties of the
obtained materials were analyzed in vitro for their anti-biofilm potency in contact with aerobic Gram-
positive Staphylococcus aureus and Staphylococcus epidermidis; and aerobic Gram-negative Escherichia

coli and Pseudomonas aeruginosa. These pathogens are responsible for various infections, including
those associated with healthcare. The effect of silver nanoparticles incorporation on mechanical and
thermomechanical properties as well as gloss were investigated for the samples of composites before
and after accelerating aging tests. The results show that bacteria can colonize in various wrinkles
and cracks on the composites with wood flour but also the surface of the cross-linked unsaturated
polyester resin. The addition of nanosilver causes the death of bacteria. It also positively influences
mechanical and thermomechanical properties as well as gloss of the resin.

Keywords: antibacterial activity; wood–resin composites; unsaturated polyester resin; recycled PET;
wood flour; renewable resources; silver nanoparticles

1. Introduction

All the possibilities of using new products, including composites with the addition of
recycled wood, help to reduce the environmental impact and consumption of conventional
polymers. Among the various synthetic polymers, unsaturated polyester resins are the
most commonly known in preparing composites and exceed 80% of all components [1,2].
The global unsaturated polyester resin market will grow at a steady 5.3% CAGR over the
forecast period (2019–2029) [3–5]. Greater concern about health as a result of industrial
activities enhances the demand for unsaturated polyester resins. Modern products use
a low content of styrene, which reduces the harmful effects of workmen’s exposure to
poisonous gases, and thus decreases carbon dioxide emissions improving safety standards
in many industries [6]. Such materials are widely applied in the production of yachts,
kayaks, sailboats, bathtubs, shower cabins, etc., as well as housing goods and medical
equipment.

It is known that microorganisms survive on inanimate “touch” surfaces for a long
time. This can be particularly troublesome in health care where patient immunity is at
a greater risk of infections. Touch surfaces in hospital rooms can serve as a source or a
reservoir of bacteria expansion.

A nosocomial infection can be contracted in various ways in hospitals, nursing homes,
rehabilitation centers, clinics and even diagnostic laboratories [7–9]. Besides contaminated
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equipment, bed sheets or air droplets, the infection is also spread by medical personnel
themselves. In some cases, the microorganisms may originate from the patient’s own skin
and become opportunistic after surgery or other procedures that compromise the skin
protective barrier. Bacteria can enter the bloodstream as a serious complication of infection
during surgery or because of catheters and other foreign bodies entering the arteries or
veins.

The common pathogens found in the healthcare settings are Escherichia coli (E. coli)
and Pseudomonas aeruginosa (P. aeruginosa) Gram-negative and rod-shaped bacteria, while
Staphylococcus aureus (S. aureus) and Staphylococcus epidermidis (S. epidermidis) are round
Gram-positive bacteria.

One of the most important and common species of Gram-positive bacteria is Staphylo-
coccus. These bacteria are normally found on the skin or in the digestive tract and can enter
the bloodstream, where S. aureus is responsible for the most common healthcare-associated
infections.

As a result of infections in the respiratory tract, the genitourinary system, the gas-
trointestinal tract or the hepatobiliary system, Gram-negative bacteria are able to enter the
bloodstream. This type of Gram-negative bacteremia is more commonly associated with
the elderly population, where E. coli is one of the most common reasons of its formation.

A number of compounds added to materials can reduce the risk of bacteria growing
on the surface. The use of silver or copper nanoparticles causes the antimicrobial properties
of biocomposites [10–12]. An alternative approach to reducing healthcare-associated
pathogens is the use of ultraviolet irradiation [13–16]. Silver nanoparticles (AgNPs) are
an important component of nanomaterials in a wide range of industrial and medical
applications. There are official EU regulations that allow the use of nanosilver [17]. In
another regulation there is the conclusion about the safety of colloidal silver in nano form
only at low concentrations [18].

Unfortunately, nanosilver can be risky to human health. According to Ahamed
et al. [19], AgNPs produce toxicity that targets various organs, including the lungs, liver,
and vascular system. A level of expression of genes involved in cell cycle progression
and apoptosis may be induced by AgNP. The induction of ROS (reactive oxygen species),
oxidative stress and DNA damage include possible AgNP-induced toxicity mechanisms.

In this paper the antimicrobial properties of wood–resin composites with the addition
of silver nanoparticles solution (AgNPs) are presented. Moreover, the influence of the
presence of AgNPs on the mechanical and thermomechanical properties as well as gloss of
the obtained composites was investigated.

2. Materials and Methods

2.1. Chemicals

The unsaturated polyester resin used for composite preparation is a highly reactive
orthophthalic resin of bluish-green color with enhanced chemical resistance properties and
high strength parameters (LERG, Pustków, Poland). It was based on recycled poly(ethylene
terephthalate) (PET). Luperox DHD-9 (2-butanone peroxide solution) (Sigma Aldrich, St.
Louis, MO, USA) and a 4% polymeric cobalt solution (Department of Polymer Chemistry,
UMCS Lublin, Poland) were used for its curing.

A virgin wood from spruce and fir commercial softwood JELUXYL WEHO (JELU-
WERK, Rosenberg-Ludwigsmühle, Rosenberg, Germany) was used as raw material for
modification of the unsaturated polyester resin. The wood particles were characterized
by the following technical parameters: pH = 5.5, light yellow color and Alpine air sieve
fraction: 75 µm (~35%), 100 µm (~20%) and 180 µm (traces). The manufacturer also declares
that the moisture content is about 10%.

Aqueous solutions of silver nanoparticles (AgNPs) NL-100 aqua (NANOLAB, Katow-
ice, Poland) with antibacterial properties were used. Images of all components used in
synthesis are presented at Figure 1.
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Figure 1. Images of components used in synthesis: (a) unsaturated polyester resin; (b) softwood
flour; (c) silver nanoparticles concentrate.

2.2. Preparation of Composites

A detailed description of the synthetic method and the curing procedure was described
previously [20]. The wood flour (WF) or the extract of silver nanoparticles in the aqueous
solution (AgNPs) was added to pre-accelerated resin with 1.1 wt% of Luperox and 0.25 wt%
of 4% polymeric cobalt solution, while mixing. All ingredient amounts were calculated for
the pure resin. The prepared mixtures were poured into Petri dishes (50 mm diameter).
Curing was conducted in these dishes at room temperature for 24 h and then at 80 ◦C for
10 h for additional post-curing. The same procedure was applied for the starting resin and
their composites with WF or AgNPs. The compositions of the prepared composites are
presented in Table 1.

Table 1. The compositions of the prepared composites.

Sample UPR (wt%) WF (wt%) AgNPs aq. sol. (wt%)

1 100.0 - -
2 99.0 1.0 -
3 98.0 2.0 -
4 95.0 5.0 -
5 99.8 - 0.2
6 99.5 - 0.5
7 99.0 - 1.0
8 94.0 5.0 1.0

2.3. Research Methods

2.3.1. Preparation of Composite Samples

To study properties of the prepared composites, the samples of suitable sizes were
prepared. The CNC milling machine MFG 8037P (Ergwind, Poland) was used for the
preparation of samples in the shape of a cuboid (10 mm × 10 mm × 2.5 mm) for antibacterial
tests, whereas for mechanical and thermomechanical studies molds of cuboid shapes with
the dimensions 80 mm × 10 mm × 4 mm and 65 mm × 10 mm × 4 mm were applied.

2.3.2. Accelerated Aging Test

Accelerated aging tests were performed using a Xenon Arc Lamp Atlas Xenotest
Alpha + simulator (Chicago, IL, USA). The source of irradiation in the test chamber was a
xenon lamp, emitting radiation similar to natural sunlight. Accelerating aging was carried
out for 1000 h according to the standard EN ISO 4892-2:2013 [21]. The parameters imitated
typical outdoor weather conditions to which materials can be exposed: irradiance 60 W
m−2, daylight filter system, chamber temperature 38 ◦C, black standard temperature 65 ◦C,
and relative humidity of 50%, spraying switch-on periods (18 min of spraying and 102 min
of rest).
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2.3.3. Mechanical and Thermomechanical Properties

Mechanical and thermomechanical properties were determined using a mechanical
testing machine, a dynamic mechanical analyzer and a hardness tester.

The mechanical properties of the composites were determined based on the Zwick-
Roell Z010 mechanical testing machine from ZWICK GmbH Co (Ulm, Germany). Deter-
mination of mechanical properties was based on the three-point bending test, where the
samples of 80 mm × 10 mm × 4 mm diameter were used with a span of 64 mm between the
supports. The bending speed was 5 mm min−1. The test procedure was in accordance with
the standard EN ISO 178:2019 [22]. Finally, the arithmetic averaging of five measurements
was taken both before and after the accelerating aging test samples.

Using a GYZJ 934-1 Barcol hardness tester from the Barber-Colman Company (Loves
Park, IL, USA) the values of composite hardness were determined. The measurements
were made according to the standard ASTM D2583 [23]. The final result was the average of
ten measurements for the samples before and after the accelerated aging test.

All data were subjected to analysis of variance using Origin 8 (OriginLab, Northamp-
ton, MA, USA) applications. One-way analysis of variance (one-way ANOVA) was used to
detect significant differences among the tested mechanical parameters (flexural strength
and hardness) depending on the wood flour or silver nanoparticles content.

To determine thermomechanical properties of the prepared composites, the Q800 Dy-
namic Mechanical Analyzer (DMA) from TA Instruments (New Castle, NY, USA) equipped
with a dual-cantilever device was used. Suitably prepared samples with the dimensions
of 65 mm × 10 mm × 4 mm were tested. A temperature scanning from 0 to 200 ◦C was
made with a constant heating rate of 3 ◦C min−1 at a sinusoidal strain with an amplitude
of 10 µm and frequency 1 Hz. The test procedure was in accordance with the standard EN
ISO 6721-1:2019 [24]. From the obtained data the glass-transition temperature, mechanical
loss factor, values of storage modulus and loss modulus were determined. According to
the standard [24] and due to the fact that the analysis was carried out over a wide range of
temperatures, only one specimen before and after the accelerated aging test was measured.

2.3.4. Determination of Gloss

Measurements of samples’ gloss were made using a Zehntner ZGM 1110 triple-angle
gloss meter from Zehntner GmbH Testing Instruments (Sissach, Switzerland). This device
operates simultaneously in one of three geometric units in which the angles 20◦, 60◦ and
85◦ correspond from a high-gloss to matte surface (standard gloss: 20◦ (86.8 GU), 60◦

(93.4 GU) and 85◦ (99.7 GU)). These determinations were made according to the standard
ASTM D2457 [25]. The final result was the mean value of ten measurements for the samples
before and after the accelerated aging.

2.3.5. Bacterial Strains

All tested samples were analyzed for their anti-biofilm potency in contact with aerobic
Gram-positive Staphylococcus aureus ATCC 25923 and Staphylococcus epidermidis ATCC
12228; and aerobic Gram-negative Escherichia coli ATCC 25992 and Pseudomonas aeruginosa
ATCC 27853. In the microbiological assay we used Mueller–Hinton broth (MH-broth)
(BioMaxima, Lublin, Poland). After 24 h bacterial growth (at 37 ◦C) on agar, an inoculum
in 5 mL of 0.9% was prepared, obtaining a density 0.5 McFarland (1.5 × 108 CFU mL−1

(CFU: colony forming unit)).

2.3.6. Anti-Biofilm Activity of Tested Materials

Seeding of materials with bacterial strains for biofilm formation determination was
made to visualize viability of the biofilm structure [26]. The materials samples (unmodified
one as a control (1); modified materials (2, 3, 4, 5, 6, 7, 8)) were washed in ethanol (2000 µL)
and M-H broth (2000 µL) and moved to the bottoms of fresh 12-well polystyrene plates
(NEST Biotechnology, Wuxi, Jiangsu, China). Then, these materials were covered with
2000 µL of M-H broth. Finally, 6.4 µL of tested bacteria inoculum (1.5 × 108 CFU mL−1)
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was added. Wells with broth alone were also included in the experiment as a control for
the sterility of the experiment. Thus, the obtained plates with material, broth and inoculum
were incubated twice as long (48 h, 37 ◦C) to allow bacterial plankton cells to eventually
attach to the material surface and form colonies and biofilm. The tests were performed
using three replicates.

Then, the tested material was taken out into a fresh 12-well dish. It was then washed
gently with 2 mL of 0.9% NaCl to eliminate loosely adhered planktonic cells of bacteria.
The materials obtained in this way were subjected to a biofilm test using the confocal laser
scanning microscopy technique (CLSM).

2.3.7. Confocal Laser Scanning Microscopy—Biofilm Visualization

Using the procedure of double fluorescence staining of dead and living bacterial cells,
the presence, architecture and structure of the viability of the biofilm can be demonstrated.
In this assay, the Viability/Cytotoxicity Assay kit for Bacteria LIVE/DEAD Cells (Biotium,
Fremont, CA, USA) was used [26,27]. After 48 h incubation with the tested strain, the bio-
materials were moved to new plates and covered with 500 µL of 0.9% NaCl and live/dead
dye (prepared by mixing 1 µL of DMAO with 1 µL of EthD-III in 8 µL of 0.9% NaCl). Five
microliters live/dead dye solution obtained in such a way and 500 µL of PBS were added
to each well containing the tested biomaterial. The stained biofilm was visualized after
15 min of dark incubation of the material with the dye in 0.9% NaCl. The whole material
area was inspected to verify the presence of biofilms, then the most representative location
(3180 µm × 3180 µm) was scanned for the experiment. The images were acquired using
a confocal laser scanning microscope Olympus IX81 (Olympus, Tokyo, Japan) equipped
with Olympus Fluoview FV1000 scanning head by Olympus Fluoview ver. 4.2c software
(Olympus, Tokyo, Japan). Pictures were visualized with Imaris ver. 7.2.3 software (Oxford
Instruments, Abingdon, UK).

3. Results and Discussion

Generally, unsaturated polyester resins as cross-linked polymers are treated to resist
biodegradation [28,29]. In the case of unsaturated polyester resins, there is no case when
biological agents such as bacteria, fungi and their enzymes destroy the polymer; thus, its
original form disappears. In order to increase the susceptibility of resins to microorgan-
isms, many authors propose the use of biodegradable fillers [30–32]. That is why in our
research resin composites with wood flour and composites with the addition of colloidal
silver were used. The unsaturated polyester resin without any additives was used as a
reference material.

In Tables 2–4 the results of mechanical and thermomechanical studies of these com-
posites before and after the accelerating aging test are presented. It was assumed that the
addition of wood flour into the resin would facilitate the existence of microorganisms on
the surface. The data for the unmodified resin (sample 1) showed that after aging, the
flexural strength decreased, whereas the hardness and mechanical loss factor significantly
increased. This is related to additional hardening of the resin, which is also confirmed by
the value of full width at half-maximum (FWHM). For the composites with wood flour
(samples 2–4), a decrease in flexural strength was visible before and after the accelerating
aging studies. The larger the wood content, the smaller their flexural strength is. A simi-
lar tendency can be observed for the values of mechanical loss factor. In turn, hardness
increased after the wood was incorporated into the resin. It was particularly visible for
the samples before aging. After aging, the composites lost their hardness. Even with the
slightest addition of wood, they did not achieve hardness similar to that of the pure resin.
Full widths at half-maximum for this series of composites became narrower [20]. Samples
5–7 were obtained by adding the colloidal solution of nanosilver into the resin. These
samples were prepared to create materials completely immune to the action of bacteria. For
these samples a significant increase in flexural strength before aging can be observed. After
aging, its values decreased with increasing silver content. Similarly, the hardness of the
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obtained composites was much higher than that for pure resin. Their hardness increased
evidently after aging. The mechanical loss modulus and full widths at half-maximum
decreased insignificantly with the increasing content of silver. After aging, their values
were lower. Sample 8 contained both wood and silver. Its flexural strength and mechanical
loss factor were much lower compared to those of the pure resin, but similar to those
of the wood composites. Due to the presence of silver it had greater hardness. It is also
characterized by increased heterogeneity (FWHM).

Table 2. Mechanical and thermomechanical data for the studied composite samples before and after the accelerated aging
test.

Sample
Flexural Strength, σf (MPa)

Barcol Hardness, HBa
(◦B)

Mechanical Loss Factor,
Tan δmax

Full Width at Half
Maximum,

FWHM (◦C)

before after before after before after before after

1 108.19 ± 3.77 69.26 ± 4.35 36.0 ± 1.0 56.4 ± 0.4 0.4579 0.4839 46.1 39.7
2 81.96 ± 2.71 50.03 ± 3.33 39.5 ± 0.5 55.7 ± 0.7 0.4419 0.4510 45.9 39.6
3 76.83 ± 2.65 40.95 ± 4.27 40.3 ± 0.5 54.1 ± 0.6 0.4368 0.4397 43.4 40.0
4 74.61 ± 1.48 39.43 ± 4.39 45.2 ± 0.7 51.3 ± 0.5 0.4227 0.4131 42.4 38.5
5 119.05 ± 2.65 72.31 ± 4.82 48.8 ± 0.8 57.0 ± 1.0 0.4543 0.4575 40.6 41.9
6 121.81 ± 1.97 70.71 ± 4.45 49.2 ± 0.2 57.5 ± 0.5 0.4513 0.4427 42.0 41.2
7 128.74 ± 1.27 70.03 ± 3.69 53.3 ± 0.3 58.8 ± 0.8 0.4479 0.4408 42.7 41.1
8 76.69 ± 1.90 51.95 ± 3.51 55.0 ± 1.0 60.6 ± 0.6 0.3383 0.3328 47.6 46.2

Table 3. Glass transition temperature and storage modulus in the glassy and rubbery regions (from the storage modulus
curve) for the studied composites before and after the accelerated aging test.

Sample

Glass-Transition Temperature, Tg (◦C) Storage Modulus, E′

From tan δ
From Loss Modulus

Curve, E”
Glassy, E′(20 ◦C) (GPa)

Rubbery, E′(180 ◦C)
(MPa)

before after before after before after before after

1 127 132 100 107 2.91 2.81 24.06 25.24
2 126 131 101 108 3.17 2.78 31.45 23.78
3 126 131 103 108 2.94 2.81 34.68 28.50
4 126 130 105 110 2.86 2.90 49.08 40.04
5 128 131 106 108 2.79 2.73 27.13 22.05
6 129 131 108 110 2.78 2.83 27.53 23.33
7 130 132 109 111 2.75 2.86 27.75 25.75
8 126 129 104 107 2.77 2.83 46.11 41.20

Table 4. Gloss measurement data of the studied composites before and after the accelerated aging test.

Sample

Gloss (GU)

20◦ 60◦ 85◦ 20◦ 60◦ 85◦

before Aging after Aging

1 101.3 112.4 100.4 30.6 50.2 81.1
2 96.8 110.4 98.5 63.3 92.2 96.0
3 96.4 101.8 99.2 57.5 84.0 90.3
4 76.8 95.3 96.1 55.3 81.0 87.6
5 113.3 121.8 99.9 85.9 97.3 98.1
6 128.3 133.9 102.9 83.9 96.8 98.1
7 107.1 121.1 102.0 83.4 91.6 94.6
8 94.7 100.4 100.3 73.5 90.2 95.5
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It seems that the lack of chemical binding between the inorganic silver nanoparticles
and resin itself is the main cause of decreasing the mechanical properties. However, samples
5–8 can be treated as nanocomposites. The properties of such materials not only depend
on those of their components but also crucially on their interfacial and morphological
characteristics [33].

Analysis of variance showed that the values of flexural strength and Barcol hardness
for samples with different percentages of the wood flour before and after accelerated aging
were statistically significant, which was confirmed using one-way analysis of variance
(ANOVA) at the significance level p < 0.05. The same observations occurred for composites
with different percentages of silver nanoparticles.

In Table 3 the comparison of glass transition and storage modulus values for the
composites before and after the accelerating aging test is presented. From these data one
can see that, regardless of the method of glass transition temperature determination, for all
the studied samples they became larger after the aging. The addition of both wood flour
and silver caused an increase in Tg. Increasing the wood content of the sample increased
the transition temperature from 101 to 105 ◦C before aging and from 108 to 110 ◦C after
aging. On the other hand, with the increase in the amount of silver nanoparticles in the
material, an increase in Tg was observed from 106 to 109 ◦C before aging and from 108
to 111 ◦C after aging (Figures 2 and 3). In this Table also the values of storage modulus
in the glassy and rubbery regions, characterizing viscoelastic behavior of the sample, are
presented. In the glassy region its values decreased slightly with the increase in filler
content before aging. After aging, an insignificant increase in its value can be observed,
especially for the samples with silver. In the rubbery region all samples had a greater
storage modulus compared to that of the original resin before aging. It is particularly
noticeable for the samples with the increasing amounts of wood flour. After aging, its
values decreased for all samples except the unmodified resin.
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Figure 2. The temperature-dependent graph of loss modulus (E”) for samples with wood flour. (a) Before the accelerated
aging test and (b) after the accelerated aging test.
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″Figure 3. The temperature-dependent graph of loss modulus (E”) for samples with silver nanoparticles. (a) Before the
accelerated aging test and (b) after the accelerated aging test.

As can be seen from Figures 2 and 3, the peaks in the loss modulus curves before
ag-ing are asymmetric, and two glass transition temperatures can be determined from their
shape. This indicates some inhomogeneity in these samples. Generally, the aging process
of these composites resulted in improving homogeneity, which can be seen in both the
FWHM values and the shape of the loss modulus curves.

The incorporation of silver nanoparticles has a beneficial effect on the mechanical and
thermomechanical properties of the unsaturated polyester resin. In the case of composites,
both before and after accelerated aging, the addition of AgNP caused an increase in the
hardness of the glass transition temperatures compared to the original resin.

Table 4 presents the results of gloss measurements. According to Zhao et al. [34],
gloss is defined as the specular reflection ability of the material surface under a particular
standard source and at a certain angle of incidence. This is an important parameter charac-
terizing the surface optical properties of different materials. Gloss determination enables
the evaluation of changes taking place on the surface of resins after aging [20]. Gloss
is reduced when cracks and pitting appear due to the surface exposition to accelerated
weathering conditions. This primary destruction can become a source of sample degrada-
tion. From the data in Table 4 one can see that before aging, all the obtained composites
can be treated as high-gloss materials. Their values with 60◦ geometry, which is typically
used, are much greater than 70 GU. For very high gloss materials such as unsaturated
polyester resins, an angle of 20◦ is more recommended. For measurements at 20◦ the case
is similar. In fact, a deterioration in gloss as the wood content increases and improvement
in gloss with an increase in the silver content can be observed. After aging, the gloss values
at 20◦ for the samples with wood decreased significantly. However, the samples with
nanosilver still had a gloss above 70 GU. This indicates that the addition of AgNPs to the
resin (samples 5–7) allows to obtain a high-gloss material after accelerated weathering.
Similar properties indicate the wood–resin composite with silver nanoparticles (sample 8).
Generally, it was found that AgNPs improved the gloss of the composites.

The effect of resin modifications on the power of biofilm formation was also tested.
For this purpose, Gram-positive (Figure 4) and Gram-negative (Figure 5) strains were
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used. They were incubated with the materials long enough to allow the transformation of
planktonic forms into an organized biofilm on the surface of the tested materials. Then,
after washing away loose planktonic forms the samples were stained and imaged in a
confocal microscope.

We noted that all tested strains (Gram-positive Staphylococcus aureus ATCC 25923,
Staphylococcus epidermidis ATCC 12228; and aerobic Gram-negative Escherichia coli ATCC
25992, Pseudomonas aeruginosa ATCC 27853) could form biofilm architecture on the control
unmodified material (sample 1). Green live bacterial cells merged into the forms and the
groups that populated a large part of the control material. This is a completely unexpected
result.

Whereas, on samples 2 and 3 surfaces a thin layer of biofilm was visible, regardless
of the bacterial strain. Such live green colonies were uneven and formed wrinkles of the
material. Material 4 showed on its surface a few single colonies of living cells with a thin
layer of red dead bacterial cells. In sample 4 these bacteria also accumulate at the wrinkles.

Importantly, the data presented in Figures 4 and 5 indicate clearly that the composites
modified with silver compounds (5–8) were completely resistant to biofilm formation under
the tested conditions. Thus, materials 5–8 were resistant to biofilm formation across a broad
spectrum of both Gram-negative and Gram-positive strains, regardless of the additional
chemical components.

Certainly, silver ions inhibit the viability of bacteria by bacterial membrane dam-
age [35]. Many authors show use of silver nanoparticles as a beneficial way to prevention
of infection [36–39]. Our observations are confirmed by the authors pointing to the anti-
biofilm nature of the materials modified with silver-nanoparticles (AgNP). Significant
reduction in biofilm density and increase in dead bacterial cells (especially E. coli and P.
aeruginosa) on AgNP-modified materials, associated with destabilization of the bacterial
membrane, was observed by Singh et al. [40]. Similar anti-biofilm potentials of AgNP
structures were noticed by Hussain et al. and Pal et al. [41,42].

Sanyasi et al. reported that their AgNP inhibited biofilm formation, which notably
caused bacterial membrane damage [35]. The adhesion of living cells, both Eukaryotic
or Prokaryotic, to abiotic surfaces may be influenced by the chemical structure of these
materials, size, shape, capping layer, functional groups and smoothness/wrinkles. The
features of the composition and surface type of the material affect initial interactions and,
consequently, adhesion to the cell membrane.

Many authors point to the possibility of using colloidal or ions or silver nanoparticles
in vivo, where other antibiotic therapies are not effective. However, studies showing the
optimal (safe for the patient and antibacterial-effective) doses of such silver compounds
are still needed to obtain a therapeutic effect against Gram-negative and Gram-positive
bacteria [43].

Therefore, it seems to be advantageous to obtain materials with the addition of silver
compounds, which would enable their applicability not only in the household but also in
pharmacy, analytical and medical as well as food industries.

Biocides, such as our silver-modified materials, have a broad spectrum of activity; they
can inhibit the viability of not only microbes but also other organisms, including eukaryotic
cells [43]. Thus, in the next step of our research we will study cytotoxicity against normal
eukaryotic fibroblasts lines, to possess information about the safety of using our materials
in close contact with human skin.
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ocal laser scanning microscope CLSM images showing Gram-positive strains biofilm formation (after 4

μFigure 4. Confocal laser scanning microscope CLSM images showing Gram-positive strains biofilm
formation (after 48 h of incubation) on tested materials: 1, control unmodified; 2–8, modified materials;
magnification 40×; scale bar = 400 µm.
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μ
Figure 5. Confocal laser scanning microscope CLSM images showing Gram-negative strains biofilm
formation (after 48 h of incubation) on tested materials: 1, control unmodified; 2–8, modified materials;
magnification 40×; scale bar = 400 µm.
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4. Conclusions

As it was assumed, Gram-negative and Gram-positive bacteria colonize mainly in
various wrinkles as well as cracks on the composites with wood flour. In turn, the resins
modified with silver nanoparticles (AgNP) were completely resistant to biofilm formation.
Importantly, the obtained results indicate that bacterial strains can colonize the surface
of the cross-linked unsaturated polyester resin. This can change the current views on the
disposal of products made of unsaturated polyester resins.

Favorable effects of silver nanoparticles incorporation on mechanical and thermome-
chanical properties as well as gloss of unsaturated polyester resin were observed. For the
composites before and after accelerated aging, the addition of AgNPs caused an increase in
flexural strength and hardness compared to those of the original resin. A significant impact
on the glass transition temperatures was observed.

In the case of the composites with wood flour, deterioration of mechanical proper-
ties was observed. As the wood flour content increased, they became brittle, and their
gloss diminished.

As was expected, silver nanoparticles modification promoted antimicrobial activity
of the wood–resin composites in contact with pathogens such as S. aureus, S. epidermidis,
E. coli and P. aeruginosa. The materials characterized by such properties are promising for
medical field applications.

Importantly, the addition of nanosilver caused the death of bacteria not only on the
surface of the unsaturated polyester resin but also on the surface of the composite with
biofiller. This may be an indication for manufacturers of devices for medical purposes. In
order to reduce the cost and consumption of the resin, the addition of biofillers can be put
into practice, provided that the product will contain nanosilver.
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Abstract: Polyurethane (PUR) composites were modified with 2 wt.% of lavender fillers functional-
ized with kaolinite (K) and hydroxyapatite (HA). The impact of lavender fillers on selected properties
of PUR composites, such as rheological properties (dynamic viscosity, foaming behavior), mechanical
properties (compressive strength, flexural strength, impact strength), insulation properties (thermal
conductivity), thermal characteristic (temperature of thermal decomposition stages), flame retar-
dancy (e.g., ignition time, limiting oxygen index, heat peak release) and performance properties
(water uptake, contact angle) was investigated. Among all modified types of PUR composites,
the greatest improvement was observed for PUR composites filled with lavender fillers functional-
ized with kaolinite and hydroxyapatite. For example, on the addition of functionalized lavender
fillers, the compressive strength was enhanced by ~16–18%, flexural strength by ~9–12%, and impact
strength by ~7%. Due to the functionalization of lavender filler with thermally stable flame retardant
compounds, such modified PUR composites were characterized by higher temperatures of thermal
decomposition. Most importantly, PUR composites filled with flame retardant compounds exhibited
improved flame resistance characteristics—in both cases, the value of peak heat release was reduced
by ~50%, while the value of total smoke release was reduced by ~30%.

Keywords: polyurethane composites; lavender; kaolinite; hydroxyapatite; high-ball milling process;
thermal conductivity

1. Introduction

Polyurethanes (PUR) are dynamically developing groups of polymers [1–3]. Polyurethanes
can be used in a variety of applications thanks to the ability to control their mechanical,
physical, and chemical properties. Due to this, polyurethane materials are used in many
industries, for instance automotive, building and construction, furniture, or industrial
insulation [4]. Polyurethanes are obtained by polyaddition reaction between polyols and
polyisocyanates, during which the urethane bond, which is the backbone of the resulting
polymer, is formed. The first polyurethane was synthesized by Wurtz in 1849, then Otto
Bayer in 1937 obtained PUR in the reaction between polyol and polyisocyanate known to
this day [5]. The reaction can be carried out in the presence of catalysts, chain extenders,
and other additives such as blowing agents or flame retardants [6]. Due to the large
selection of substrates used in the reaction, their various mutual ratios, and additives used
in the production of PUR materials, it is possible to design the products for a specific
application. This allows PUR materials to exist in such forms as foams (rigid and flexible),
adhesives, coating, films, sealants, and fibers [7,8]. Among different types of PUR materials,
the most commonly used are PUR foams (PUFs), which dominated the market, reaching
about 67% of the world’s production of PUR [4].
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Rigid polyurethane foams are strongly cross-linked materials. They are character-
ized by the values of the thermal conductivity coefficient in the range from 0.018 to
0.025 Wm−1 K−1, which are lower than the values of this parameter, which are achieved
by other thermal insulation materials. Due to their thermal insulation and mechani-
cal properties rigid PUR foams are used as low-cost products that find varied applica-
tions across many areas such as building insulation, packaging, furniture, transportation,
and automotive [4,9,10].

Increasingly stringent environmental requirements for polymeric materials have led
to the development of research to improve their mechanical and physical properties by
adding ingredients of natural origin [11]. Due to the low price and ecological aspects,
special attention is paid to materials of wood and plant origin [12]. One of the methods of
modification of rigid PUR foams is the use of bio-fillers which affect their environmentally
friendly character. In recent years, there has been a growing interest in the application
as natural fillers of raw materials being waste biomass from food processing, including
walnut [13] or hazelnut [14] shells and cinnamon [15], coffee, or cocoa [16] extracts. The ap-
plied bio-fillers can improve the compressive strength, dimensional stability in critical
conditions [17], and thermal insulation capabilities [18] of modified products. It can also
change the apparent density and cell structure of modified polyurethane foams and reduce
their water absorption [19]. An interesting bio-filler seems to be the distilled lavender
residue, which remains after the production of essential oils. Lavender residue is generally
considered as waste materials and has been used for composting or burnt to generate en-
ergy. An alternative to the traditional uses of solid lavender waste could be its application
as a bio-filler in the process of obtaining rigid polyurethane foams. This will allow for the
management of the generated waste in a different way [20]. The chemical composition of
lavender includes lignin, hemicellulose, and cellulose, significantly affect the properties
of the obtained polymer products [21]. As described in the literature, extract of distilled
lavender contains interesting volatile molecules including terpenoids and terpenes (e.g.,
geraniol, linalyl acetate, linalool, and borneol), as well as flavonoids (e.g., luteolin and
isoquercitrin), nitrogen compounds (e.g., amino acids, chlorophyll derivatives, and alka-
loids) and non-volatile phenolic compounds (e.g., caffeic acid and rosmarinic acid) [22].
It was reported that the extract obtained from distilled lavender shows antioxidant and
antimicrobial activity [23]. This suggests that lavender distillation residues can be used as
additives to obtain products with better mechanical properties, in parallel, with antioxidant
and antibacterial properties [24–26].

The main disadvantage that limits the use of PUR foams in many engineering ap-
plications is their easy ignition and high flame spreadability [27]. It is known that the
degradation of the urethane bond of PUR foams starts at 200 ◦C [28]. However, it is
possible to reduce their combustibility by applying various anti-pyrenes, also known as
flame retardants [29]. There are known many types of anti-pyrenes, such as melamine com-
pounds [30], bromine compounds [31], phosphorus compounds [32], inorganic salts [33],
or expandable graphite [31,34]. Furthermore, inorganic metal hydroxides and oxides are
also mentioned, including compounds of aluminum, magnesium, and silicon, which also
play an important role as flame retardants [35–38]. In the past, halogen compounds were
often used as anti-pyrenes, but the growing environmental requirements resulted in the
limitation of the application of these substances, due to the release of harmful and toxic
gases during the combustion process [10,39]. Therefore, in recent years, the attention of
researchers has been focused on the analysis and use of halogen-free flame retardants that
do not harm the environment.

One of the flame retardant modifiers of obtained products used in this work is kaolin
clay (K) described with the chemical composition of Al2O3·2SiO2·2H2O. It has the form of
hexagonal platelets and is a two-layer hydrated alumina silicate consisting of chemically
bonded layers of hydrous alumina and silica [40]. Kaolin can be used in many industries
due to its low thermal conductivity, chemically inert in a wide range of pH, and exquisite
covering power when it is applied as a pigment [41]. Kaolinite is mainly used in the
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ceramic and paper industry; however, there are studies describing its use in polymer
materials [42–44]. Kaolin clay can be used also as a flame retardant. Ullah et al. [45] have
shown that it is a material that creates ceramic like a protective barrier that reduces the
heat transfer to the modified products.

Another flame retardant modifier used in this work is hydroxyapatite (Ca5(OH)(PO4)3)
(HA) which is a bio-based polycrystalline calcium phosphate with a hexagonal structure.
Its chemical composition includes 39 wt.% Ca, 18.5 wt.% P and 3.38 wt.% OH [46]. The anti-
flammable properties of hydroxyapatite have been investigated and proven in various
polymer matrices. Researchers investigated the mechanical and thermal performances of
HA-modified polymers such as polyvinyl alcohol [47], cellulose [48], and polylactide [49].
For example, Akindoyo et al. [50] reported that the incorporation of 10 wt.% HA into PLA
increased the mass residue from 0.35% to 6.17% at 750 ◦C. Composites of poly(butylene
succinate-co-lactate) (PBSL), poly(lactic acid) (PLA) and hydroxyapatite (HA) were in-
vestigated by Behera et al. [51]. The results showed that HA was uniformly dispersed
in polymeric matrix, while the size of PBSL domain decreased after the addition of HA.
In another study, Nabipour et al. [46] have formed a coating containing hydroxyapatite to
enhance the fire safety feature of flexible PUR foams and have demonstrated their increased
fire resistance.

In the present study, the influence of used modifiers on flammability and rigid
polyurethane foams properties was assessed. The fillers used were lavender, kaolin modi-
fied lavender, and hydroxyapatite modified lavender.

Although many studies have investigated the influence of cellulosic fillers on PUR
foams, there is no studies examined the polyurethane composites filled with lavender filler.
Keeping in view, the main disadvantage of PUR foams, which is their high flammability,
the current study will focus on the physical functionalization of lavender filler with selected
natural, flame retardant compounds—kaolinite (K) and hydroxyapatite (HA) using a high-
energy ball milling process. Considering the beneficial properties of lavender and natural
flame retardants (kaolinite and hydroxyapatite), it is predicted that the PUR composites
developed in this study will exhibit the outstanding mechanical and thermal characteristics,
extending their application in the building and construction industry. Because of this,
the impact of such developed lavender residue on the mechanical, thermal, insulation,
and performance properties of PUR composites will be clearly defined.

2. Materials and Methods

2.1. Materials

• Polyether polyol with a brand name of Stapanpol PS-2352 was purchased from Stepan
Company (Northfield, IL, USA),

• Polymeric diphenylmethane diisocyanate with a brand name of Purocyn B was pur-
chased from Purinova Company (Bydgoszcz, Poland).

• Potassium octoate with a brand name of Kosmos 75 and potassium acetate with a
brand name of Kosmos 33 were purchased from Evonik Industry (Essen, Germany),

• Silicone-based surfactant with a brand name of Tegostab B8513 was purchased from
Evonik Industry (Essen, Germany),

• Pentane, cyclopentane, sodium hydroxide (pellets, anhydrous), kaolinite (aluminum
silicate, powder), hydroxyapatite (nanopowder, <200 nm) were purchased from Sigma-
Aldrich Corporation (Saint Louis, MO, USA)

• Lavender residue was obtained from a local company (Lodz, Poland).

2.2. Methods and Instruments

Cell size distribution and morphology of analyzed foams were examined on the basis
of the cellular structure pictures of foams that were taken using JEOL JSM-5500 LV scan-
ning electron microscopy (JEOL LTD, Akishima, Japan). The apparent density of foams
was determined in accordance with the standard ASTM D1622 (equivalent to ISO 845).
The compressive strength (σ10%) of analyzed foams was determined in accordance with
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the standard ASTM D1621 (equivalent to ISO 844) using Zwick Z100 Testing Machine
(Zwick/Roell Group, Ulm, Germany). Three-point bending test of analyzed foams was ex-
amined in accordance with the standard ASTM D7264 (equivalent to ISO 178) using Zwick
Z100 Testing Machine (Zwick/Roell Group, Ulm, Germany). The impact examination was
carried out in accordance with the standard ASTM D4812. Surface hydrophobicity was
determined by contact angle measurements using the sessile drop method using a manual
contact angle goniometer with an optical system OS-45D (Oscar, Taiwan). Water absorption
of analyzed foams was analyzed in accordance with the standard ASTM D2842 (equivalent
to ISO 2896). The thermal stability of analyzed foams was analyzed using a Mettler Toledo
thermogravimetric analyzer TGA/DSC1 (Columbus, OH, USA). Antibacterial properties of
PUR composites against selected bacteria and fungi (Escherichia coli, Staphylococcus aureus,
Bacillus subtilis, Candida albicans, and Aspergillus niger) were determined according to the
National Committee for Clinical Laboratory Standards. Bacteria were cultured on Tryptic
Soy Agar (TSA) medium at 30 ◦C for 48 h, and fungi on Malt Extract Agar (MEA) medium
at 25 ◦C for 5 days. After incubation, the zones of growth inhibition under and around
the film strips were determined. The fire behavior of analyzed foams was performed in
accordance with the standard ISO 5660 using the cone calorimeter apparatus in S.Z.T.K.
‘TAPS’—Maciej Kowalski Company (Saugus, Poland).

2.3. Filler Functionalization and Production Process of PUR Composites

Before adding to the polyol system, the lavender fillers were alkali-treated, according
to the procedure described in [52]. After that, the lavender powder was functionalized with
kaolinite (K) and hydroxyapatite (HA). In order to lavender functionalization, a selected
amounts of lavender powder and kaolinite/hydroxyapatite (1:1 w/w) were weighed up
and mixed intensively, using a high-energy ball milling process (1 h, 3000 rpm). Such de-
veloped lavender fillers (Figure 1) were used as a reinforcing fillers in the synthesis of
PUR composites.

The compressive strength (σ

orimeter apparatus in S.Z.T.K. ‘TAPS’—

Figure 1. Optical image of (a) non-functionalized lavender filler, (b) lavender filler functionalized
with kaolinite, and (c) lavender fillers functionalized with hydroxyapatite.

In this regard, the calculated amounts of lavender fillers, polyol, catalysts, surfac-
tant, and blowing agent were placed in a beaker and mixed vigorously (60 s, 2000 rpm).
Subsequently, an isocyanate compound was poured into a beaker with vigorous stirring
(30 s, 2000 rpm). According to the supplier information, the isocyanate was mixed in the
ratio of 100:160 (ratio of polyol to isocyanate) to provide a complete reaction between
hydroxyl and isocyanate groups. PUR composites were cured at room temperature for
48 h. The schematic procedure of the synthesis of PUR composites is presented in Figure 2.
All formulations of prepared PUR composites are listed in Table 1.
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Figure 2. Schematic procedure of the synthesis of polyurethane (PUR) composites filled with non-functionalized and
functionalized lavender fillers.

Table 1. Composition of PUR composite foams.

Component
PUR_REF PUR_L PUR_L_K PUR_L_HA

Parts by Weight (wt.%)

STEPANPOL PS-2352 100 100 100 100
PUROCYN B 160 160 160 160
Kosmos 75 6 6 6 6
Kosmos 33 0.8 0.8 0.8 0.8
Tegostab B8513 2.5 2.5 2.5 2.5
Water 0.5 0.5 0.5 0.5
Pentane/cyclopentane 11 11 11 11
Lavender non-functionalized 0 2 0 0
Lavender functionalized with Kaolinite (K) 0 0 2 0
Lavender functionalized with
Hydroxyapatite (HA) 0 0 0 2

3. Results and Discussion

3.1. Filler Characterization

The functionalization of lavender using a high-energy ball milling process affects the
external morphology and size of filler particles. As presented in Figure 3, the external
morphology of non-functionalized lavender filler is quite rough, while the size of lavender
particles oscillates between 950 nm and 3 µm with an average value at ~1.5 µm. Due to the
functionalization of the filler with kaolinite and hydroxyapatite compounds, the overall
structure of lavender particles becomes more uniform and smooth, while the average
size of filler decreases to 712 and 615 nm, respectively. This may be connected with the
fact, that during the continuing ball milling process, the filler particles break into smaller
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particles, which contribute to the formation of powder fillers with narrow size distribution
and a uniform structure. Furthermore, the size of lavender particles affects the viscosity of
PUR systems (Table 2). Due to the incorporation of bigger particles of non-functionalized
lavender, the viscosity increases from 860 mPa·s (for PUR_REF) to 1215 mPa·s. After the
incorporation of lavender filler functionalized with kaolinite and hydroxyapatite, the value
of viscosity increases to 1015 and 1050 mPa·s, respectively.

 

UR_REF  UR_L_K UR_L_HA 

−

Figure 3. SEM images of lavender fillers: (a,b) Non-functionalized lavender, (c,d) lavender functionalized with kaolinite,
(e,f) lavender functionalized with hydroxyapatite.

Table 2. Rheological and structural properties of PUR composites.

PUR_REF PUR_L PUR_L_K PUR_L_HA

Dynamic viscosity at 10 rpm (mPa·s) 860 ± 7 1215 ± 9 1015 ± 8 1050 ± 6
Cream time (s) 40 ± 4 56 ± 2 49 ± 2 48 ± 3

Expansion time (s) 268 ± 3 335 ± 8 315 ± 6 310 ± 4
Tack-free time (s) 345 ± 5 330 ± 9 310 ± 7 315 ± 8

Cell size (µm) 485 ± 6 470 ± 5 450 ± 6 455 ± 7
Closed-cell content (%) 87.2 ± 0.7 85.4 ± 0.5 87.9 ± 0.6 88.2 ± 0.4

Apparent density (kg m−3) 36.8 ± 0.8 37.4 ± 0.7 38.9 ± 0.5 38.6 ± 0.5

3.2. PUR Composites Characterization

As presented in Figure 4, the incorporation of non-functionalized and functionalized
lavender fillers affects the processing times in both cases. When compared with PUR_REF,
on the addition of non-functionalized, kaolinite-functionalized, and hydroxyapatite-
functionalized lavender fillers the start time increases by ~40, ~22, and ~20% while the
expansion time increases by ~25, ~17, and ~15%. According to the results presented in
previous works, the addition of organic/inorganic fillers may affect the proper stoichiome-
try of the reaction between isocyanate and hydroxyl groups of polyurethane systems [53].
Due to the presence of filler particles, some highly reactive isocyanate groups react with the
active groups introduced by the filler (e.g., hydroxyl groups), limiting the possibility of the
reaction between the isocyanate and water and reducing the formation of carbon dioxide
(CO2). Moreover, the expansion of the cells is additionally reduced by higher viscosity of
the modified systems, which explains the extended expansion time of the PUR composites
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modified with lavender fillers. The analog tendency has been reported in previous studies,
which concern the formation of PUR composites modified with another type of organic
and inorganic fillers [54].
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Figure 4. The results of start time and expansion time measured for PUR systems.

The impact of lavender filler addition on the cellular morphology of PUR composites
was evaluated by SEM. As presented in Figure 5a,b, PUR_REF shows the typical, polyhedral
structure with a high content of closed-cells. When lavender fillers are added to the PUR
systems, an average size of closed-cells tends to be smaller, which is connected with a
nucleating effect of the added fillers. The average size of cells decreases from 485 µm
(for PUR_REF) to 470, 450, and 455 µm for PUR_L, PUR_L_K, and PUR_L_HA, respectively.
According to the SEM results, the incorporation of non-functionalized lavender filler results
in the formation of PUR composites with a higher number of open-cells—the content of
closed-cells decreases from 87.2 to 85.4% (Figure 5c,d). This may be connected with poor
compatibility between the surface of filler particles and the PUR matrix, which results
in rupturing and collapsing of the PUR structure and opening of the cells, which in
turn, weakens the final structure of PUR composites. The addition of lavender fillers
functionalized with kaolinite and hydroxyapatite compounds results in the production of
PUR composites with a little more regular structure when compared with PUR composites
filled with non-functionalized lavender filler (Figure 5e–h). When compared with PUR_REF,
the content of closed-cells increases from 87.2% to 87.9 and 88.2% for PUR_L_K and
PUR_L_HA, respectively. This result indicates that the functionalization of lavender filler
using a high-energy ball milling process promotes the formation of PUR composites with
a higher-crosslinking degree, which prevents the deterioration of the structure during
the foaming process. This is additionally enhanced by the presence of solid particles
of functionalized lavender fillers which are successfully build into the PUR structure.
As discussed previously, the application of a high-energy ball milling process leads to
the fracturing of the filler particles, which results in the formation of powder filler with a
reduced size of the particles. Due to this, the particles easily build into the PUR matrix,
forming new edges for blowing agent encapsulation and enhancing the stability of the
overall cellular morphology of PUR composites. Such effect is disturbed in the case of
PUR composites filled with non-functionalized lavender fillers, due to the larger size of
filler particles. Previous studies have shown, that the application of the filler particles with
larger diameters, results in rupturing of the cells, due to incomplete incorporation of the
filler particles into the PUR matrix [55]. A similar explanation may be found in our study
as well.
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Figure 5. Cellular morphology of (a,b) PUR_REF, (c,d) PUR_L, (e,f) PUR_L_K, (g,h) PUR_L_HA.

As presented in Figure 6, on the addition of lavender fillers, the value of apparent
density increases from 36.8 kg m−3 (for PUR_REF) to 37.4, 38.9, and 38.6 kg m−3, for PUR_L,
PUR_L_K, and PUR_L_HA, respectively. This may be explained by the fact, that the
incorporation of lavender fillers, which are characterized by greater density than the PUR
matrix. On the other hand, as shown in Table 2, the incorporation of lavender fillers
increased the viscosity of PUR systems, limiting the expansion of the PUR systems and
resulting in the formation of smaller cells. Therefore, the density of PUR composites
is enhanced.
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Figure 6. The results of apparent density and thermal conductivity measured for PUR composites.

According to the results given in Figure 6, on the incorporation of non-functionalized
lavender filler the value of thermal conductivity (λ) increases from 0.026 Wm−1 K−1

(for PUR_REF) to 0.034 Wm−1 K−1, while after the incorporation of functionalized laven-
der fillers, the value of λ increases insignificantly to 0.028 and 0.030 Wm−1 K−1. Such an
insignificant increase of λ may be attributed to the incorporation of particles of lavender
fillers, which increases the heat transfer through the solid particles. Moreover, the most
noticeable increase in λ is observed for PUR composites filled with non-functionalized
lavender filler. As discussed previously, comparing to PUR_REF, those samples, are charac-
terized by a higher number of open cells. Due to the diffusion through the PUR structure,
the gas inside the PUR cells changes from CO2 (0.014 Wm−1 K−1) to atmospheric air
(0.025 Wm−1 K−1), increasing the overall value of λ. A similar trend was observed in
previous studies as well [56,57]. For example, Paciorek-Sadowska et al. [58] reported that
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the addition of rapeseed cake filler in the amount of 30–60 wt.% did not affect the thermal
insulation properties of PUR composites—on the addition of 60 wt.% of rapeseed cake
filler, the value of λ increased insignificantly from 0.0341 to 0.0348 Wm−1 K−1.

Thermal stability of lavender fillers and PUR composites was examined using thermo-
gravimetric (TGA) and derivative thermogravimetry (DTG) analysis. The obtained results
are presented in Figure 7 and Table 3.
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Figure 7. Thermogravimetric (TGA) and derivative thermogravimetry (DTG) results obtained for (a,b) lavender fillers,
and (c,d) PUR composites.

Table 3. The results of thermal stability of PUR composites.

Sample
Tmax (◦C) Residue

(at 600 ◦C) (wt.%)1st Stage 2nd Stage 3rd Stage

PUR_REF 220 322 580 28.0
PUR_L 222 325 585 30.0

PUR_L_K 220 334 590 33.1
PUR_L_HA 235 335 592 35.2

In the case of non-functionalized lavender filler, three stages of thermal decomposi-
tions are observed. The first stage of mass loss occurs at relatively low temperature (~100 ◦C)
and refers to the evaporation of the moisture absorbed by the filler and volatile compounds
(low molecular weight esters and fatty acids) which are inherent to the filler [59]. The sec-
ond stage representing 30% of mass loss occurs between 300 and 500 ◦C. The maximum
rate at ~313 ◦C refers to the thermal degradation of cellulose and hemicellulose [60,61].
The last step of thermal decomposition, representing 42% of mass loss occurs between 400
and 500 ◦C with the maximum rate at ~460 ◦C and refers to the thermal decomposition of
lignin [61]. When comparing with non-functionalized lavender, the lavender fillers func-
tionalized with kaolinite and hydroxyapatite also revealed three main stages of thermal
decomposition; however, the maximum rate of hemicellulose and lignin decomposition is
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displaced to higher temperatures. This behavior may be connected with the presence of
thermal protective layers created by kaolinite and hydroxyapatite, improving the thermal
stability of functionalized fillers.

TGA and DTG results of PUR composites are presented in Figure 7. All composites
showed three stages of mass loss—Tmax1, Tmax2, and Tmax3. The first stage of mass loss
(Tmax1) occurs at relatively low temperatures, between 200 and 250 ◦C and refers to the
thermal decomposition of low molecular weight compounds, which are inherent in laven-
der fillers [62]. The incorporation of non-functionalized and functionalized lavender fillers
results in higher values of Tmax1, indicating the partial crosslinking between lavender fillers
and isocyanate groups. Tmax2 occurs between 300 and 350 ◦C and corresponds to the ther-
mal degradation of hard segments of polyurethane structure and thermal decomposition of
lavender fillers [63,64]. Due to the addition of lavender fillers, the maximum temperature
of thermal decomposition is displaced to higher temperatures. The greatest improvement
is observed for functionalized lavender fillers—the value for Tmax2 increases from 322 ◦C to
334 and 335 ◦C, for PUR_L_K and PUR_L_HA. Previous studies have shown, that the addi-
tion of filler particles may act as a barrier for heat transfer, effectively inhibiting the further
degradation of composites [62]. Tmax3 occurs between 500 and 600 ◦C and refers to the ther-
mal degradation of lignocellulosic compounds—cellulose, hemicellulose, and lignin [65,66].
When compared with PUR_REF, on the addition of non-functionalized and functionalized
lavender fillers, the value of Tmax3 slightly increases, due to the presence of cellulosic fillers
and incomplete miscibility of PUR segments (soft and hard segments) [67]. Furthermore,
the improved thermal stability of PUR composites was confirmed by the amount of char
residue, measured at 600 ◦C. When compared with PUR_REF, the value increases from
28% to 30, 33, and 35%, for PUR_L, PUR_L_K, and PUR_L_HA, respectively. It may be
concluded that filler particles may act as cross-linker points between PUR chains, reducing
the heat transfer through the composite structure. The higher cross-linked structure of
PUR composites effectively reduces the amount of volatile compounds, which are releasing
during the thermal degradation process. Such an explanation may be found in previous
studies, as well [62].

The impact of lavender fillers addition on mechanical characteristics was evaluated
by measuring the compressive strength (labeled as σ10%), flexural strength (labeled as
σf) and impact strength (labeled as σI). As presented in Figure 8a, the addition of non-
functionalized and functionalized lavender fillers affects the value of σ10%. When compared
with PUR_REF, σ10% (measured parallel to the direction of foam expansion) increases
by ~7, ~15, and ~17%, for PUR_L, PUR_L_K, and PUR_L_HA, respectively. An analog
trend is observed in the case of σ10% measured perpendicular to the direction of the
foam expansion—the value of σ10% increases by ~8, ~18, and ~16% for PUR_L, PUR_L_K
and PUR_L_HA, respectively. To avoid the impact of apparent density on mechanical
properties of PUR composites, the specific compressive strength was measured as well.
Moreover, on the addition of lavender fillers, the specific strength of PUR composites
slightly increases—the specific strength (measured parallel) calculated for PUR_REF is
6.5 MPa/kg/m3, while due to the incorporation of lavender fillers, the value increases
to 6.8, 7.1 and 7.3% for PUR_L, PUR_L_K, and PUR_L_HA. Such improvement may
be connected with the morphology features of PUR foams. According to SEM images
(see Figure 5), PUR composites reinforced with lavender fillers exhibit a more regular
morphology. Thanks to this, the external force is encountered by a greater number of cells
which improves the mechanical resistance of PUR composites. The mechanical properties
of PUR composites are additionally supported by their more cross-linked structure and the
presence of filler particles, which successfully support the load-bearing process [57,68,69].
Most importantly, the obtained results confirm the reinforcing effect of lavender fillers and
they are in line with international requirements for constructive materials [70].
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Figure 8. The mechanical performances of PUR foams—(a) compressive strength, (b) flexural and impact strength.

A reinforcing effect of lavender fillers was also confirmed by the results of σf and σI.
As presented in Figure 8b, when compared with PUR_REF, the addition of non-functionalized
lavender filler increases the value of σf by ~5%, while the addition of lavender filler
functionalized with kaolinite and hydroxyapatite increases the value of σf by ~9 and ~12%,
respectively. A similar trend is observed for σI. The greatest improvement is observed
for PUR_L_K and PUR_L_HA—the value of σI increases by ~4 and ~7%, respectively.
As discussed previously, due to the greater number of smaller cells of PUR composite
structure, the crack propagation, which is formed under the action of an external load
is reduced. Moreover, due to the higher cross-linking degree, the more rigid structure,
of PUR composites may absorb more energy, increasing the mechanical resistance of
PUR composites [71,72].

In agreement with the literature, lavender residue contains compounds with an-
tibacterial and antioxidative properties, such as phenolic compounds and flavonoids [22].
Antibacterial properties have already been described for kaolinite and hydroxyapatite
as well [73,74]. Because of this, the antibacterial properties of PUR composites filled
with lavender fillers have been evaluated. The results of the bacterial activity of PUR
composites against Escherichia coli, Staphylococcus aureus, Bacillus subtilis, Candida albicans,
and Aspergillus niger are presented in Table 4. The obtained results confirmed the an-
tibacterial activity of PUR composites against bacteria, but no activity against fungi was
observed. Low antibacterial activity against fungi, may be connected with low concertation
of lavender fillers in the PUR composites. Antibacterial activity of composites filled with
lavender has been reported in previous works, however, most studies concern the appli-
cation of lavender extract. For example, the antimicrobial activity of gelatin-based films
containing lavender oils derived from lavender leaves and flowers was investigated by
Martucci et al. [26]. Such developed composites exhibited by antibacterial activity against
selected bacteria, e.g., Staphylococcus aureus, Salmonella typhimurium, Escherichia coli, and
Bacillus subtilis. Similar results were confirmed in the case of composites filled with lavender
oil embedded in sol-gel hybrid matrices [75].

Table 4. Antibacterial properties of PUR composites against selected bacteria and fungi.

Sample
Bacteria Fungi

E. coli S. aureus B. subtilis C. albicans A. niger

PUR_REF − − − − −

PUR_L + + + − -
PUR_L_K + + + - -

PUR_L_HA + + + - -
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Based on the results reported in previous works, the water uptake of porous materials
depends not only on the morphology features of porous materials (mostly type of cells—
closed or open) but, also depends on the hydrophilic character of the system components,
including incorporated fillers [76–79]. As presented in Figure 9, the water uptake of PUR com-
posites increases by ~3, ~16, and ~21%, for PUR_L, PUR_L_K, and PUR_L_HA, respectively.
Based on the SEM results, the PUR composites possess a well-developed structure with a
dominant number of closed-cells, which are not able to accommodate the water. Therefore,
it seems that an increased water uptake capacity results from the hydrophilic character of
incorporated fillers—lavender, as well as lavender functionalized with kaolinite and hydrox-
yapatite, which also possess a hydrophilic character [80–82]. The more hydrophilic character
of PUR composites is confirmed by the results of contact angle (Figures 10 and 11)—on the
incorporation of lavender fillers, the contact angle decreases from 123◦ (for PUR_REF) to 119,
115, and 110◦ for PUR_L. PUR_L_K, and PUR_L_HA, respectively.
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Figure 9. The impact of lavender filler addition on the cross-linking of PUR composites—(a) PUR_REF,
(b) PUR composites with the addition lavender fillers.
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Figure 10. Selected properties of PUR composites—water uptake and contact angle results.
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Figure 11. The images of contact angles measured for (a) PUR_REF, (b) PUR_L, (c) PUR_L_K, and (d) PUR_L_HA.
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The flame retardant abilities of PUR composites were performed using a cone calorime-
ter. The results of ignition time (IT), peak heat release rate (pHRR), total smoke release
(TSR), total heat release (THR), average yield of CO (COY) and CO2 (CO2Y), and limiting
oxygen index (LOI) are presented in Table 5.

Table 5. Flame retardant properties of PUR composites.

Sample
IT
(s)

pHRR
(kW m−2)

TSR
(m2 m−2)

THR
(MJ m−2)

COY
(kg kg−1)

CO2Y
(kg kg−1)

COY/CO2Y (−)
LOI
(%)

PUR_REF 4 263 1500 21.5 0.210 0.240 0.875 20.2
PUR_L 4 203 1400 21.1 0.190 0.225 0.844 20.5

PUR_L_K 6 144 1060 20.5 0.140 0.190 0.736 22.2
PUR_L_HA 6 130 1055 19.8 0.142 0.180 0.788 22.7

Comparing the modified foams to the reference one PUR_REF, it can be noticed that
the modifications do not significantly affect the ignition time (IT). As shown in Figure 12a,
all series of analyzed PUR composites expose one peak of HRR, which corresponds to the
release of low molecular weight compounds, like amines, olefins or isocyanate. Compared
to the PUR_REF, which pHRR value is 263 kW m−2, modified foams achieve much lower
values of this parameter and these the values are respectively 203 kW m−2 for PUR_L,
144 kW m−2 for PUR_L_K and 130 kW m−2 for PUR_L_HA. This may be connected with
the formation of a protective char layer, which becomes a physical barrier hindering the
flow of heat [83] on the surface of PUR composites. Among all modified series of PUR
composites, the lowest value of the pHRR parameter is observed for the PUR_L_HA,
which is over 50% lower than for the PUR_REF. As shown in Figure 12b, the incorporation
of each filler results in a lower value of total smoke release (TSR). When compared with the
PUR_REF, the value of TSR decreases by ~7% for PUR_L, ~29% for PUR_L_K, and ~30% for
PUR_L_HA. This suggests that incorporation of lavender fillers protects the PUR structure
from further combustion and prevents the heat transfer [84] through the PUR matrix.
Furthermore, the incorporation of lavender fillers can decrease the value of total heat release
(THR). Comparing to the PUR_REF, for which the value of THR is 21.5 MJ m−2, the addition
of lavender fillers decreases the value of this parameter to 21.1 MJ m−2, 20.5 MJ m−2,
and 19.8 MJ m−2 for PUR_L, PUR_L_K, and PUR_L_HA respectively. As presented in
Table 5, the incorporation of lavender fillers decreases the carbon monoxide (CO) to carbon
dioxide (CO2) ratio, which is related to the foam toxicity. Generally, a higher value of this
ratio reveals the incomplete combustion of PUR composites and an increased amount of
toxic gases. The application of lavender fillers increases the value of the (CO/CO2) ratio,
which indicates that the release of toxic gases during the combustion of PUR composites
is increased.
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Figure 12. The results of (a) peak heat release rate (pHRR) and (b) total smoke release (TSR) measured for PUR composites.
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As shown in Table 5 the incorporation of lavender fillers effectively increases the
value of limiting oxygen index (LOI). The most significant improvement is observed for
PUR_L_HA and PUR_L_K—the value of LOI increases from 20.2% (for PUR_REF) to 22.7%
for PUR_L_HA and to 22.2% for PUR_L_K. A less noticeable improvement is observed for
PUR_L—the value of LOI increases to 20.5%.

SEM images of char residue of PUR composites after the combustion process is
presented in Figure 13. As shown in Figure 13a, after the combustion process, the char
residue of PUR_REF seems to be loose and possess a few fragments which were formed
during the decomposition process, due to the releasing of the flammable gases. On the
other hand, PUR composites filled with lavender fillers, present more compact char residue
(Figure 13b–d), which may act as a physical barrier, effectively limiting the heat transfer
through the PUR structure. Therefore, the combustion process of PUR composites is
successfully inhibiting.
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Figure 13. SEM images of char residue of (a) PUR_REF, (b) PUR_L, (c) PUR_L_K, and (d) PUR_L_HA (obtained after the
cone calorimeter test).

4. Conclusions

Polyurethane (PUR) composites were successfully reinforced with 2 wt.% of lavender
fillers functionalized with kaolinite (K) and hydroxyapatite (HA). The impact of laven-
der fillers on selected properties of PUR composites, such as rheological properties (dy-
namic viscosity, foaming behavior), mechanical properties (compressive strength, flexural
strength, impact strength), insulation properties (thermal conductivity), thermal charac-
teristic (temperature of thermal decomposition stages), flame retardancy (e.g., ignition
time, limiting oxygen index) and performance properties (water uptake, contact angle) was
investigated. Among all modified types of PUR composites, the best properties exhibited
PUR composites filled with lavender fillers functionalized with kaolinite and hydroxya-
patite. For example, on the addition of functionalized lavender fillers, the compressive
strength was enhanced by ~16–18%, flexural strength by ~9–12%, and impact strength by
~7%. Due to the functionalization of lavender filler with thermally stable flame retardant
compounds, such modified PUR composites were characterized by higher temperatures
of thermal decomposition. Most importantly, PUR composites filled with flame retardant
compounds exhibited improved flame resistance characteristics—when compared with
the reference foam, in both cases, the value of peak heat release was reduced by ~50%,
while the value of total smoke release was reduced by ~30%. The results reported in the fol-
lowing study confirmed that the application of the high-ball milling process may be an easy
and successful attempt in the functionalization of cellulosic filler. The application of such
developed fillers in the production of PUR materials is an effective way in the synthesis of
PUR composites with enhanced mechanical, thermal, and performance properties.
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56. Barczewski, M.; Kurańska, M.; Sałasińska, K.; Michałowski, S.; Prociak, A.; Uram, K.; Lewandowski, K. Rigid polyurethane foams
modified with thermoset polyester-glass fiber composite waste. Polym. Test. 2020, 81, 106190. [CrossRef]

57. Członka, S.; Bertino, M.F.; Strzelec, K. Rigid polyurethane foams reinforced with industrial potato protein. Polym. Test. 2018,
68, 135–145. [CrossRef]
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1 Institute of Polymer & Dye Technology, Lodz University of Technology, 90-924 Lodz, Poland;
anna.strakowska@p.lodz.pl

2 Laboratory of Thermal Insulating Materials and Acoustics, Institute of Building Materials,
Faculty of Civil Engineering, Vilnius Gediminas Technical University, Linkmenu st. 28,
LT-08217 Vilnius, Lithuania; agne.kairyte@vgtu.lt

* Correspondence: sylwia.czlonka@dokt.p.lodz.pl

Received: 11 November 2020; Accepted: 30 November 2020; Published: 2 December 2020 ����������
�������

Abstract: Rigid polyurethane (PUR) foams were reinforced with sugar beet pulp (BP) impregnated
with Aminopropylisobutyl-polyhedral oligomeric silsesquioxanes (APIB-POSS). BP filler was
incorporated into PUR at different percentages—1, 2, and 5 wt.%. The impact of BP filler on morphology
features, mechanical performances, and thermal stability of PUR was examined. The results revealed
that the greatest improvement in physico-mechanical properties was observed at lower concentrations
(1 and 2 wt.%) of BP filler. For example, when compared with neat PUR foams, the addition of 2 wt.%
of BP resulted in the formation of PUR composite foams with increased compressive strength (~12%),
greater flexural strength (~12%), and better impact strength (~6%). The results of thermogravimetric
analysis (TGA) revealed that, due to the good thermal stability of POSS-impregnated BP filler,
the reinforced PUR composite foams were characterized by better thermal stability—for example,
by increasing the content of BP filler up to 5 wt.%, the mass residue measured at 600 ◦C increased
from 29.0 to 31.9%. Moreover, the addition of each amount of filler resulted in the improvement
of fire resistance of PUR composite foams, which was determined by measuring the value of heat
peak release (pHRR), total heat release (THR), total smoke release (TSR), limiting oxygen index
(LOI), and the amount of carbon monoxide (CO) and carbon dioxide (CO2) released during the
combustion. The greatest improvement was observed for PUR composite foams with 2 wt.% of BP
filler. The results presented in the current study indicate that the addition of a proper amount of
POSS-impregnated BP filler may be an effective approach to the synthesis of PUR composites with
improved physico-mechanical properties. Due to the outstanding properties of PUR composite foams
reinforced with POSS-impregnated BP, such developed materials may be successfully used as thermal
insulation materials in the building and construction industry.

Keywords: rigid polyurethane foams; sugar beet pulp; bio-filler; thermal conductivity;
mechanical properties

1. Introduction

Rigid polyurethane (PUR) foams are porous materials, which are commonly used in many
industries, including building engineering, automotive, construction, and furniture [1,2]. Currently,
environmental awareness is increasing interest in sustainable development goals (SDGs) including
sustainability and environmental protection. Because of this, the production of PUR composites with
bio-based, organic fillers has attracted increased attention in the academic environment. Due to the low
price, unlimited availability, and good physico-mechanical properties, such as low density and high
stiffness, the cellulosic materials seem to be the most promising fillers for polymeric composites [3–7].
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Many previous studies have shown, that the incorporation of cellulosic fillers may successfully improve
the physico-mechanical characteristics of polymeric composites [8–11], including PUR foams [12,13].
For example, Silva et al. [14] produced rigid PUR foams reinforced with cellulose fiber residue from
bleached eucalyptus pulp. The incorporation of cellulose fiber up to 16 wt.% has changed the properties
of the composites, including the foam morphology and reducing cell size. PUR foams reinforced with
5, 10, and 15 wt.% of wood ash and fly ash fillers were prepared by Hejna et al. [15]. The introduction
of both types of fillers caused some deterioration of the mechanical properties of PUR foams, such as
compressive strength and flexural strength, but the obtained results were still considered satisfactory
for most industrial applications. Moreover, the addition of fly/wood ash fillers improved the thermal
stability of PUR foams reducing their thermal degradation. Interesting results were presented by
Olszewski et al. [16] in the case of PUR composites modified with glass and sisal fibers–a significant
improvement in mechanical properties of PUR composites was observed. Similar results were reported
by Kurańska et al. [17]–the addition of 3–40 wt.% of basalt waste fillers resulted in the synthesis of
PUR foams with improved mechanical characteristics. PUR foams reinforced with bamboo fibers
(BF) with a particle size of 250–500 µm were produced by Li et al. [18]. When compared with neat
PUR foams, the addition of BF increased the mechanical and flexural strength by ~47% and ~16%,
respectively. Moreover, the results have shown that alkali treatment of BF results in better interaction
between the BF surface and PUR matrix, leading to greater mechanical performances and better
thermal stability of PUR foams. The impact of selected plant fillers, such as cinnamon extract, cocoa
extract, and green coffee extract on the physico-mechanical properties of PUR foams was examined by
Liszowska et al. [19]. It has been found that due to the incorporation of bio-based fillers, all series of
PUR foams were more susceptible to biodegradation than the neat PUR foams. PUR foams reinforced
with algal cellulose were produced by Jonjaroen et al. [20]. Due to the incorporation of algal cellulose,
PUR foams were characterized by increased apparent density, greater stiffness and lower loss modulus
when compared with neat PUR foams.

Sugar beet is one of the most commonly grown plants which is used in the sugar industry [21].
According to the Food and Agriculture Organization (FAO), sugar production from sugar beet is the
second largest production in the world. The greatest amount of sugar beet is produced in Europe, Asia,
and North America [21]. According to FAO, the production of sugar beet in Europe was 2772 million
tonnes in 2016. The main problem with sugar production from sugar beets is the formation of a huge
amount of waste-sugar beet pulp (BP), which consisting of polysaccharides (~70–80%), cellulose (~20%),
hemicelluloses (~30%), and pectin (~25%) [22]. BP is mostly used as feed for animals, however, multiple
different applications of BP have already been proposed–BP was used as an energy raw material,
as a new source for bio-polyols for polyurethane synthesis as well as for paper manufacture [23].
For example, polyurethane foams were prepared from microwave liquefied sugar beet pulp (LSBP)
and polymethylene polyphenyl isocyanate (PAPI) by Zheng et al. [24]. The effect of [NCO]/[OH]
ratio on the mechanical, thermal, and microstructural properties of the LSBP–PU foams were studied.
It has been shown, that as the [NCO]/[OH] ratio increased from 0.6 to 1.2, the LSBP-PU foams with
the less regular structure deteriorated mechanical performances were produced. In another study,
rigid polyurethane foams of significant renewable content (up to 50%) were produced using biomass
biopolyols obtained via crude-glycerol mediated solvothermal liquefaction of sugar beet pulp and
commercial diphenylmethane diisocyanate [25]. The produced foams exhibited higher apparent
densities 43–160 kg m−3 and compressive strengths 34–254 kPa compared to tested commercial
analogues. Biopolyol foams exhibited higher thermal stability and the non-flame retarded foams
showed lower potential for fire spread due to lower pyrolysis gas combustion heat release rates and
total released amounts of heat. Besides this, BP has not been used as a reinforcing filler for rigid
polyurethane foams. Taking into account, the amount of BP, their availability, and production efficiency
it seems logical and well-argued to use BP as a reinforcing filler in the PUR industry.

Previous studies have reported, that in the case of PUR foams reinforced with natural fillers the
main concern is connected with the low thermal stability of bio-based organic fillers, which consequently,
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deteriorates the thermal stability of final products [26]. The incompatibility between the hydrophilic
surface of cellulose fillers and the hydrophobic structure of PUR results in interfacial separation,
leading to deteriorated performances of PUR foams [27]. Because of this, the modification of the
filler surface seems to be a crucial step before the incorporation of organic fillers into the PUR
matrix. Up to now, various attempts have been reported to improve the compatibility of the fillers
with the polymeric matrix [28–32]. Several authors have reported different surface modifications
for organic fillers, which involve chemical modifications, such as acetylation [33], alkalization [34],
benzoylation [35], grafting [35], and silane treatment [36]. The results have shown, that the surface
modification of organic fillers results in the production of polymeric composites with improved thermal
and mechanical characteristics.

Many previous works have studied the impact of natural fillers on the mechanical and thermal
characteristics of polymeric composites, however, no studies have been devoted to the examination
of the polyurethane composite foams reinforced with beet pulp (BP) filler physically impregnated
with thermally stable inorganic compounds, such as Polyhedral Oligomeric Silsesquioxanes (POSSs).
POSS compounds are organic-inorganic compounds. The chemical structure of POSS includes a
silica core and oxygen atoms at the edges of the molecule [37,38]. Our previous studies have shown
that the incorporation of POSS molecules into PUR foams may improve the thermal stability and
degradation behavior of PUR foams, as well as their mechanical performances [39–42]. Keeping in
view the advantageous properties of beet pulp filler and POSS compounds, it seems logical to use
POSS-impregnated BP filler as a reinforcing, hybrid filler for new bio-based polyurethane composite
foams. The preparation of novel materials from POSS-impregnated BP filler may successfully improve
the mechanical and thermal properties of the polyurethane materials. Therefore, in this study, rigid PUR
foams were reinforced with 1, 2, and 5 wt.% of BP filler impregnated with Aminopropylisobutyl-POSS
(APIB-POSS). The impact of POSS-impregnated BP filler on the morphology and physico-mechanical
performances of PUR composite foams was examined.

2. Materials and Methods

2.1. Materials

Polyether polyol (commercial name: Stapanpol PS-2352, Northfield, MN, USA), polymeric
diphenylmethane diisocyanate (commercial name: Purocyn B, Purinova Sp. z o.o., Bydgoszcz,
Poland), potassium octoate (commercial name: Kosmos 75, Evonik Industries AG., Essen, Germany),
and potassium acetate (commercial name: Kosmos 33 (Evonik Industries AG., Essen, Germany)
were used as catalysts. Tegostab B8513 (Evonik Industries AG., Essen, Germany) was used as a
silicone-based surfactant. A mixture of pentane and cyclopentane (50:50 v/v%) was used as a blowing
agent. Aminopropylisobutyl-POSS (APIB-POSS) was purchased from Hybrid Plastics Inc (Hattiesburg,
MS, USA). Sodium hydroxide (pellets, anhydrous), was purchased from Sigma-Aldrich Corporation
(Saint Louis, MO, USA). Sugar beet pulp was obtained from a local company (Lodz, Poland).

2.2. Filler Preparation and Synthesis of PUR Composite Foams

PUR composite foams were synthesized according to the procedure described previously [43].
The selected amount of beet pulp (BP) filler was added to the polyol system. Before the addition, the BP
filler was alkali-treated with 5 wt.% solution of sodium hydroxide solution using the method presented
in [26]. After the alkali treatment, such prepared BP filler was mixed with Aminopropylisobutyl-POSS
(APIB-POSS) (1:1 w/w) using a planetary ball mill for 1 h (3000 rpm). Then, the calculated amount of
other ingredients, such as a surfactant, catalyst, and blowing agent was added to the polyol system
and the mixture was intensively mixed by mechanical stirrer at 1000 rpm for 60 s. After the complete
dispersion of BP filler, a calculated amount of isocyanate was added to the mixture and mixed at
2000 rpm for 30 s. Such prepared composite foams were left to expand freely at room temperature.
To provide complete curing, PUR composite foams were conditioned at room temperature for 48 h.
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The formulations of PUR composite foams containing BP filler are presented in Table 1. The schematic
procedure of PUR composite foams preparation is presented in Figure 1. Different concentrations of BP
fillers were used to determine the impact of filler content on the further properties of PUR composite
foams. The reference PUR foams were prepared without the addition of BP filler.

Table 1. Formula of neat polyurethane (PUR) foams and PUR composite foams.

Component
PUR_0 PUR_BP_1 PUR_BP_2 PUR_BP_5

Parts by Weight (wt.%)

STEPANPOL PS-2352 100 100 100 100
PUROCYN B 160 160 160 160

Kosmos 75 6 6 6 6
Kosmos 33 0.8 0.8 0.8 0.8

Tegostab B8513 2.5 2.5 2.5 2.5
Water 0.5 0.5 0.5 0.5

Pentane/cyclopentane 11 11 11 11

Beet pulp impregnated with polyhedral
oligomeric silsesquioxanes (POSS) 0 1 2 5

 

λ

Figure 1. Schematic procedure of the synthesis of PUR composite foams.

2.3. Sample Characterization

The dynamic viscosity was determined according to ISO 2555 [44] using Viscometer DVII+
(Viscometer DVII+, Brookfield, Berlin, Germany). The morphology of PUR composite foams was
determined using a scanning electron microscope (SEM) (JEOL JSM 5500 LV, JEOL Ltd., Peabody, MA,
USA). The cell sizes of PUR composite foams was determined by ImageJ software (Java 1.8.0, Media
Cybernetics Inc., Rockville, MD, USA). The apparent density of PUR composite foams was determined
in accordance with ISO 845 [45]. The number of closed-cells was evaluated according to ISO 4590 [46].
Thermal conductivity (λ) of PUR composite foams was measured using LaserComp 50 (TA Instruments
Inc., New Castle, DE, USA). The mechanical properties (compressive strength, flexural strength) of
PUR composite foams were performed using Zwick Z100 Testing Machine (Zwick/Roell Group, Ulm,
Germany) according to ISO 844 [47] and ISO 178 [48]. The impact strength was determined using
the Charpy Impact Strength Test Machine according to ISO 180 [49]. The thermogravimetric analysis
(TGA) test was performed in the function of temperature (0–600 ◦C) using the STA 449 F1 Jupiter
Analyzer (Netzsch Group, Selb, Germany). Surface hydrophobicity of PUR composite foams was
measured using contact angle goniometer OEC-15EC (DataPhysics Instruments GmbH, Filderstadt,
Germany). A cone calorimeter test was performed using the cone calorimeter apparatus according to
ISO 5660 [50].

3. Results and Discussion

3.1. Filler Characterization

An external topography of neat BP and BP modified with POSS is presented in Figure 2. Comparing
SEM images, it is clear that the physical modification of BP filler with POSS compounds affected the
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overall structure of the filler. After the modification, the external surface of BP filler became more rough
and non-uniform. The crystals of POSS particles are visible on the surface of the BP filler. The size
of neat BP filler is in the range of 400–800 nm, however, the filler particles tended to agglomerate
and some bigger clusters with an average diameter of ~3 µm are presented. After the modification,
the size of filler particles increased to ~2 µm due to the impregnation of BP filler’s surface with POSS
molecules. When compared with neat BP filler, the size distribution of modified BP filler is more
uniform, which indicates that the physical modification with POSS prevented the filler particles from
agglomerating. Moreover, the addition of modified BP filler affected the viscosity of PUR systems
(Table 2)—when compared with neat PUR system, the viscosity increases from 800 to 1550 mPa·s,
for PUR system with 1, 2, and 5 wt.% of BP filler, respectively.

μ
μ

 

Figure 2. External surface and particle size of neat BP filler (a–c) and BP filler impregnated with
POSS (d–f).

Table 2. Dynamic viscosity and processing times of PUR systems with BP filler.

Sample Dynamic Viscosity η (mPa·s)
Processing Times (s)

Cream Time Free-Rise Time Tack-Free Time

PUR_0 800 ± 9 39 ± 3 282 ± 9 360 ± 10
PUR_BP_1 980 ± 10 45 ± 2 308 ± 8 345 ± 9
PUR_BP_2 1250 ± 10 49 ± 2 322 ± 6 350 ± 7
PUR_BP_5 1550 ± 11 55 ± 1 365 ± 7 355 ± 7

3.2. Foaming Behavior of PUR Systems

The viscosity of PUR systems has a great impact on the foaming behavior of porous materials.
The foaming behavior of PUR foams was examined by measuring start, free-rise, and tack-free times.
According to the results given in Table 2, the processing times tended to increase with the addition
of BP filler. When compared with neat PUR systems, the addition of 1, 2, and 5 wt.% of BP filler
increased the start time by ~15, ~25, and ~41%, while the free-rise time increased by ~9, ~14, and ~29%,
respectively. The main reason for extended times may be attributed to the increased viscosity of PUR
systems with BP filler, which limits the proper expansion of the cells and consequently extends the
processing times of PUR systems. This effect is more noticeable in the case of PUR systems with 5 wt.%
of BP filler. In general, the higher the BP filler content, the greater the viscosity of the PUR systems
and the longer their processing times. On the other hand, the addition of BP filler may decrease the
reactivity of PUR systems, due to the incorporation of the additional groups of BP filler, which are
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able to react with highly reactive isocyanate groups. Due to this, a greater amount of isocyanate is
consumed, which affects the proper stoichiometry of the PUR synthesis and reduces the amount of
carbon dioxide (CO2) produced. A reduced amount of blowing agent results in limited expansion of
the cells, extending the processing times of PUR synthesis. Similar results have also been found in
previous works [51,52].

3.3. Cellular Structure of PUR Composite Foams

Physical and mechanical properties of porous materials are affected by their cellular structure;
therefore, the examination of foams’ structure is vital. In order to determine the microscopic morphology
of PUR composite foams with BP filler, SEM analysis was examined.

According to the results presented in Table 3, the average cell diameter of neat PUR foams is
492 µm. The cell diameter increases from 450 to 530 µm with the increase in BP content from 1 to
5 wt.%. As presented in Figure 3, the cell size distribution of PUR composite foams containing 1 and
2 wt.% is uniform and it is distributed between 200 and 700 µm. With the addition of 5 wt.% of BP filler,
the cell size distribution becomes wider and some bigger cells are visible in the PUR structure. It can be
concluded that lower content of BP filler can be mixed with polyurethane system homogenously, leading
to the formation of a PUR structure with uniform cell size distribution. Moreover, the incorporation
of BP fillers provides additional nucleation sites which result in the formation of a higher number of
smaller cells when compared with neat PUR foams. The addition of BP fillers increases the viscosity
of PUR systems, reducing the increase in cell size. Increasing the content of BP filler up to 5 wt.%
deteriorates the structure of PUR composite foams. This may be connected with the agglomeration of
BP filler after a certain content due to the high viscosity of the PUR system. The agglomeration of filler
particles results in inhomogeneous distribution and the formation of uneven foam structures with
bigger cells.

Table 3. Selected properties of PUR composite foams with BP filler.

Sample
Average Cell

Diameter (µm)
Content of

Closed-Cells (%)
Apparent

Density (kg m−3)

Thermal
Conductivity
(W m−1 K−1)

Contact Angle
(◦)

Water Uptake
(%)

PUR_0 492 ± 6 90.2 ± 0.4 37.1 ± 0.7 0.026 ± 0.001 123 ± 1 20.4 ± 0.6
PUR_BP_1 450 ± 5 89.4 ± 0.3 39.2 ± 0.6 0.027 ± 0.001 120 ± 1 18.6 ± 0.5
PUR_BP_2 445 ± 5 88.1 ± 0.4 41.4 ± 0.5 0.030 ± 0.001 128 ± 1 18.9 ± 0.4
PUR_BP_5 530 ± 6 82.3 ± 0.3 44.6 ± 0.6 0.035 ± 0.001 130 ± 1 22.4 ± 0.5
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Figure 3. The cell size distribution of PUR composite foams with BP filler.

Figure 4 presents the overall structure of PUR composite foams with various BP filler content.
Generally speaking, by increasing the content of BP filler, the overall structure of PUR composite foams
becomes less uniform with a higher number of cracked cells. This may be ascribed to the following
reasons: BP filler particles act as nucleation sites for the gas phase, affecting the rheology around the
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growing air bubbles and changing the nucleation character from homogenous to heterogeneous [53].
This results in the creation of a higher number of finer cells, which tend to collapse, resulting in a
less homogeneous structure of PUR composite foams. Moreover, the poor interphase compatibility
between filler surface and PUR matrix promotes earlier collapsing of the cells, leading to the formation
of a more defective structure of PUR composite foams [54]. This effect is most prominent in the case of
PUR composite foams with higher loading of BP filler, due to the significant agglomeration of the filler,
which promotes the rupturing of the cells and creating a weakened PUR structure.

 

−

−3

±
±

±

±

Figure 4. Cellular morphologies at different magnifications of (a,b) PUR_0, (c,d) PUR_BP_1, (e,f)
PUR_BP_2, (g,h) PUR_BP_5.

3.4. Apparent Density of PUR Composite Foams

The results of the apparent density of PUR composite foams with different BP content are presented
in Figure 5a. The density of PUR composite foams increased from 37 kg m−3 to 40, 41, and 44 kg m−3

after the addition of 1, 2, and 5 wt.% of BP filler, respectively, due to the following reasons. Firstly,
the density of modified PUR composite foams is enhanced due to the incorporation of BP filler which
possesses a higher density than neat PUR foams. Therefore, the density of the modified PUR composite
foams increased with the increasing content of BP filler. Furthermore, the addition of BP filler increases
the viscosity of the PUR systems and reduces the expansion of the cells. Thus, the density of PUR
composite foams increased with the increase in the BP filler content.
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Figure 5. The results of (a) apparent density and (b) thermal conductivity of PUR composite foams.

3.5. Thermal Conductivity of PUR Composite Foams

The cellular structure and apparent density of PUR composite foams affect their insulating
properties. The value of thermal conductivity (λ) of neat PUR_0 is 0.025 Wm−1 K−1. The addition of 1
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and 2 wt.% of BP filler had no effect on λ, however, the addition of 5 wt.% of BP filler increased the value
of λ to 0.035 Wm−1 K−1 (Figure 5b). In general, thermal conductivity is determined as a combination of
λgas, λsolid, and λconvection. Due to the incorporation of solid particles of BP filler, which are built in the
PUR matrix, the value of λsolid increases. This effect is most prominent in the case of PUR composite
foams with 5 wt.% of BP filler. As discussed previously, BP filler particles tend to agglomerate, resulting
in the formation of a greater number of open cells. This, in turn, increases the value of λgas, worsening
the insulating properties of PUR composite foams. Similar behavior was observed in previous works,
concerning the PUR composite foams modified with the addition of selected organic and/or inorganic
fillers. For example, an increased value of λ was reported for PUR foams with 3–40 wt.% of basalt waste
filler by Kurańska et. al. [17]. It has been shown that besides the well-developed, closed-cell structure
of modified PUR foams, the insulating properties are deteriorated, however, following industrial
standards, they are still considered at an acceptable level.

3.6. Contact Angle and Water Uptake of PUR Composite Foams

Water uptake depends on morphological features of PUR foams (e.g., the content of open/closed-cells)
as well as on the hydrophobic nature of the filler [55]. According to the results presented in Table 3,
the addition of BP filler affects the water uptake of PUR composite foams. When compared with neat
PUR_0, the addition of 1 and 2 wt.% of BP filler decreased the water uptake by ~9 and ~7%, while for
PUR composite foams with 5 wt.% of BP filler, the value increased by ~10%. As presented in SEM
images (Figure 4), the addition of 5 wt.% results in the opening of cells which are able to store a greater
amount of water. Reduced water uptake of PUR composite foams with 1 and 2 wt.% of BP filler may be
connected with a greater number of closed-cells that are not able to accommodate water. Furthermore,
this effect may be also enhanced by the hydrophobic character of incorporated filler, which was also
confirmed by the results of the contact angle (Table 3). However, the impact of the cellular structure
and the content of open/closed-cells seems to be a more dominant factor, which determines water
uptake ability.

3.7. Mechanical Performances of PUR Composite Foams

Mechanical performances of porous materials, including PUR foams, are dependent on several
factors, such as cellular structure (e.g., shape and size of cells) and density of PUR foams [56].
Furthermore, the mechanical performances of PUR composite foams are influenced by the homogenous
dispersion of the fillers in the PUR system and the interphase compatibility between the filler surface
and the PUR matrix. Figure 6a presents the compressive strength of PUR composite foams containing
various contents of BP filler. The compressive strength of PUR composite foams increases initially with
the addition of 1 and 2 wt.% of BP filler, and then decreases slightly with the further increase in BP filler
up to 5 wt.%. When compared with neat PUR foams, the greatest compressive strength is observed on
the addition of 2 wt.% of BP filler—the value of compressive strength (measured parallel) is 272 kPa,
which is ~12% higher than that of the neat PUR foams. A similar tendency is observed in the case of
compressive strength measured perpendicular to the direction of foam growth, but the compressive
strength values are much lower due to the anisotropy of the foam cells [57]. Similarly, the greatest
improvement is observed for PUR composite foams with the addition of 2 wt.% BP filler—compressive
strength (measured perpendicularly) increases by ~18%. An increase in the formation of a greater
number of smaller cells, contributes to a superior mechanical behavior of PUR composite foams; the
applied load is encountered by a greater number of cell walls per unit area. This indicates that the
addition of 1 and 2 wt.% of BP filler has a reinforcing effect and increases the mechanical performance of
PUR composite foams. The obtained results meet the industrial requirements for constructive materials
(apparent density > 35 kg m−3, σ10% > 200 kPa) [58]. The addition of BP filler at an optimal level and the
appropriate distribution of filler particles in the cell struts strengthened the foam structure, increasing
the compressive strength. Increasing the BP filler up to 5 wt.% causes a BP filler agglomeration,
which in turn, results in filler–filler interaction, deteriorating the mechanical performances of PUR
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composite foams [59]. As reported in SEM images (Figure 4), at higher content of BP filler the overall
structure of the PUR composite foams becomes distorted and some voids are visible, deteriorating
their mechanical properties. To eliminate the effect of density on mechanical performances of PUR
composite foams, the specific compressive strength was calculated as a ratio of compressive strength to
density. The specific strength of neat PUR foams is 6.5 MPa/kg/m3 and it increases insignificantly to 6.9
and 6.6 MPa/kg/m3 for PUR_BP_1 and PUR_BP_2, respectively, and then decreases to 5.1 MPa/kg/m3

for PUR_BP_5.
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According to the results presented in Figure 6b, the addition of 1 and 2 wt.% of BP filler results in
an improvement in flexural and impact strength, although an insignificant deterioration in properties
is observed on the addition of 5 wt.% of BP filler. The greatest improvement in flexural and impact
strength is observed on the addition of 2 wt.% of the filler—the value of flexural and impact strength
increases by ~12 and ~6%, respectively. This result may be connected with the fact that filler particles
act as additional stress points for the local stress concentration from which the cracking of the sample
begins [60,61]. As the concentration of BP filler increases, the effect is more prominent, leading to the
deterioration of the abovementioned properties.

3.8. Thermal Stability of PUR Composite Foams

Thermogravimetric (TGA) and derivative thermogravimetry (DTG) analysis of BP fillers and PUR
composite foams are presented in Figure 7a,b, respectively. The resulting parameters are summarized
in Table 4.

Materials 2020, 13, x FOR PEER REVIEW 10 of 16

of 300–350 °C and refers to the degradation of soft segments of PUR and thermolysis of the residues 
of organic BP filler [57,63]. The value of Tmax2 of neat PUR foams is 309 °C. Due to the addition of 1 
and 2 wt.% of BP filler, the value of Tmax2 increases slightly to 325 and 320 °C, respectively. Such 
improvement may be due to the fact that fuller particles act as a thermal barrier, which prevents rapid 
heat transfer and reduces further degradation of PUR composite foams. Such an effect is further 
enhanced by a greater crosslinking of PUR, due to the reaction between functional groups of BP filler 
(i.e., hydroxyl groups) and isocyanate groups. The value of Tmax2 decreases slightly for PUR foams 
with 5 wt.% of BP filler, due to the more open-cell structure. Tmax3 occurs in the range of 500–600 °C
and corresponds to the thermal degradation of cellulosic derivatives of BP filler [64,65]. Due to the
presence of lignocellulose filler, the value of Tmax3 slightly increases at the addition of BP filler. 
Moreover, with increasing the content of BP filler, the mass residue (at 600 °C) increases from 29.0 
(for neat PUR_0) to 29.1, 30.7, and 31.9% for PUR composite foams with 1, 2, and 5 wt.% of BP filler, 
respectively. Due to the great thermal stability of PUR composite foams, such developed materials 
may be successfully used as thermal insulation materials in the building and construction industry.

Figure 7. (a) TGA and (b) DTG results obtained for PUR composite foams. 

3.9. Cone Calorimeter Test

The results of fire behavior of PUR composite foams are presented in Table 5 and Figure 8. 

Table 5. The results of the cone calorimeter test.

IT (s)
pHRR 

(kW m−2) TSR (m2 m−2) 
THR

(MJ m−2) 
COY 

(kg kg−1) 
CO2Y 

(kg kg−1) 
COY/CO2

Y (-) 
LOI 
(%) 

PUR_0 4 260 1500 21.5 0.210 0.240 0.875 20.2
PUR_BP_1 4 170 1200 20.5 0.170 0.200 0.850 20.9
PUR_BP_2 5 155 1100 20.9 0.160 0.195 0.820 21.2
PUR_BP_5 5 190 1450 21.2 0.162 0.190 0.852 20.5

Compared to neat PUR_0, the addition of BP filler has no effect on the ignition time (IT)—in all 
cases, the value of IT oscillates between 4 and 5 s. The intensity of the flame was determined by
measuring the value of heat peak release (pHRR). As presented in Figure 8a, all series of PUR 
composite foams exhibited one peak of HRR, which refers to the release of low molecular weight 
compounds of PUR foams, such as isocyanate, amines, or olefins. When compared with neat PUR_0, 
the pHRR value decreases from 260 kW m−2 to 170 and 155 kW m−2 for PUR_BP_1 and PUR_BP_2 and
then increases to 190 kW m−2 on the incorporation of 5 wt.% of BP filler. Such improvement in the fire 
resistance of PUR composite foams may be connected with the creation of a continuous, distended 
char layer on the surface of PUR foams with the addition of BP filler, which acts as a physical barrier 
and effectively limits the mass and heat transfer [66]. Moreover, the BP filler degrades 
endothermically and during the decomposition releases non-combustible products, which decreases 
the rate of heat release. Among all series of PUR composite foams, the greatest improvement is 

20

30

40

50

60

70

80

90

100

0 100 200 300 400 500 600

W
ei

gh
t l

os
s [

%
]

Temperature [oC]

(a)

PUR_0
PUR_BP_1
PUR_BP_2
PUR_BP_5

−0.007

−0.006

−0.005

−0.004

−0.003

−0.002

−0.001

0

0 100 200 300 400 500 600

De
riv

 w
ei

gh
t [

%
/o C

]

Temperature [oC]

(b)

PUR_0
PUR_BP_1
PUR_BP_2
PUR_BP_5

Figure 7. (a) TGA and (b) DTG results obtained for PUR composite foams.

PUR composite foams show three stages of weight loss. The first stage (Tmax1) occurs around
200–250 ◦C and refers to the release of volatile compounds of BP filler [62]. When compared with neat
PUR_0, Tmax1 increases from 220 ◦C to 224 and 226 ◦C for the composite foams with 1 and 2 wt.%
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of BP filler, respectively, and then decreases to 217 ◦C for the composite foams with 5 wt.% of BP
filler, due to the heterogeneity of the PUR structure caused by filler agglomeration. Tmax2 occurs in
the range of 300–350 ◦C and refers to the degradation of soft segments of PUR and thermolysis of
the residues of organic BP filler [57,63]. The value of Tmax2 of neat PUR foams is 309 ◦C. Due to the
addition of 1 and 2 wt.% of BP filler, the value of Tmax2 increases slightly to 325 and 320 ◦C, respectively.
Such improvement may be due to the fact that fuller particles act as a thermal barrier, which prevents
rapid heat transfer and reduces further degradation of PUR composite foams. Such an effect is further
enhanced by a greater crosslinking of PUR, due to the reaction between functional groups of BP
filler (i.e., hydroxyl groups) and isocyanate groups. The value of Tmax2 decreases slightly for PUR
foams with 5 wt.% of BP filler, due to the more open-cell structure. Tmax3 occurs in the range of
500–600 ◦C and corresponds to the thermal degradation of cellulosic derivatives of BP filler [64,65].
Due to the presence of lignocellulose filler, the value of Tmax3 slightly increases at the addition of BP
filler. Moreover, with increasing the content of BP filler, the mass residue (at 600 ◦C) increases from 29.0
(for neat PUR_0) to 29.1, 30.7, and 31.9% for PUR composite foams with 1, 2, and 5 wt.% of BP filler,
respectively. Due to the great thermal stability of PUR composite foams, such developed materials
may be successfully used as thermal insulation materials in the building and construction industry.

Table 4. The results of thermogravimetric (TGA) and derivative thermogravimetry (DTG) analysis of
PUR composite foams.

Sample
Tmax (◦C)

Residue at 600 ◦C (wt.%)
1st Stage 2nd Stage 3rd Stage

PUR_0 220 309 580 29.0
PUR_BP_1 224 325 586 29.1
PUR_BP_2 226 320 585 30.7
PUR_BP_5 217 302 591 31.9

3.9. Cone Calorimeter Test

The results of fire behavior of PUR composite foams are presented in Table 5 and Figure 8.

Table 5. The results of the cone calorimeter test.

IT (s)
pHRR

(kW m−2)
TSR

(m2 m−2)
THR

(MJ m−2)
COY

(kg kg−1)
CO2Y

(kg kg−1)
COY/CO2Y

(-)
LOI (%)

PUR_0 4 260 1500 21.5 0.210 0.240 0.875 20.2
PUR_BP_1 4 170 1200 20.5 0.170 0.200 0.850 20.9
PUR_BP_2 5 155 1100 20.9 0.160 0.195 0.820 21.2
PUR_BP_5 5 190 1450 21.2 0.162 0.190 0.852 20.5

Compared to neat PUR_0, the addition of BP filler has no effect on the ignition time (IT)—in
all cases, the value of IT oscillates between 4 and 5 s. The intensity of the flame was determined by
measuring the value of heat peak release (pHRR). As presented in Figure 8a, all series of PUR composite
foams exhibited one peak of HRR, which refers to the release of low molecular weight compounds of
PUR foams, such as isocyanate, amines, or olefins. When compared with neat PUR_0, the pHRR value
decreases from 260 kW m−2 to 170 and 155 kW m−2 for PUR_BP_1 and PUR_BP_2 and then increases
to 190 kW m−2 on the incorporation of 5 wt.% of BP filler. Such improvement in the fire resistance of
PUR composite foams may be connected with the creation of a continuous, distended char layer on the
surface of PUR foams with the addition of BP filler, which acts as a physical barrier and effectively
limits the mass and heat transfer [66]. Moreover, the BP filler degrades endothermically and during the
decomposition releases non-combustible products, which decreases the rate of heat release. Among all
series of PUR composite foams, the greatest improvement is observed for PUR composite foams with 1
and 2 wt.% of BP filler—the value of pHRR decreases by ~35 and ~40%, respectively. In the case of
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PUR composite foams with 5 wt.% of BP filler, the value of pHRR decreases slightly by ~27%, due to
their more open-cell structure when compared with PUR with lower content of the filler. As presented
in Figure 8b, the incorporation of each amount of BP filler results in a lower value of total smoke
release (TSR). When compared with neat PUR_0, the value of TSR decreases by ~20, ~27, and ~3%, for
PUR composite foams with 1, 2, and 5 wt.% of BP filler. This indicates that incorporation of BP filler
prevents the heat transfer and protects the PUR structure from further combustion [67]. Moreover,
the incorporation of BP fillers decreases the value of total heat release (THR). Compared to neat PUR_0,
the addition of 1 and 2 wt.% of BP filler decreases the value of THR from 21.5 MJ m−2 (for PUR_0) to
20.5 and 20.9 MJ m−2, respectively. No significant difference is observed for PUR composite foams
with 5 wt.% of BP—the value of THR decreases slightly to 21.2 MJ m−2. As presented in Figure 8c,d,
the incorporation of BP filler decreases the ratio of carbon monoxide (CO) to carbon dioxide (CO2),
which refers to the foam toxicity. In general, a higher value of the ratio (CO/CO2) indicates incomplete
combustion of PUR composite foams and a greater amount of toxic smoke. The addition of BP filler
reduces the value of the ratio, which means that the release of toxic smoke during the PUR foams
combustion is reduced. The outer structure of the char residue of PUR composite foams is presented in
Figure 9. It can be observed that the addition of 1 wt.% of BP filler has no effect on the morphology of
the char residue layer. The difference is observed in the case of PUR composite foams with the addition
of 2 and 5 wt.% of BP—the outer surface becomes more dense and the spherical carbon residues are
visible in the structure. It can be concluded that BF particles can act as a flame barrier limiting the
release of combustible gases.
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Figure 8. The results of the cone calorimeter test—(a) heat peak release (pHRR), (b) total smoke release
(TSR), (c) CO release, and (d) CO2 release.

The improvement in flame resistance of the PUR composite foams with BP filler has been confirmed
by the results of limiting oxygen index (LOI). As presented in Table 5, the addition of BP fillers increases
the value of LOI of PUR foams. The greatest improvement was observed for PUR foams with 1 and
2 wt.%—the value of LOI increased from 20.2% (for neat PUR_0) to 20.9 and 21.2%, respectively. A less
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noticeable improvement was observed for PUR foams with 5 wt.% of BP filler—the value of LOI
increased to 20.5%. Similar results have been reported in previous works as well.
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4. Conclusions

Rigid polyurethane (PUR) foams were reinforced with sugar beet pulp (BP) impregnated with
Aminopropylisobutyl-POSS. BP filler was incorporated into PUR at different percentages—1, 2,
and 5 wt.%. The influence of BP filler on morphological features, mechanical properties, and thermal
stability of PUR composite foams was investigated. The results showed that the greatest improvement
in physico-mechanical properties was observed at a lower concentration of BP filler, such as 1
and 2 wt.%. For example, when compared with neat PUR foams, the addition of 2 wt.% of BP
resulted in the formation of PUR composite foams with increased compressive strength (~12%),
greater flexural strength (~12%), and better impact strength (~6%). Due to the good thermal stability of
POSS-impregnated BP filler, the reinforced PUR composite foams were characterized by better thermal
stability. Moreover, the addition of each amount of filler resulted in improvements in the fire resistance
of PUR foams—the greatest improvement was observed for PUR composite foams with 2 wt.% of
BP filler. The results presented in the current study indicate that the addition of a proper amount of
POSS-impregnated BP filler may be an effective approach to the synthesis of PUR composite foams
with improved physico-mechanical properties.
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55. Kairytė, A.; Kremensas, A.; Balčiūnas, G.; Członka, S.; Strąkowska, A. Closed Cell Rigid Polyurethane Foams
Based on Low Functionality Polyols: Research of Dimensional Stability and Standardised Performance
Properties. Materials 2020, 13, 1438. [CrossRef]
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Abstract: Polyurethane (PUR) foams reinforced with 2 wt.% hemp shives (HS) fillers were successfully
synthesized. Three different types of HS fillers were evaluated—non-treated HS, HS impregnated with
sunflower oil (SO) and HS impregnated with tung oil (TO). The impact of each type of HS fillers on
cellular morphology, mechanical performances, thermal stability, and flame retardancy was evaluated.
It has been shown that the addition of HS fillers improved the mechanical characteristics of PUR
foams. Among all modified series, the greatest improvement was observed after the incorporation of
non-treated HS filler—when compared with neat foams, the value of compressive strength increased
by ~13%. Moreover, the incorporation of impregnated HS fillers resulted in the improvement of
thermal stability and flame retardancy of PUR foams. For example, the addition of both types of
impregnated HS fillers significantly decreased the value of heat peak release (pHRR), total smoke
release (TSR), and limiting oxygen index (LOI). Moreover, the PUR foams containing impregnated
fillers were characterized by improved hydrophobicity and limited water uptake. The obtained
results confirmed that the modification of PUR foams with non-treated and impregnated HS fillers
may be a successful approach in producing polymeric composites with improved properties.

Keywords: polyurethanes; hemp shives; bio-filler; oil impregnation; mechanical properties

1. Introduction

Recently, the synthesis and development of polyurethane (PUR) composites containing natural
fillers have attracted increased attention in industry and academia [1–3]. The application of natural
fillers as reinforcing materials in the production of PUR foams has both ecological and economic
advantages. Among the natural materials, cellulosic compounds have significant advantages, mostly
due to their low density, high stiffness, biodegradability, unlimited availability, and low price. Previous
studies have shown that the incorporation of organic and inorganic materials into the polymer
matrix may successfully improve the mechanical characteristics of PUR composites [4–6] (Table 1).
For example, the basalt waste has been used as a reinforcing filler for the production of rigid PUR foams
by Kurańska et al. [7]. Due to the incorporation of 3–40 wt.% of the powdered basalt filler, the resulting
PUR composite foams were characterized by improved mechanical performances. Similar results
have been reported by Paciorek-Sadowska et al. [8] in the case of PUR composite foams containing
30–60 wt.% rapeseed filler. PUR composites with increased apparent density and enhanced mechanical
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properties were produced. The improvement of mechanical and thermal performances was also
observed after the incorporation of egg-shells [9]. The addition of 20 wt.% egg-shells resulted in a
significant improvement of the abovementioned properties. Interesting results were presented by
Olszewski et al. [3] in the case of PUR foams containing glass and sisal fibers—the flexural strength,
impact strength, and hardness of materials have been improved by the addition of both kinds of fibers.
The effect of waste sludge particles on the physical and mechanical properties of PUR foams was
studied by Kairyte et al. [10]. The authors reported that the addition of 20 wt.% of the fillers results
in the production of the PUR materials with improved characteristics, while the higher content of
the filler slightly deteriorates the properties of the foams. Interesting results were presented by de
Avila Delucis et al. [11] who synthesized PUR foams reinforced with different ratios (1, 5, and 10 wt.%)
of forest-derivatives fillers, e.g., bark, pine trees needles, kraft lignin, and paper sludge. Among the
modified samples, the most promising materials were PUR foams reinforced with 1 and 5 wt.% wood,
which exhibited improved mechanical and hygroscopic performance.

Table 1. Recent works on filler reinforced polyurethane foams—effect of different fillers on mechanical
properties of polyurethane foams.

Filler Used Percentage of Filler Results

Kenaf fibre 20–50 wt.% Improvement of mechanical properties [12]

Pulp fibre 0–5 wt.% Deterioration of mechanical properties,
improvement of thermal stability [13]

Rice husk ash 0–5 wt.%
Improvement of mechanical properties and
flame-retardancy, deterioration of thermal

conductivity [14]
Cellulose microfibres 0–2 wt.% Improvement of mechanical properties [15]

Cellulose nanocrystals 1–8 wt.% Improvement of mechanical properties [16]

Egg shell waste 20 wt.% Improvement of mechanical properties and
thermal stability [17]

Potato protein waste 0.1–5 wt.%
Deterioration of mechanical properties and

thermal stability with increasing filler
content [18]

Buffing dust waste 0.1–5 wt.%
Deterioration of mechanical properties and

thermal stability with increasing filler
content [19]

Keratin feathers 0.1–1.5 wt.% Mechanical properties and thermal stability
decrease with increasing filler content [20]

Forest based wastes 10 wt.%
Deterioration of mechanical properties and

thermal conductivity, improvement of
flame-retardancy [11]

Ground coffee 2.5–15 wt.%
No significant influence on the mechanical
and thermal properties, reduced brittleness

and aging process [21]
Jute fibre 0.5–4 wt.% Deterioration of mechanical properties [22]

Ramie fiber 0.2–0.8 wt.% Improvement of mechanical properties,
thermal stability, and flame-retardancy [23]

Rapeseed cake 30–60 wt.% Improvement of mechanical properties,
thermal stability, and flame-retardancy [8]

Wood flour 0–15 wt.%
Deterioration of mechanical properties,

improvement of thermal conductivity and
thermal stability [24]

Coir fibre 2.5 wt.% Improvement of mechanical properties [25]

Fly ashes 5–35 wt.% Improvement of mechanical properties and
fire resistance [26]

Cinnamon extract, green coffee
extract, cocoa extract 10 wt.% Improvement of susceptibility to

biodegradation [27]

Soy protein 2.4–9.6 wt.% Improvement of mechanical properties,
deterioration of thermal stability [28]
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Among different organic fillers, the chemical composition of hemp shives have great potential as
sustainable reinforcements for novel polyurethane composite foams. The basic unit of hemp shives
is composed of cellulose microfibrils, which are combined by an interphase mixture of different
pectins, hemicellulose, and other low-molecular polysaccharides [29]. The hydrogen bonds between
different chemical components provide stiffness and mechanical strength of hemp shives. For example,
hemicellulose determines the thermal degradation and moisture absorption, while the lignin content
determines the UV degradation of the hemp shives [30,31]. Hemp shives offer several advantages,
such as sufficient reactive functional groups, high carbon content, compatibility with diverse industrial
chemicals, good stability and mechanical properties due to the presence of aromatic rings, and good
rheological and viscoelastic properties, making it a potential candidate to be used as reinforcing
material in polymer composites.

Nevertheless, the application of cellulosic materials as reinforcement of polymeric composite
materials presents some limitations. As for mechanical strength, chemical or physical treatment of
cellulose surface may improve the mechanical and thermal properties of polymer composites [32–34].
In previous works, a chemical modification, such as acetylation [35], alkalization [36], benzoylation [37]
of cellulosic compounds, has been reported. For example, Du et al. have reported an improvement
of interfacial compatibility between polyimide matrix and wood fibers treated by 3-Aminopropy
ltriethoxysilane [38]. Such reinforced composites were characterized by improved abrasive and
tensile properties. Alkali-treated coir fibers were developed by Valášek et al. [39]. Due to the
improved interphase adhesive, epoxy composites reinforced with alkali-treated coir fibers exhibited
improved mechanical properties. Similar results have been shown in the case of epoxy composites
reinforced with palm fibers chemically treated with sodium hydroxide [40]. Improvement of wear
characteristics and mechanical performances of composites was observed due to the addition of the
fibers. Chemical treatments of oil palm fibers, such as latex coating, acetylation, or acrylonitrile grafting
have been evaluated by Sreekala et al. [41]. The authors have shown that phenol formaldehyde
composites containing modified fibers were characterized by better flexural characteristics and
improved impact resistance.

Many previous works have studied the impact of natural fillers on the mechanical and thermal
characteristics of polymeric composites; however, no studies have been devoted to the examination of
the polyurethane foam composites reinforced with physically-treated hemp shives. Keeping in view
the advantageous properties of hemp shives, it seems logical to use hemp shives as a reinforcing filler
for new bio-based polyurethane composite foams. The preparation of novel materials from hemp
shives products may improve the mechanical properties of the polyurethane materials as well as
possibly solve the problem of their waste disposal. Therefore, the impact of hemp shives impregnated
with sunflower oil and tung oil on morphological, mechanical, and thermal properties of polyurethane
foam composites was examined.

2. Materials and Methods

2.1. Materials

PUR foams were synthesized using polyether polyol (Stapanpol PS-2352) and polymeric
diphenylmethane diisocyanate (Purocyn B). As catalysts, Kosmos 75 and Kosmos 33 (potassium
octoate and potassium acetate, respectively) were used. Silicone surfactant (Tegostab B8513) was used
for stabilizing the foam’s structure and the mixture of pentane and cyclopentane (50:50 v/v%) was
selected as a blowing agent in forming cellular structure. Hemp shives, sunflower oil, and tung oil
were obtained from a local company.
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2.2. Methods

2.2.1. Impregnation of Hemp Shives (HS) with Sunflower Oil and Tung Oil

Hemp shives were milled and wetted with selected oil (sunflower/tung oil). The mixture was
thoroughly mixed and poured into cups. Subsequently, the cups with the mixture were put into the
vacuuming dish and the vacuuming process proceeded until 0.01 MPa of pressure was achieved. Then,
the green handle of the vacuum dish was screwed and the vacuum was left for another 30 min. A total
of 10 cycles were done for the mixtures and, after that, all mixtures were thermally treated at 70 ◦C for
24 h. After the thermal treatment, the mixtures were left to cool down at 23 ± 5 ◦C temperature and 50
± 5% humidity conditions.

2.2.2. Synthesis of PUR Foams

PUR foams were produced by a one-shot method according to the procedure reported in the
previous works. In brief, the synthesis of PUR foams modified with the addition of HS was as follows
(Figure 1): To form a polyol premix, the calculated amounts of polyol (Stepanpol), catalysts (Kosmos 75
and Kosmos 33), blowing agent (the mixture of pentane and cyclopentane), and surfactant (Tegostab)
were placed in a plastic cup and intensively mixed at 1500 rpm by a mechanical stirrer for 60 s. Then,
the previously impregnated HS fillers were added to the cup and mixed for another 60 s to form a
homogenous dispersion. A calculated amount of isocyanate (Purocyn) was added to the reaction
mixture and thoroughly mixed for 10 s. The free rise PUR composite foam was left at room temperature
for 24 h to provide complete curing of composites. A schematic procedure for the synthesis of PUR
foams is shown in Figure 2. PUR foams were synthesized following the formulations presented in
Table 2.

Figure 1. Hemp shives (HS) fillers used as reinforcing fillers: (a) non-treated hemp shives (HS),
(b) hemp shives impregnated with sunflower oil (HS/SO), and (c) hemp shives impregnated with tung
oil (HS/TO).

Figure 2. Synthesis of PUR foams reinforced with HS fillers.
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Table 2. Composition of PUR composite foams.

Component PUR_0 PUR_HS PUR_HS/SO PUR_HS/TO

Parts by Weight (wt.%)

STEPANPOL PS-2352 100 100 100 100
PUROCYN B 160 160 160 160

Kosmos 75 6 6 6 6
Kosmos 33 0.8 0.8 0.8 0.8

Tegostab B8513 2.5 2.5 2.5 2.5
Water 0.5 0.5 0.5 0.5

Pentane/cyclopentane 11 11 11 11

Hemp shives (HS) 0 2 0 0
Hemp shives/sunflower oil (HS/SO) 0 0 2 0

Hemp shives/tung oil (HS/TO) 0 0 0 2

2.2.3. Sample Characterization

The dynamic viscosity of polyol premixes was examined following ISO 2555 [42] using Viscometer
DVII+. (Viscometer DVII+, Brookfield, Berlin, Germany). The cellular structure of PUR foams was
evaluated using a scanning electron microscope using JSM-5500 LV (JEOL JSM 5500 LV, JEOL Ltd.,
Peabody, MA, USA). The cell sizes of PUR foams was determined by ImageJ software (Java 1.8.0, Media
Cybernetics Inc., Rockville, MD, USA). The average pore diameters, pore size distribution, and the
closed-cell content were identified based on SEM micrographs using the binarization threshold—an
average of 400 individual measurements was reported. The apparent density of PUR foams was
calculated as the ratio between the weight and volume of the samples according to ISO 845. The number
of closed-cells was evaluated according to the ISO 4590 standard. Thermal conductivity (λ) of PUR
foams was measured at 25 ◦C by using LaserComp 50. The mechanical performances of PUR foams
were performed using a Zwick Z100 Testing Machine (Zwick/Roell Group, Germany). Compressive
strength was examined parallel to the foam rise direction according to the ISO 844 [43] standard.
Flexural and impact strength of PUR foams were evaluated according to the ISO 178 [44] and ISO
180 [45] standards. The dynamic–mechanical characteristic (DMA) was performed using an ARES
rheometer (ARES, TA Instruments, New Castle, DE, USA) under the selected parameters (applied
deformation of 0.1% and a frequency of 1 Hz, temperature range of 0–250 ◦C). The thermogravimetric
analysis (TGA) test was performed in the function of temperature (0–600 ◦C) using an STA 449 F1
Jupiter Analyzer (Netzsch Group, Selb, Germany). The fire behavior of PUR foams was evaluated using
a cone calorimeter apparatus according to ISO 5660 in S.Z.T.K. “TAPS”—Maciej Kowalski Company
(Lodz, Poland).

3. Results and Discussion

3.1. Topography and an Average Size of HS Fillers

The external morphology of HS, and impregnated HS fillers (HS/SO and HS/TO), is presented in
Figure 3. Comparing non-treated HS and impregnated HS fillers, it is clear that the oil impregnation
affects an external morphology of the filler. After the impregnation with sunflower and tung oils, the
fillers possess a similar structure; however, the particles tend to agglomerate, forming the bigger clusters
of filler particles. The size of HS particles ranges from 400 to 800 nm, while, after the impregnation
with sunflower oil, the average size of particles increases and it ranges from 3 to 5 µm. A similar
relationship is observed for HS impregnated with tung oil—the average diameter ranges from 3 nm to
6 µm. Moreover, the addition of HS fillers increases the viscosity of the PUR systems (Table 3). Among
all modified systems, the greatest viscosity is observed for PUR systems containing impregnated HS
fillers. The viscosity increases rapidly from 840 (for neat PUR system) to 1800 and 2200 mPa·s after
the addition of HS fillers impregnated with sunflower and tung oil, respectively. This result is not
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surprising, considering a high tendency of the filler to agglomeration and formation of coarse domains,
as presented in Figure 3.

Figure 3. Topography and particle size of (a–c)—HS filler, (d–f)—HS/SO filler and (g–i)—HS/TO filler.

Table 3. The impact of HS fillers on viscosity and processing times of PUR systems.

Dynamic Viscosity η (mPa·s) Processing Times (s)

0.5 RPM 50 RPM 100 RPM Cream Time (s)
Free Rise
Time (s)

Tack-Free
Time (s)

PUR 850 ± 10 410 ± 8 330 ± 9 42 ± 4 280 ± 9 350 ± 12
PUR_HS 1100 ± 10 980 ± 10 420 ± 12 50 ± 2 320 ± 9 345 ± 10

PUR_HS/SO 1800 ± 11 1300 ± 10 750 ± 10 60 ± 1 355 ± 8 330 ± 8
PUR_HS/TO 2200 ± 11 1550 ± 10 850 ± 10 66 ± 2 370 ± 8 320 ± 8

3.2. Reactivity of PUR Foam Formulations

The reactivity of PUR systems was investigated by measuring the start time, free rise time, and
tack-free time during the foaming process (Table 3). Incorporation of HS, HS/SO, and HS/TO decreased
the reactivity of the PUR systems. When compared to neat PUR_0, the foaming reaction rate was lower
as HS fillers were introduced, probably due to the steric hindrance effects of hydroxyl groups (-OH)
of HS filler. On the other hand, the presence of hydroxyl groups of HS filler can affect the proper
stoichiometry of PUR synthesis due to the reaction between hydroxyl groups of HS filler and isocyanate
groups. Consequently, the higher number of isocyanate groups is consumed and the reduced amount
of carbon dioxide is produced, slowing down the foaming behavior of PUR systems. The extended
processing times may be also connected with increased viscosity of the PUR dispersion containing
HS fillers, which affect the expansion of PUR systems, extending the free rise time of PUR foams.
Comparing PUR systems containing HS fillers, the highest values of processing times are observed for
PUR_HS/TO, which may be connected with the higher viscosity of PUR systems containing HS/TO
and the presence of bigger aggregates of HS particles. Similar results have been also found in previous
works [46].
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3.3. Morphology, Apparent Density and Thermal Conductivity of PUR Foams

Figure 4 presents the SEM images of PUR foams containing HS fillers without and with oil
impregnation. The morphology of neat PUR_0 is smooth and regular. With the incorporation of HS
fillers, the cellular shape is more irregular with the formation of a higher number of open cells. It
can be seen that, with the incorporation of impregnated HS/SO and HS/TO, some agglomerates of
the fillers are visible in the cell struts. The alteration in cellular morphology may be connected with
increased viscosity of PUR systems containing HS fillers. As a result, the formation and expansion
of air bubbles are hindered, which results in the creation of a more heterogeneous structure of PUR
foams. When compared to neat PUR_0, the overall shape of cells becomes more irregular after the
incorporation of HS fillers. All series of modified PUR foams possess a poor structure with a higher
number of open cells. This effect is more prominent in the case of PUR foams containing both types of
impregnated HS fillers. Similar dependence was also observed in previous works and was connected
with the attachment of the filler particles to the cell walls leading to the rupturing and collapsing of
foam’s cells and ultimately to the weakening of the modified foam’s structure [47]. The addition of HS
fillers affects average cell size and this effect is more prominent after the incorporation of impregnated
HS fillers (Figure 4). In general, neat PUR_0 possess an average cell size of 450 µm. The addition of HS
fillers results in the formation of more inhomogeneous PUR foams with an average size in the range
of 380–620 µm for each series of modified foams. Moreover, the addition of HS fillers decreases the
content of closed-cell—the value decreases from 91.4% (for neat PUR_0) to 89.2, 88.6, and 85.6% for
PUR_HS, PUR_HS/SO, and PUR_HS/TO, respectively. Previous studies have shown that the opening
of cells due to the incorporation of organic filler may be connected with poor interphase adhesion
between polyurethane matrix and filler surface, which results in disruption of the foaming process
and more defective morphology of modified PUR foams [48]. Such an explanation may be found in
our study as well. According to SEM results, some particles of HS fillers are localized in empty pores
and they are not completely built in the foams’ struts. This confirms the poor compatibility between
the filler and PUR matrix, leading to the cell collapsing and formation of PUR foams with open-pore
structure [47]. Moreover, with the addition of HS fillers, the gas may form additional nucleation sites
on the surface of HS filler particles, providing heterogeneous centers for the formation of air bubbles,
which in turn increase the cell number of the PUR foam structure. As reported previously, the viscosity
of PUR systems containing HS fillers is increased, and the expansion of the cells is reduced. Because of
this, the HS fillers react with isocyanate groups, forming an interpenetrating cross-linked network,
which in turn disturbs the gas release, reducing the size of cells.

The cellular structure affects the apparent density of PUR foams (Table 4). Due to the incorporation
of HS, HS/SO, and HS/TO, the value of apparent density increases by 6, 16, and 17%, respectively. A
greater apparent density of PUR foams containing HS fillers should be attributed to the increased
viscosity and limited expansion of modified PUR systems. Moreover, the apparent density of modified
PUR foams is further enhanced by the molecular weight of HS fillers.

Table 4. Selected properties of PUR foams containing HS fillers.

Sample
Closed-Cell

Content
(%)

APPARENT
Density
(kg m−3)

Thermal
Conductivity
(W m−1 K−1)

Water Uptake
(%)

Contact Angle
(◦)

PUR_0 91.4 ± 0.5 37.2 ± 0.6 0.025 ± 0.001 21.5 ± 0.6 123 ± 1
PUR_HS 89.2 ± 0.4 40.6 ± 0.7 0.026 ± 0.001 23.8 ± 0.5 120 ± 1

PUR_HS/SO 88.6 ± 0.4 43.1 ± 0.6 0.030 ± 0.001 19.2 ± 0.6 129 ± 1
PUR_HS/TO 85.6 ± 0.4 43.5 ± 0.6 0.031 ± 0.001 20.1 ± 0.5 130 ± 1

59



Materials 2020, 13, 4709

Figure 4. Optical image, SEM image and cell size distribution of (a–c) PUR_0, (d–f) PUR_HS,
(g–i) PUR_HS/SO and (j–l) PUR_HS/TO.

Thermal conductivity (λ) is an important parameter that defines the thermal insulation properties
of PUR foams [10]. The value of λ measured for neat PUR_0 is 0.025 W m−1 K−1 (Table 4). The addition
of HS filler has no significant influence on the value of λ; however, the incorporation of impregnated
HS/SO and HS/TO increases the value of λ by about 20 and 24%, respectively. In general, the value
of λ involves the thermal conductivity of the gas captured in the foam cells (λgas), solid backbone of
the foams (λsolid), heat transfer between foam cells (λsolid), and gas convection (λconvection). With the
addition of HS fillers, a greater number of filler particles are built in the polymer matrix, thus the
value of λsolid increases. As mentioned previously, due to the increased viscosity of modified PUR
foams, the functional groups of filler particles are involved in the reaction with isocyanate groups.
This results in an increased crosslinking degree (Figure 5) of PUR molecular chains and formation of
PUR foams with smaller cells and a greater apparent density, which additionally increases the value of
λsolid. Besides this, all series of PUR foams are in line with commercial requirements for commercial
thermal insulation boards [49].
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Figure 5. Crosslinking structure of (a) neat PUR foams and (b) PUR foams containing HS fillers.

Another important parameter determining the further use of PUR foams as construction materials
is water uptake. Previous studies reported that the cellular structure of PUR foams and the hydrophobic
nature of the filler affects the water uptake of porous materials [11,50,51]. The results of the water
uptake of PUR foams containing HS fillers are presented in Table 4. When compared with neat PUR_0,
the addition of HS filler increases the water uptake of PUR_HS—the value increases from 21.5 to
23.8%. Increased absorption of water may be connected with a less uniform structure of PUR_HS
and a greater number of open cells. Moreover, the particles of HS filler tend to agglomerate, creating
a “pathway” that facilitates water penetration into the foam structure [11,50–52]. Surprisingly, an
opposite effect has been observed for PUR foams containing impregnated HS/SO and HS/TO—the
water uptake slightly decreases by ~6% due to the hydrophobic character of impregnated RC fillers,
which was also confirmed by a decreased value of the contact angle (θ) (Table 4).

3.4. Mechanical Characteristics of PUR Foams

The mechanical properties of porous materials mostly depend on their cellular structure [11].
The compressive strength–strain graph measured during the external loading is presented in Figure 6a.
All samples are characterized by analog plots—the linear region refers to the elastic response of PUR
foams, while the second region (which presents a plateau region) refers to the plastic deformation
and cell’s rupture. When compared with neat PUR_0, in the case of foams containing HS fillers,
the transition from elastic to plateau region is more abrupt, while the elongation at break decreases,
indicating the more rigid structure of modified foams. A similar trend has been found in previous
studies as well [53,54].

Figure 6. Mechanical behavior of PUR foams’ (a) compressive and (b) flexural behavior.

Depending on the type of HS filler, the compression strength increases by ~12, ~6, and ~8% for
PUR_HS, PUR_HS/SO, and PUR_HS/TO, respectively (Figure 7a). Previous studies have shown that
the value of compression strength depends on the crosslinking density of PUR foams, which refers to
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the content of hard segments (urethane groups) [55,56]. It may be concluded that the incorporation of
HS fillers affects the crosslinking density of PUR foams. After the incorporation of cellulosic HS fillers,
active groups of HS (i.e., hydroxyl groups of cellulose and lignin) are involved in the reaction with
isocyanate groups, increasing the number of urethane groups and creating a more dense structure
of PUR foams. An increased number of urethane groups provides additional crosslinking points,
increasing the number of hard segments and enhancing the mechanical performances of PUR foams.

Figure 7. Mechanical characteristics of PUR foams containing HS fillers: (a) compressive strength, (b)
flexural and impact strength.

A different trend is observed in the case of measuring the flexural and impact strength (Figure 7b).
The addition of HS fillers affects both parameters, decreasing their values. Depending on the HS filler
type, the value of flexural strength decreases by 3–13%, while the value of impact strength decreases by
3–7%. The higher content of hard segments makes the PUR foams harder but more brittle. Thus, the
values of flexural and impact strength decrease when the HS fillers are added. Besides, some aggregates
of HS particles, which are localized in the PUR structure, can act as stress concentrations, promoting the
cracking of the samples and deteriorating the mechanical performances of PUR foams. As presented
on the stress–elongation graph (Figure 6b), all modified PUR foams exhibit a similar mechanical
performance, which involves elastic and plastic deformation; however, the value of elongation at break
decreases when the HS fillers are added. The aggregates of HS particles act as additional defects,
promoting the cracking of the sample under an external force.

3.5. Dynamic–Mechanical Properties of PUR Foams

The dynamic–mechanical properties of PUR foams are presented in Figure 8. The modification of
PUR foams with HS fillers affects the glass transition temperature (Tg), determined as a maximum peak
of the curve loss tangent (tanδ) in the function of the temperature. When compared with neat PUR_0,
the addition of HS fillers increases the value of Tg. Among all series of PUR foams, the highest value
of Tg is observed for PUR foams containing impregnated HS fillers—the value of Tg increases from
128 to 148 ◦C for PUR_HS/SO and PUR_HS/TO. The results confirm that the addition of impregnated
HS fillers results in the formation of PUR foams with a greater cross-linking density, limiting the
mobility of polymer chains. Besides, HS filler particles that are built into the foam structure can act as
additional blockages, increasing the amount of energy that is required to achieve the Tg. Moreover,
when compared to neat PUR_0, the addition of each type of HS filler results in the improvement of
the storage modulus of PUR foams. The greatest improvement is observed for PUR foams containing
impregnated HS fillers. This may be connected with an increased viscosity of PUR systems containing
HS/SO and HS/TO, which limits the mobility of polymer chains, leading to the formation of PUR
foams with higher stiffness. In addition, the filler particles can act as reinforcing centers, effectively
transferring the external stresses from particles to the PUR matrix. Similar results have been reported
in previous works as well [57,58].
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Figure 8. The dynamic–mechanical properties of PUR foams containing HS fillers: (a)—tanδ and
(b)—storage modulus results.

3.6. Thermogravimetric Analysis (TGA) of PUR Foams

Figure 9a,b present the TG/DTG curves of HS fillers. The first loss of mass occurs at ~100 ◦C
and refers to the release of water accommodated in the fillers. A second loss occurs in the range of
300–400 ◦C and is mostly connected with the decomposition of the cellulosic derivatives—cellulose
and lignin, respectively [34,59]. Similar TG curves have been observed in the case of other cellulosic
fillers [60].

Figure 9. TG and DTG results obtained for (a,b) HS fillers, and (c,d) PUR foams.

Figure 9c,d present TG and DTG curves of PUR foams. The resulting data are depicted in
Table 5. Only slight shifts in the level of each curve are observed, which correspond to the weight loss.
However, a meaningful change in the position of the main peak connected with the decomposition
temperature of PUR can be observed. When compared with neat PUR_0, the addition of HS fillers
results in the production of PUR foams with higher values of T2%, which refers to the release of volatile
products presented in the HS fillers. Previous studies have reported that cellulosic fillers tend to
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degrade in the range of lower temperatures, thus a higher value of T2% should be attributed to the
partial crosslinking between functional groups of HS fillers and isocyanate groups [61]. The second
degradation of mass loss occurs in the range of 309–326 ◦C and refers to the thermal decomposition of
hard segments—urethane bonds [62,63]. A slower degradation of mass is observed when HS fillers are
added and confirms a higher crosslinking degree of modified PUR foams. The third stage, which occurs
at nearly 590 ◦C, refers to the degradation of cellulose and lignin. The thermal degradation mechanism
of PUR foams modified with HS fillers seems similar to PUR_0. The addition of HS fillers results in a
slight increase in mass loss of PUR foams, because of the presence of lignocellulosic compounds and
incomplete miscibility of soft and hard segments of PUR [64]. Moreover, the rigid structure of cellulosic
HS fillers can cause them to act as additional cross-linker centers between PUR matrices, improving
the heat resistance of modified PUR foams—the value of mass residue at 600 ◦C increases from 23.8%
(for PUR_0) to 26.2 and 26.5% for PUR_HS/SO and PUR_HS/TO, respectively. An analog trend has
been shown previously in the case of PUR foams containing another type of cellulosic filler [65,66]. For
example, Tian et al. [61] have stated that the reduced thermal decomposition PUR foams enhanced
with soy-protein filler refer to the higher degree of crosslinking of PUR foams, due to the reaction
between functional groups of soy-protein and PUR systems. More cross-linked structure of PUR foams
limits the number of volatile products that are generated and released during the thermal degradation
process, reducing the thermal decomposition of PUR foams. A similar explanation may be found in
our study as well.

Table 5. The results of TGA and DTG analysis of PUR foams.

Sample
Tmax (◦C)

Residue at 600 ◦C (wt.%)
1st Stage 2nd Stage 3rd Stage

PUR_0 218 309 581 23.8
PUR_HS 217 318 584 23.1

PUR_HS/SO 220 325 586 26.2
PUR_HS/TO 222 326 589 26.5

3.7. Flammability of PUR Foams

The addition of RC fillers significantly affects the flame retardancy of PUR foams. The results of
the cone calorimeter test are presented in Figure 10 and Table 6.

When compared to neat PUR_0, the addition of HS fillers increases the ignition time (IT) and
this trend is more prominent in the case of PUR foams containing impregnated HS/SO and HS/TO
fillers—the value of IT increases from 3 s to 5 and 6 s, respectively. The results presented in Figure 10a
indicate that the value of heat peak release (pHRR) increases by ~8% when the non-treated HS filler is
added. An opposite effect is observed for PUR foams containing impregnated RC fillers—the value
of pHRR decreases by ~30 and 20% for PUR foams containing HS/SO and HS/TO, respectively. Such
an improvement may be connected with the formation of a char layer, which effectively reduces the
release of combustible gases. In general, the pHRR values of modified PUR foams are in the line
with the regulations, which determines the accessible value of pHRR as 300 kW m−2 [67]. Below this
value, the materials are approved for use as insulating materials for building construction. Moreover,
the addition of impregnated HS fillers decreases the value of total smoke release (TSR) (Figure 10b).
Compared to neat PUR_0, the value of TSR decreases by 15 and 27% for PUR_HS/SO and PUR_HS/TO,
respectively. Moreover, due to the incorporation of HS fillers, the values of COY and CO2Y slightly
decrease (Figure 10c,d). This may be connected with the fact that HS filler particles act as a physical
barrier for flame spread, reducing the heat transfer through the PUR sample and decreasing the
intensity of the flame.
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Figure 10. Cone calorimeter results: (a) pHRR, (b) TSR, (c) COY and (d) CO2Y.

Table 6. Flammability parameter measured for PUR foams.

IT
[s]

pHRR
[kW m−2]

THR
[MJ m−2]

TSR
[m2 m−2]

COY
[kg kg−1]

CO2Y
[kg kg−1]

PUR_0 4 268 21.0 1550 0.204 0.204
PUR_HS 3 288 22.5 1740 0.238 0.238

PUR_HS/SO 5 172 20.2 1315 0.147 0.147
PUR_HS/TO 6 211 19.4 1135 0.122 0.122

The results of limiting oxygen index (LOI) are presented in Figure 11a. Similarly to the results
of the cone calorimeter test (pHRR and TSR), the addition of non-treated HS filler decreases the LOI
value from 20.2 to 19.8%. Increased value of LOI is observed for PUR foams containing impregnated
HS fillers—the LOI increases to 20.8 and 21.6%, for PUR_HS/SO and PUR_HS/TO, respectively.
Chan et al. [68] have reported similar results in the case of PUR foams enhanced with ramie fibers in the
amount of 0.2–0.8 wt.%. It has been shown that the carbonization of the fibers during the combustion
process results in the formation of pores, preventing the propagation of the flame through the PUR
matrix and increasing the value of LOI.

The self-extinguish capacity was measured according to the UL-94 standard, which corresponds to
the burning time measured after continuous ignitions of the samples. According to the UL-94 standard,
neat PUR_0 was not classified under test standard, while PUR foam containing RC fillers achieved a
V-0 rating. Moreover, the total time of burning was evaluated. According to the results presented in
Figure 11b, the flame keeps longer in the case of neat PUR_0, for which the total time of burning was
32 s. The total time of burning decreases when the HS fillers were added. The most visible effect is
observed in the case of PUR foams containing impregnated HS fillers—the value decreases to 22 and
21 s for PUR_HS/SO and PUR_HS/TO, respectively. The results of UL-94 are in agreement with the
results of LOI. In summary, the highest standards among UL-94 and LOI tests are obtained for PUR
foams containing impregnated HS fillers.
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Figure 11. (a) LOI and (b) total burning time of PUR foams.

4. Conclusions

PUR foams were reinforced with 2 wt.% non-treated and impregnated HS fillers were successfully
synthesized. It has been shown that each type of HS filler affects the morphology and further
mechanical, thermal, and insulating properties of PUR foams. It has been shown that the addition
of HS fillers improved the mechanical characteristics of PUR foams. Among all modified series, the
greatest improvement was observed after the incorporation of non-treated HS filler—when compared
with neat foams, the value of compressive strength increased by ~13%. Moreover, the incorporation
of impregnated HS fillers resulted in the improvement of thermal stability and flame retardancy
of PUR foams. For example, the addition of both types of impregnated HS fillers significantly
decreased the value of heat peak release (pHRR), total smoke release (TSR), and limiting oxygen
index (LOI). Moreover, the PUR foams containing impregnated fillers were characterized by improved
hydrophobicity and limited water uptake. The obtained results confirmed that the modification of
PUR foams with non-treated and impregnated HS fillers may be a successful approach in producing
polymeric composites with improved properties.
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Abstract: Carbonization of biomass can prepare carbon materials with excellent properties. In order
to explore the comprehensive utilization and recycling of Caragana korshinskii biomass, 15 kinds of
Caragana korshinskii biochar (CB) were prepared by controlling the oxygen-limited pyrolysis process.
Moreover, we pay attention to the dynamic changes of microstructure of CB and the by-products.
The physicochemical properties of CB were characterized by Scanning Electron Microscope (SEM),
BET-specific surface area (BET-SSA), X-ray photoelectron spectroscopy (XPS), X-ray diffraction
(XRD), Fourier Transform Infrared (FTIR), and Gas chromatography-mass spectrometry (GC-MS).
The optimal preparation technology was evaluated by batch adsorption application experiment of
NO3

−, and the pyrolysis mechanism was explored. The results showed that the pyrolysis temperature
is the most important factor in the properties of CB. With the increase of temperature, the content of C,
pH, mesoporous structure, BET-SSA of CB increased, the cation exchange capacity (CEC) decreased
and then increased, but the yield and the content of O and N decreased. The CEC, pH, and BET-SSA
of CB under each pyrolysis process were 16.64–81.4 cmol·kg−1, 6.65–8.99, and 13.52–133.49 m2·g−1,
respectively. CB contains abundant functional groups and mesoporous structure. As the pyrolysis
temperature and time increases, the bond valence structure of C 1s, Ca 2p, and O 1s is more
stable, and the phase structure of CaCO3 is more obvious, where the aromaticity increases, and the
polarity decreases. The CB prepared at 650 ◦C for 3 h presented the best adsorption performance,
and the maximum theoretical adsorption capacity for NO3

− reached 120.65 mg·g−1. The Langmuir
model and pseudo-second-order model can well describe the isothermal and kinetics adsorption
process of NO3

−, respectively. Compared with other cellulose and lignin-based biomass materials,
CB showed efficient adsorption performance of NO3

− without complicated modification condition.
The by-products contain bio-soil and tail gas, which are potential source of liquid fuel and chemical
raw materials. Especially, the bio-oil of CB contains α-d-glucopyranose, which can be used in medical
tests and medicines.

Keywords: pyrolysis process; Caragana korshinskii biochar; physicochemical properties; adsorption
characteristics; nitrate nitrogen; bio-oil
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1. Introduction

The Caragana korshinskii Kom. (1909) is a legume shrub that is widely distributed across desert
habitats with gravely, sandy, and saline soils in arid and semi-arid areas of Asia and Africa [1].
Many scholars believe that it may be an ideal biomass energy crop with high heating value,
strong drought tolerance, and high sprouting capacity [2]. As a pioneer species of arid areas in
northern China, the Caragana korshinskii is essential for windbreak function, sand fixation, and water
and soil conservation [3]. The planting area of Caragana korshinskii is conservatively estimated more
than 1.6 million km2 [4]. However, because of the lack of corresponding development technologies
and products worldwide, the utilization rate of Caragana korshinskii resources is less than 40% and
even a nearly null rate in some areas. Other countries or regions also produce a large number of
Caragana korshinskii yearly, which has been regarded as a new forestry wastes [5]. They represent not
only a waste of energy but also a threat to the local environment [6,7]. Therefore, developing the new
technology and product and enhancing the efficient use of Caragana korshinskii resources are necessary
and urgent. It cannot only help local farmers solve waste problems and promote environmental
sustainability [8], but also produce positive economic benefits in arid areas of Asia and Africa which
are usually relatively underdeveloped areas.

The high temperature pyrolysis is generally the most common and important carbonization
method [9]. Under limited oxygen supply or anoxic conditions and at a certain temperature (<700 ◦C),
biomass resources can be carbonized into biochar, a carbon-rich, stable, and highly aromatic solid
product [10–13]. At present, because of its large specific surface area, high stability, strong adsorption
capacity, porous structure, as well as its wide range of raw materials, and low cost, biochar was widely
used in agricultural and environmental protection fields such as pollution remediation, modified
materials, soil improvement, etc., [14,15]. The carbonization process is mainly controlled by parameters
such as pyrolysis temperature, time, and heating rate. It was a general consensus that pyrolysis process
had great influence on the physical and chemical properties of biochar. Chen et al. [16] and Fan et al. [17]
set different pyrolysis temperatures to study the properties of biochar, and found that the pyrolysis
temperature had a vital impact on the carbonization process of raw materials, and direct influence
on the yield, element content, surface functional group, and pore size distribution. Higher pyrolysis
temperatures had a positive effect on the adsorption applications. Xue et al. [18] observed that
the biochar yield rate ranged from 89.7% to 51.2% at temperature from 300 to 600 ◦C. The surface
characteristics and micromorphology of biochar changed with increasing pyrolysis temperature and
time, but the heating rate has little effect on the properties of biochar [19]. Biomass pyrolysis usually
also produces by-products, bio-oil, and tail gas. High temperature heating of the biomass in the
pyrolysis process caused irregular thermal movement in the internal molecular structure of the biomass
and eventually decomposition into small molecule polymer [20]. Both biochar and by-products can be
generally well-obtained at conventional heating rate of 10 ◦C·min−1 [21].

However, some reports on biomass pyrolysis are not systematic. Most scholars pay more attention
to yield data and basic properties than the changes of bio-oil and tail gas during pyrolysis process.
The research on the effects of microscopic indexes such as XPS, XRD, and FTIR is also not sufficient
and deep enough [22]. In order to better promote the application of biomass pyrolysis technology,
it is meaningful to systematically study the impact of pyrolysis process on its properties [23,24].
Moreover, nitrate nitrogen (NO3

−) is the main form of nitrogen, which plays an important role in plant
nutrition, microbial transformation, and natural nitrogen cycle [25]. But the nitrogen leaching from
farmland will lead to many problems such as groundwater pollution and water eutrophication [26].
Fortunately, the adsorption of NO3

− by biochar is the most effective method to remove nitrogen because
of high efficiency, simple equipment, and reliable operation [27]. Indeed, NO3

− was selected as the
object for adsorption application, which has always been a research hotspot [28]. Li et al. [25] found
that biochar has limited adsorption of NO3

− from switchgrass and water oak at variable pyrolysis
condition. Even if the biochar is modified by FeCl3 impregnated, the maximum adsorption capacity
for nitrogen is only 14 mg·g−1 [29]. Therefore, Caragana korshinskii was used as the raw material
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to prepare 15 kinds of biochar by oxygen-limited pyrolysis with controlled pyrolysis temperature
and time. Some characterization methods were used to investigate the effects of different pyrolysis
processes on the changes of biochar properties. At the same time, the by-products are systematically
analyzed for chemical composition, and the pyrolysis mechanism is explored. The adsorption
characteristics of NO3

− in aqueous solution were studied by batch adsorption experiment. This work
will provide a theoretical and practical basis for the efficient utilization of Caragana korshinskii resource
and development technology and products about the eco-friendly biochar and valuable by-products.

2. Materials and Methods

2.1. Production of Biochar and By-Products

The Caragana korshinskii samples (20 years old) were collected from the Shanghuang Village,
Guyuan City, Ningxia Hui Autonomous Region, China. The ratios of cellulose, hemicellulose,
and lignin in the biomass of Caragana korshinskii are approximately 45%, 20%, and 35% respectively.
The biomass was cut lengthwise into 10-cm pieces, washed with distilled water several times, and dried.
Subsequently, a box was filled with the samples, sealed with a cover, and placed into a GF11Q-B box
atmosphere muffle furnace (Nanjing Boyuntong Instrument Technology Co., Ltd., Nanjing, China).
The pyrolysis temperatures were set to 450, 500, 550, 600, and 650 ◦C. The pyrolysis time (maintain
the constant temperature) was set to 2, 3, and 4 h, and the constant heating rate to 10 ◦C·min−1.
Nitrogen gas was used to protect the anaerobic environment. A three-stage temperature-programmed
pyrolysis method was used to uniformly cool the samples to room temperature. The bio-oil and tail
gas were collected by a condensing reflux device (Figure 1). Subsequently, the Caragana korshinskii

biochar (CB) was crushed into small pieces of approximately 2 cm by a pulveriser (Zhejiang Fengli
Pulverization Equipment Co., Ltd., Shaoxing, China).

Figure 1. Schematic for pyrolysis process of Caragana korshinskii biomass.

2.2. Characterisation and Test

2.2.1. Basic Properties

The element contents of C, H, O, and N were measured using a Vario EL cube elemental analyzer
(Element Analysensysteme Co., Ltd., Berlin, Germany) with argon as the carrier gas. The pH of the
CB samples were determined by mixing 1.00 g of biochar and 20.0 mL of deionized water for 1 h in a
rotary shaker. After that, the mixture was still at room temperature for 1 h, and its pH was measured
by a PHS-3C pH meter (Rex INESA Scientific Instrument Co., Ltd., Shanghai, China). According to
Li et al. [21], the barium chloride-sulfuric acid-forced exchange method was used to determine the
CEC of CB, and the yield of CB is equal to the ratio of the mass of biochar produced by pyrolysis to the
mass of original dried Caragana korshinskii.
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2.2.2. Microscopic Indexes

CB samples of approximately 0.5 g were degassed for 3 h at 125 ◦C. The surface morphology
of the CB samples was analyzed in a JSM-6510LV scanning electron microscope (JEOL Ltd., Tokyo,
Japan) at a 20 kV. The BET-SSA and pore size analysis were determined using N2 as the adsorbate
at 77 K and relative pressure of 0.05–0.20, for which a V-Sorb 2800P BET-SSA and pore size analyzer
(Gold APP Instrument Co., Ltd., Beijing, China) was used. All CB samples were scanned with an
Escalab 250 Xi X-ray photoelectron spectrometer (Thermo Fisher Scientific Co., Ltd., Waltham, MA,
USA) to investigate the chemical state of the main elements and the functional groups on the surface.
The chemical bonds were identified by published references and the National Institute of Standards
and Technology database (https://srdata.nist.gov/xps/). The mineral species of the CB samples were
identified using a D/max2400 X-ray powder diffractometer (Rigaku Co., Ltd., Wilmington, NC, USA)
at a 0.02 scan step size, 2 deg·min−1 scan speed, 0.15 receiving slit width, 30–40 kV, and 30–40 mA.
The surface functional groups of CB samples were measured with KBr pellet methods by infrared
spectra analysis using a Vertex70 FTIR spectrometer (Bruker Co., Ltd., Billerica, USA) for 16 scans over
a range of 400–4000 cm−1 with a resolution of 2 cm−1.

2.2.3. By-Product Analysis

The gas chromatography tandem mass spectrometer (GC-MS, Agilent 7890A/7000B GC-QQQ,
Santa Clara, CA, USA) was used to analyze the components of bio-oil and tail gas. GC-MS analysis
conditions are: Shunt injection with a ratio of 25:1, HP-5 (30 m × 0.25 mm × 0.25 m) column,
the temperature of vaporization chamber at 260 ◦C, high purity helium as carrier gas, and flow rate
1.0 mL/min. The column temperature is programmed: the initial temperature is 50 ◦C and kept for
5 min, the temperature is raised to 100 ◦C at 2 ◦C/min, and then 180 ◦C at 1 ◦C/min, finally 260 ◦C
at 1 ◦C/min and kept for 5 min. MS electron energy was 70 eV, filament current 80 A, ion source
temperature 230 ◦C.

2.3. Batch Experiments

The biochar sorption capacity was evaluated by batch experiments. KNO3 was used to prepare
standard NO3

− solutions at different concentrations. Accurately weighted samples of 0.1000 g,
including above 15 kinds of CB, were placed in 250 mL conical flasks and mixed with 50 ml of the
NO3

− solution. The concentration of NO3
− in the solution is 50 mg·L−1. Moreover, the background

electrolyte was 0.01 mol·L−1 KCl. The conical flasks were sealed with a plastic film and placed into an
air bath constant temperature oscillator at 25 ± 1 ◦C, which was shaken at 150 rpm for 3 h. The obtained
suspension was filtered with a 0.45 µm microfiltration membrane. The concentrations of NO3

− in
the filtrate was considered the equilibrium concentrations of the solutions, and measured using a
continuous flow auto analyzer (Bran+luebbe, Analyzer 3-AA3, Hamburg, Germany). All experiments
were performed in triplicate with appropriate blanks (biochar and H2O), and statistical methods were
used to analyse the mean values. The adsorption capacity (Qe, mg·g−1) and the removal efficiency (RE,
%) were calculated according to the following equations:

Qe = (C0 −Ce)
V

m
(1)

RE = 1− Ce

C0
× 100% (2)

Throughout this paper, Qe is the adsorption capacity at equilibrium, and Ce and C0 are the
equilibrium and initial NO3

− concentrations (mg·L−1), respectively. V is the volume of the solution (L),
and m is the mass of added biochar (g). The following steps were used for batch experiments using
optimal CB (alternative biochar). (1) Isothermal adsorption: the initial concentration gradients of NO3

−

were set to 0, 2, 5, 10, 20, 30, 40, 50, 60, 70, 80, 90 and 100 mg·L−1; (2) adsorption kinetics: the adsorption
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times of NO3
− were set to 5, 10, 15, 30, 60, 180, 360, 540, 720, 1080, and 1440 min, other settings are

the same.

2.4. Adsorption Models and Data Analysis

To better investigate the characteristics of the adsorption, four isotherms models (Langmuir,
Freundlich, Temkin, and Dubinin-Radushkevich) [11] and four kinetic models (pseudo-first-order,
pseudo-second-order, Elovich, and intraparticle diffusion model) [30] were used, as shown in Table 1.
In this work, data statistics were calculated using Excel 2016 Pro (Microsoft, Redmond, WA, USA)
and SPSS 20.0 (IBM Corporation, Armonk, NY, USA). One-way Analysis of Variance (ANOVA) using
SPSS 20.0 was conducted to compare the means of the measured values at p < 0.05 for each treatment.
Isothermal adsorption and adsorption kinetic curves were fitted and plotted using OriginPro 8.5.1
SR2 (OriginLab, Northampton, MA, USA). In addition, XRD was performed using Jade 6.5 (Materials
data Inc., Livermore, CA, USA) to determine the mineral composition of biochar. Wide XPS scans were
analyzed using Avantage v5.979 (Thermo Fisher Scientific Co., Ltd., Waltham, MA, USA) to determine
the surface elements content. Narrow scans of C1s were fitted using Avantage v5.979 to analyze and
quantify the existing state of C.

Table 1. The list of kinetic and isotherm models.

Models Expression Parameters

Langmuir Qe =
aQmCe

1+aCe
, RL = 1

1+aC0
Qm, a

Freundlich Qe = KFCe
1/n KF, 1/n

Temkin Qe = BlnA + BlnCe A, B

Dubinin-Radushkevich
(D-R) model

ln Qe = ln Q0 − βε2,
ε = RT ln(1 + 1

Ce
)

E = 1
(2β)0.5

Q0, β, ε, E

Pseudo-first-order Qt = Qe(1− exp(− k1
2.303 t)) Qe, k1

Pseudo-second-order Qt =
k2Qe

2t
1+k2Qet

, h = k2 Qe
2 Qe, k2, h

Elovich model Qt =
1
b ln(a′bt + 1) a′, b

Intraparticle diffusion Qt = kit
0.5 + C C, ki

Where Qe and Qt are the adsorbed capacity (mg·g−1) at an equilibrium concentration (Ce, mg·g−1)
and a given time of NO3

− in solution, respectively. Qm (mg·g−1) denotes the maximum adsorption
capacity. a and KF are the Langmuir (mg·L−1) and Freundlich (mg·g−1) constants, respectively. 1/n is
the heterogeneity factor. A is the equilibrium binding constant (mg·L−1), and B is the Temkin constant
related to the adsorption heat. β is the D-R model coefficient (mol2·J−2), Q0 is the maximum unit
adsorption capacity (mmol·g−1), ε is the Polanyi adsorption potential, R is the ideal gas constant
8.314 J·(mol·K)−1, T is the absolute temperature, and E is the adsorption free energy (J·mol−1). k1, k2,
and ki are the rate constants for the pseudo-first-order (min−1), pseudo-second-order (g·mg−1·min−1),
and the intraparticle diffusion (mg·g−1·h−1/2) rate constant, respectively. h is the initial adsorption
rate (mg·g−1·min−1). a′ is the initial sorption ratio (g·mg−1·min−1), and b is the desorption constant
(g·mg−1), which is related to the extent of surface coverage and activation energy for chemisorption.
C is a constant indicating the number of boundary layers of the adsorbent.

3. Results and Discussion

3.1. Basic Physicochemical Properties

The physicochemical properties of CB in all processes are shown in Table 2. With the increase
of pyrolysis temperature, the content of C in biochar increases continuously, while the content of O
and N decreases gradually, which is consistent with many research results [31,32]. This is because
they are precipitated in the form of small molecule organic matter and water during the pyrolysis
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process [18,33]. As an important index of elemental analysis, the O/C has been used to determine the
aromatic structure and composition of polymer, and the N/C can reflect the metabolic decomposition
of microorganisms, and the (O + N)/C can be used to characterize the polarity of adsorbent. It can
be clearly seen from Table 2 that O/C, N/C, and (O + N)/C decrease obviously with the increase of
temperature, which is mainly due to the intensification of dehydrogenation and deoxidation reactions
during the pyrolysis process. But, at the same temperature, O/C, N/C, and (O +N)/C change irregularly
with the pyrolysis time. The change in O/C shows that the increase of temperature can promote the
fracture of weak chemical bonds and the formation of condensation products, so the CB prepared at
high temperature is more stable. In addition, O/C can also characterize the CEC of CB, and the larger
the O/C, the larger the CEC [34]. In this work, the N/C of 15 kinds of CB is not high, which indicates
that it is easy to decompose and will not consume the available nitrogen when applied to the soil [25].
The results in (O+N)/C shows that the oxygen-containing functional groups such as hydroxyl, carboxyl,
and carbonyl groups of CB may be burned out with the increase of temperature, that is, the polar
functional groups decreases and the hydrophobicity of biochar increases.

Table 2. Basic physical and chemical properties of biochar produced from Caragana korshinskii.

biochar C (%) O (%) N (%) O/C N/C
(O +
N)/C

pH
CEC

(cmol·kg−1)
Yield
(%)

CB450(2h) 77.99 16.18 3.10 0.21 0.04 0.25 6.65 62.51 33.12
CB500(2h) 78.25 15.6 2.05 0.2 0.03 0.23 8.55 66.12 33.00
CB550(2h) 77.9 13.52 1.26 0.17 0.02 0.19 8.80 35.00 28.93
CB600(2h) 82.17 12.52 1.10 0.15 0.01 0.17 8.96 16.64 25.94
CB650(2h) 85.1 10.04 0.84 0.12 0.01 0.13 8.93 46.44 27.24
CB450(3h) 65.73 22.9 2.79 0.35 0.04 0.39 8.04 55.72 33.23
CB500(3h) 74.55 18.73 2.41 0.25 0.03 0.28 7.72 74.42 31.80
CB550(3h) 77.02 16.84 2.13 0.22 0.03 0.25 8.84 31.97 31.43
CB600(3h) 79.12 13.19 1.47 0.17 0.02 0.19 8.97 20.48 28.20
CB650(3h) 85.31 10.59 0.72 0.12 0.01 0.13 8.99 38.93 23.08
CB450(4h) 74.35 18.17 3.28 0.24 0.04 0.29 7.51 81.40 30.31
CB500(4h) 72.13 18.83 2.95 0.26 0.04 0.30 8.74 44.62 29.78
CB550(4h) 81.42 11.52 2.14 0.14 0.03 0.17 8.99 32.91 28.65
CB600(4h) 79.79 12.92 1.5 0.16 0.02 0.18 8.68 30.66 27.56
CB650(4h) 81.04 10.86 0.62 0.13 0.01 0.14 8.97 17.75 27.38

The pH of CB increases with the increase of pyrolysis temperature. For pyrolysis time, the average
pH is 8.38 for 2 h, 8.51 for 3 h, and 8.58 for 4 h. With the increase of time, the pH of the obtained
CB increases. The pH of the CB under each pyrolysis conditions was 6.65–8.99, which was close to
other lignin-based biochar [35]. Singh et al. [36] found that the biochar pH ranged from 6.93 to 10.26.
This is due to the gradual separation of alkali salts from the biomass structure and the increase of
alkaline functional groups on the surface of biochar [37], which is mutually supportive of the findings
by Cantrell et al. [38]. Cantrell et al. [38] believed that the inorganic minerals (alkaline salts) in biochar
were the main reason for the alkaline pH of biochar, and the oxygen-containing functional groups on
the surface of biochar may also have certain contribution to the pH. Shaaban et al. [34] also believed
that the biochar at high temperature had less acidic volatiles and more ash than low temperature, so the
pH of biochar was higher. In addition, prolonging the pyrolysis time will help the further development
of biochar.

The average statistics of 2 h and 3 h showed that the CEC of CB decreased first and then increased
as the increase of temperature from 450 to 650 ◦C. The CEC of CB for 4 h decreased with the increase of
temperature. For the pyrolysis time, the average CEC was 45.34 cmol·kg−1 for 2 h, 44.31 cmol·kg−1 for
3 h, and 41.47 cmol·kg−1 for 4 h. The CEC of CB under each pyrolysis conditions is 16.64–81.4 cmol·kg−1.
In the pyrolysis process, the loss rate of some acidic functional groups of biomass is the fastest at
low temperature but slows down after 450 ◦C. The general trend is to decrease with the increase of
temperature. Guo et al. [39] also believed this phenomenon of the CEC decrease. But, Liang et al. [40]
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found that CEC increased with the increase of temperature by studying the pyrolysis process of pine
wood. In this work, the CEC only increased at 650 ◦C.

On average, the yield of CB was 32.22% at 450 ◦C, followed by 31.53% at 500 ◦C, 29.67% at 550 ◦C,
27.23% at 600 ◦C, and 25.90% at 650 ◦C. This shows that even if the temperature rises slightly at 50 ◦C,
the yield will obviously decrease by 2–8%, especially in the low temperature region. It may be because
pyrolysis at lower temperatures promotes the degradation of organic components of raw materials
and produces various volatile substances and high-boiling substances, while at high temperatures,
high-boiling and non-volatile substances decompose slowly [34,41]. Pyrolysis time also has a significant
effect on the yield of CB. The average yield of CB was 29.65% at 2 h, and then decreased, 29.55% at 3 h,
and 28.74% at 4 h. It can be obviously concluded that with the increase of pyrolysis time, the yield of
CB decreases, and the decrease range of yield is about 1.5% for every 1 h of increase. Compared with
the pyrolysis temperature, the effect of pyrolysis time is not significant, which is mainly because the
heating rate for preparing CB is constant in this work, that is, the time stays for a long time, but the
temperature cannot reach, and the decomposition of high-boiling and non-volatile substances is slow.
This is consistent with the results reported by Xue et al. [18].

3.2. Biochar Characterization

3.2.1. SEM

The SEM images of the different processes biochar are shown in Figure 2 and Figure S1. It can
be seen that CB has obvious pore structure under different carbonization conditions, but the number
and size of pores are different. From Figure 2A–E, the microscopic morphology of CB shows flaky
irregular polygons with uneven distribution of some broken particles, and there are more loose pores
and thin sheets of tubular structure. With the increase of pyrolysis temperature, the surface roughness
further increases, and a large number of micropores begin to appear, similar to honeycomb-shaped
porous bodies. These honeycomb-shaped micropore structures vary in size and shape, and are closely
arranged. From 450 to 650 ◦C, the more obvious the surface pores texture is, the rougher the surface
roughness is, the better the micropore structure is, the thinner the pore wall becomes, and the more the
number of pores is. There are the similar rules in Figure 2F–J and Figure 2K–O. These pores are an
important basis for biochar to have larger surface area and stronger adsorption performance [18,42].
Comparing Figure 2A,F,K, it is found that the images are very similar, which shows that pyrolysis time
has little effect on the pore structure of CB. Further EDS elementary analysis (Figure S1) confirmed
that CB not only has higher amounts of elemental C and O, but also Si (0.14%), Cl (3.49%), K (0.3%),
Ca (1.19%), and other elements.

3.2.2. BET Specific Surface Area and Pore Size Analysis

The effects of different pyrolysis processes on BET-SSA, pore volume, and pore size of CB
are detailed in Figure 3. As shown in Figure 3a, the BET-SSA of CB prepared ranges from
13.52–133.49 m2·g−1. With the increase of pyrolysis temperature, the BET-SSA of CB increases. It showed
that even if the temperature rises by 50 ◦C, the BET-SSA will increase significantly in the range of 21–61%,
especially in the low temperature regions. At the same temperature, the effect of pyrolysis time on the
BET-SSA increases first, then decreases, or remains unchanged. The BET-SSA at 650 ◦C/3 h (Table S1)
reached the maximum (133.49 m2·g−1), which was an ideal alternative biochar. Because of the increase
of pyrolysis temperature, the carbon content and the adsorption of hydrophobic pollutants increases
while the others decrease, including the oxygen content, the O/C, the hydrophilicity, and polarity of
biochar and the affinity for water molecules, resulting in larger specific surface area along with stronger
adsorption effect [18,43]. It can be clearly seen from Figure 3b,c that the pore volume increases with
the increase of pyrolysis temperature, which has the same trend as the BET-SSA. The average pore size
decreases with the increase of pyrolysis temperature. It implies that the large pores on the surface can
become mesopores and then develop into microporous structures. At the same temperature, pyrolysis
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time has little effect on the pore volume and pore size of CB. It is because as the temperature increases,
the micropore structure develops, the average pore diameter decreases, the pore wall becomes thinner,
the pore number and volume increase [44], and the specific surface area increases.

Figure 2. The scanning electron microscope (SEM) images of CB at 1000 times. (A) 450 ◦C/2 h,
(B) 500 ◦C/2 h, (C) 550 ◦C/2 h, (D) 600 ◦C/2 h, (E) 650 ◦C/2 h, (F) 450 ◦C/3 h, (G) 500 ◦C/3 h, (H) 550 ◦C/3 h,
(I) 600 ◦C/3 h, (J) 650 ◦C/3 h, (K) 450 ◦C/4 h, (L) 500 ◦C/4 h, (M) 550 ◦C/4 h, (N) 600 ◦C/4 h, (O) 650 ◦C/4 h.

Figure 3. Effects of different pyrolysis processes on BET surface area and pore size analysis of Caragana

korshinskii biochar (CB). (a) BET surface area, (b) pore volume, (c) average pore size.

According to the definition of the International Union of Pure and Applied Chemistry [45], when a
pore size is between 2 and 50 nm, it is called mesopores. It means that the pore structure of CB is mainly
mesopores (Figure 3c and Figure S2). Pyrolysis temperature has a great influence on the BET-SSA and
pore structure of CB, followed by pyrolysis time, which is basically consistent with the results of SEM
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image observation. Many reports have found that the BET-SSA of biochar decreases at 700 ◦C [17,25],
which is attributed to the evolution of the volatile phenol bubbles, the structural sequence, the decrease
in the number of micropores, and the increase in the number of macropores. In view of this change
trend, the pyrolysis temperature of 700 ◦C was not set in this work.

3.2.3. XPS and XRD

The surface of CB was investigated using XPS (Figure 4), and the results indicated six main
elements, namely C, O, N, Si, K, and Ca, and two minor elements, namely Fe and Cl. Their average
mass percentages were 74.55%, 18.73%, 0.41%, 3.92%, 0.72%, 0.45%, 0.42%, and 0.30%, respectively.
The photoelectron lines with binding energy (EB) of approximately 100.1, 284.8, 292.9, 346.6, 398.4,
and 531.8 eV were attributed to Si 2p, C 1s, K 2p, Ca 2p, N 1s, and O 1s, respectively (Figure 4a).
Detailed XPS data for the C 1s, Ca 2p and Si 2p core level spectrum with a peak fitting of its envelope
are presented in Figure 4b–d. The C1s XPS spectrum can be curve fitted into four peak components at
approximately 284.4 eV (C–C), 285.4 eV (C–O), 287.8 eV (C=O), and 289.9 eV (C-OOR). In addition,
according to the relevant literature, there may be a peak at approximately 293.2 eV (CO3

2−) attributed
to the high cellulose, hemicelluloses, and lignin contents of Caragana korshinskii. With the increase of
temperature, the bond valence structure of each element slowly appears and tends to be stable, and the
peak value becomes higher with the increase of temperature.

Figure 4. X-ray photoelectron spectra of CB. (a) A typical survey scan under different pyrolysis
processes (taking 3 h as an example); (b) C1s binding energy at 650 ◦C/3 h; (c) Ca2p binding energy at
650 ◦C/3 h; (d) Si2p binding energy at 650 ◦C/3 h.

The XRD analysis (Figure 5) revealed that the principal diffraction peaks at low 2θ angles were
sharp and symmetric, indicating the presence of mineral crystals. According to the Jade 6.5 PDF
cards [46], the two strong peaks at 26.6 and 29.5◦ suggest the presence of SiO2 and CaCO3, respectively.
Other strong peaks which suggested CaO, KCl, and CaHPO4·2H2O were observed on the CB’s surface.
Moreover, there was a small peak of (Mg0.3Ca0.97)(CO3) with a highly crystalline structure. As the
pyrolysis temperature increases, the crystallization of CaO, KCl, CaHPO4·2H2O and MgCa(CO3)
gradually transforms, and the peaks of the XRD pattern decrease, or tend to be flat. The peaks of SiO2
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and CaCO3 become more obvious, indicating that pyrolysis temperature increase may be beneficial to
the particle growth of inorganic deposits and thus promote the formation of crystallization [34,38].
It means that the cellulose and lignin components in CB gradually degrade, and release a lot of ash.
The ash was mainly composed of mineral components such as silicate, potassium salt, and calcium
carbonate. Fan et al [17] believed the calcium oxalate decomposed when the temperature raised above
500 ◦C, the ash content decreased, and calcium carbonate crystals gradually formed. Thus, the XRD
results are in good agreement with the XPS analysis (Figure 4c,d). At the same temperature, pyrolysis
time has little effect on the XPS and XRD of CB (Figures 4a and 5).

Figure 5. XRD patterns of CB biochar under different pyrolysis processes (taking 3 h as an example).

3.2.4. FTIR

The FTIR of CB is shown in Figure 6. It can be clearly seen that CB has about six identical peak
positions, which are located near 500–900, 1300–1400, 1600, 2300, 2800, and 3400 cm−1. Viewing the
spectrum data table [3,6,11,17,18,24], it was found that CB has -OH vibration absorption peak
(3418 cm−1), and the C-H in alkanes are mainly vibration absorption peaks of methyl and methylene
groups (2854–2966 cm−1), the fatty C-H and C=O groups (2280 cm−1), aromatic acids -COOH groups
(1697 cm−1), amide stretching vibration -C=O group (1650 cm−1), NH4

+ group (1396 cm−1), the pyridine
and indole of aromatic compounds (500–900 cm−1) groups. It shows that CB has rich functional groups
on its surface. Qualitatively, the peak positions of the 15 kinds of CB are roughly the same, and the peak
curves are similar, indicating that the functional group types are basically the same. There are certain
differences in the surface functional groups of biochar prepared at different temperatures. With the
temperature increases, the total content of surface functional groups of biochar decreases, which is
consistent with the related research results [19].

Comparing Figure 6a–c, we found that with the increase of temperature, the absorption peak
near 3420 cm−1 gradually weakens, indicating that the -OH group decreases, which is probably due
to the gradual breakage of -OH group by hydrogen-bonded and the separation of bound water [18].
At 2941 cm−1, the absorption peak of C-H vibration in alkanes decreases, which means the loss
of alkyl group of CB and the aromatization degree of CB gradually increases with the increase
of temperature. Among them, the methylene group around 2927 cm−1 is gradually degraded or
changed. For the fatty C-H and C=O groups of 2280 cm−1, the absorption peak gradually increases,
especially in Figure 6b, which reached the maximum at 650 ◦C/3 h. With the increase of pyrolysis
temperature, the biochar components have experienced the transition of excessive char, amorphous
char, composite char, and chaotic char in turn [27]. The aromatic acid -COOH group (1697 cm−1)
and amide stretching vibration -CON- group (1650 cm−1) gradually decrease, and even disappear
in some scientific reports [32,41]. In the characteristic zone of benzene rings around 1400 cm−1,
the absorption peak gradually increased, indicating that the aromatization degree was increased.
On the whole, the functional groups of biochar with different pyrolysis processes have certain
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differences, mainly showing that with the increase of pyrolysis temperature, the content of basic
functional groups (benzene ring and pyridine) increases, while the content of acidic functional groups
(phenolic hydroxyl and carboxyl) decreases, this meaning the aromaticity increases and the polarity
decreases. At the same time, new functional groups appeared around 500–900 cm−1, which means that
an aromatic ring is formed, and the aromatization degree is further enhanced. In addition, we found
that the pyrolysis time has basically no effect on the biochar surface functional groups, which is
basically consistent with many research results [47,48].

Figure 6. FTIR spectrograms of CB at different pyrolysis processes. (a) 2 h; (b) 3 h; (c) 4 h.

3.3. Adsorption Application

3.3.1. Screening for Optimal Preparation Conditions

The effects of CB prepared under different pyrolysis processes on the adsorption capacity and
removal rate of NO3

− are shown in Figure 7. It can be seen that the adsorption capacity of NO3
− by CB

prepared at 650 ◦C and 3 h was the largest, reaching 19.67 mg·g−1, and the corresponding RE reached
78.67% (NO3

− concentration 50 mg·L−1). It is mutually verified by BET-SSA data of CB at 650 ◦C for
3 h. With the increase of pyrolysis temperature and time, the adsorption capacity and RE of NO3

− by
CB showed a rising trend, but the curve presented twists and turns. On average, regardless of the
preparation process, the adsorption capacity of CB for NO3

− is above 18.8 mg·g−1, and the removal
rate is above 76%, which implies that the Caragana korshinskii is an excellent and low-cost biomass raw
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material. Therefore, CB prepared at 650 ◦C for 3 h was the optimal biochar and the most appropriate
preparation conditions.

Figure 7. Effects of different pyrolysis process on CB adsorption capacity and removal rate for NO3
−.

3.3.2. Isotherms Adsorption

As shown in Figure 8, with increasing initial NO3
− concentration, the adsorption capacity of CB

gradually increased until saturation. At low initial concentrations, the adsorption curve is steep, and the
adsorption capacity increases rapidly in a straight line. At high initial concentrations, the adsorption
increased slowly and eventually stabilized to reach equilibrium. The initial concentration of the
solution is essential to overcome the mass transfer resistance between the liquid and the solid phase.
So, higher initial concentration of the solution improves the adsorption capacity of the biochar [49].
The related parameters calculated from the four isotherms models are listed in Table 3. The isotherm
models reproduced the adsorption data well. However, the Langmuir models for NO3

− (highest R2

value of 0.9364) matched the experimental data better than the other models. These results suggest
that the adsorption process is similar to a monolayer adsorption for NO3

− and mainly physical
adsorption [4]. But the Freundlich models presented high fitting decision coefficients, which may also
imply that the process involved multilayer complex and associated with chemical interactions [11,15].
In the Langmuir model (Table 3), the theoretical maximum adsorption capacity (Qm) of NO3

− were
120.65 mg·g−1. The Qm values and the actual maximum adsorption capacity obtained by the experiments
were significantly different. The difference is attributed to the limitations and errors of the model,
which are reflected on the isothermal adsorption curve [4]. The RL values of NO3

− are between 0 and 1,
thus indicating a favorable adsorption process. In the Freundlich model, KF is related to the adsorption
capacity of the adsorbent, which indicates that the adsorption capacity and strength was stable. In the
Temkin model, the R2 values is bigger than 0.8, thus suggesting that the adsorption process includes
chemisorption. In the D-R model, E represents the chemical adsorption at 8–16 kJ·mol−1 and physical
adsorption below 8 kJ·mol−1 [30]. This indicates that the adsorption of NO3

− (E = 2.52 kJ·mol−1) by
CB is dominated by physical adsorption. The Q0 is the maximum unit adsorption capacity, which is
associated with the ordinate of last point (Figure 8).

Table 3. Isothermal adsorption fitting parameters of CB for NO3
−.

Models

Langmuir Freundlich Temkin D-R Model

a
Qm

(mg·g−1)
RL R2 KF n R2 A B R2 Q0

(mmol·g−1)
E

(kJ·mol−1)
R2

CB
(650 ◦C/3 h) 0.02 120.65 0.0008–0.97 0.9364 2.45 1.20 0.9355 0.77 10.21 0.8506 33.04 2.52 0.8568
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Figure 8. The isotherm adsorption of CB biochar for NO3
− (650 ◦C/3 h).

3.3.3. Adsorption Kinetics

The adsorption kinetics fitting curves are presented in Figure 9, and the kinetic parameters
are summarized in Table 4. With increasing adsorption time, the adsorption rate of NO3

− was
fast and large at the beginning, then the curve slowed down and increased slightly, and finally
reached adsorption equilibrium. For example, the adsorption capacity reached 92% of the saturated
adsorption capacity at 5 min, and gradually tended to equilibrium. The correlation coefficients of the
pseudo-second-order model (R2 > 0.99) were higher than other models, and the fitted equilibrium
adsorption capacities were closer to the experimental values. These results suggest that the adsorption
of NO3

− were better described by the pseudo-second-order kinetic model [11]. The adsorption process
is a composite adsorption reaction, which includes surface adsorption, external liquid film diffusion,
and intraparticle diffusion. This phenomenon can be similarly verified in many reports [26,28,43].
In the pseudo-second-order model (Table 4), h represents the initial adsorption rate, and its value is
0.38 mg·g−1·min−1. The Qe is very similar in the pseudo-first-order and pseudo-second-order model,
both of which are related to the adsorption capacity at an equilibrium concentration. The R2 values
from the Elovich model is larger than 0.9, which indicates that the CB surface adsorption energy is
uniformly distributed during the entire adsorption process. For the intraparticle diffusion model,
the fitted straight line does not cross the origin, which indicates that particle diffusion is not the only
rate-limiting factor [30]. There are other processes (surface adsorption, liquid film diffusion, etc.,) that
jointly control the adsorption reaction rate [15]. The C are 15.23, which implies the boundary layer of
CB has a greater effect on the adsorption processes.

Figure 9. The adsorption kinetics of CB biochar for NO3
− (650 ◦C/3 h).
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Table 4. Adsorption kinetics fitting parameters of CB for NO3
−.

Models

Pseudo-First-Order Pseudo-Second-Order Elovich
Intraparticle

Diffusion

Qe

(mg·g−1)
k1 R2 Qe

(mg·g−1)
k2

H
(mg·g−1·min−1)

R2 a′ b R2 ki C R2

CB
(650 ◦C/3 h) 19.28 1.37 0.9991 19.45 0.001 0.38 0.9998 4.68 5.70 0.9959 0.16 15.23 0.06

In conclusion, relevant reports on the adsorption of NO3
− by biochar are summarized in Table 5.

Compared to other cellulose- and lignin-based biomass raw materials, the adsorption capacity of
NO3

− by the CB in this study was larger. Even if compared with commercial activated carbon
(1.22 mg·g−1) [50], the adsorption performance of CB also has certain advantages. Therefore, in view of
the preparation temperature and time, the CB can be developed and popularized because of low cost
and efficient adsorption performance without complicated modification conditions.

Table 5. Comparison of sorption capacity of CB with selected biochars derived from other materials
for NO3

−.

Raw Materials Temperature (◦C) 1 Time (h) 1 Maximum Adsorption
Capacity (mg·g−1) 2 Literature

Wheat straw 300 1 1.10 [50]
Mustard straw 300 1 1.30 [50]

Ponderosa pine wood 650 0.3 6.20 [51]
Switchgrass 650 0.3 1.84 [51]
Corn stover 650 0.3 6.25 [51]

Sugar beet bagasse 700 1.5 9.14 [52]
Rice husk 600 - 2.1 [53]
Date palm 700 4 8.37 [54]

Fe-impregnated corn stalk 550 0.5 15.41 [29]
ZnCl2 activated Sugar beet bagasse 700 1.5 27.55 [52]

Amine-grafted corn cob 100 24 49.9 [55]
Amine-grafted coconut copra 100 48 59.2 [55]

Caragana korshinskii 650 3 120.65 This work
1 Pyrolysis temperature and time. 2 the maximum adsorption capacity in the table is the maximum of the actual
adsorption capacity or the theoretical maximum adsorption capacity calculated by Langmuir model.

3.4. By-Products and Process Analysis

The by-products of Caragana korshinskii biomass include bio-oil and tail gas in pyrolysis process.
All analytical components of bio-oil and tail gas analyzed by GC-MS are listed in Tables S2 and S3,
respectively. After searching in the NIST05 standard mass spectrometry library and consulting relevant
data [56], a total of 83 chromatographic peaks were identified in the bio-oil, including 73 compounds
in this work. There are 41 chromatographic peaks in the liquid collected by tail gas condensation,
including 40 compounds. According to the classification of these organic compounds (Table S2), there
are 29 kinds of aliphatic compounds with a relative content of 32.80%, including alkanes, olefins,
alcohols, fatty acids, ketones, aldehydes, carbohydrate, etc., 28 aromatic compounds with a relative
content of 56.64%, and 16 heterocyclic compounds with a relative content of 10.56%. In general,
the content of aromatic compounds in bio-oil is more than the content of aliphatic compounds, and the
ratio is 1.73:1. The analysis results in the liquid collected by tail gas condensation (Table S3) are similar
to those of bio-oil. The main components of bio-oil analyzed by GC-MS are listed in Table 6 through
the screening conditions that the quality matching of GC-MS is greater than 60%. It is worth noting
that the content of these compounds accounts for 68.93% of the total, where the higher content is
1,2-cyclopentanedione and 3-methyl-. The content of C6-C15 hydrocarbon compounds in bio-oil is
close to 10%, which means that it is of great significance as a potential bio-diesel. The content of ketones
and heterocyclic compounds in bio-oils exceeds 20%, which can be used as important chemical raw
materials. Benzene and its derivatives and naphthalene are intermediates in the synthesis of spices,
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plastics, dyes, and drugs [57]. The bio-oil also contains a certain amount of high-value chemicals,
such as Guaiacol (Phenol, 2-methoxy-) and α-D-glucose (1,4:3,6-Dianhydro-α-D-glucopyranose).
The Guaiacol (relative content 5.08%) is an important fine chemical intermediate and widely used in the
synthesis of medicines, spices and dyes [58]. The α-D-glucopyranose (relative content 2.63%), which is
mainly used in medical liver function test or medicine, is rarely synthesized artificially considering
its cost. Interestingly, the bio-oil contains α-D-glucopyranose and thus can be a valuable product
obtained by pyrolysis biomass, which usually exists in the form of black-brown organic liquid mixture.
Discussing with some related literature reports [56–58], the bio-oil of Caragana korshinskii biomass
has the advantages of wide raw material sources, abundant reserves, renewable, high energy density,
and easy transportation and storage. Khuenkaeo et al. [57] and Lu et al. [58] also believed the bio-oil
is a potential source of liquid fuel and chemical raw materials. Therefore, biomass pyrolysis is an
important technical method for solving fossil energy problems in the future, and many scholars have
reached consensus on this point [56–58].

Table 6. The main components of bio-oil analyzed by GC-MS.

Number Library (ID) CAS Quality (%) Peak Area (%)

1 2-Furanmethanol 000098-00-0 90 2.40
2 Pyridine, 3-methyl- 000108-99-6 92 1.22
3 2,6-Lutidine 000108-48-5 70 0.39
4 2-Cyclopenten-1-one, 2-methyl- 001120-73-6 80 1.73
5 Pyridine, 3,5-dimethyl- 000591-22-0 90 0.80
6 Pyridine, 2,3-dimethyl- 000583-61-9 94 0.50
7 2-Cyclopenten-1-one, 3-methyl- 002758-18-1 91 2.49
8 Phenol 000108-95-2 91 4.24
9 3-Methylpyridazine 001632-76-4 64 0.22

10 Pyridine, 3-methoxy- 007295-76-3 80 0.54
11 1,2-Cyclopentanedione, 3-methyl- 000765-70-8 95 6.70
12 2-Cyclopenten-1-one, 2,3-dimethyl- 001121-05-7 90 1.18
13 Phenol, 2-methyl- 000095-48-7 97 2.12
14 p-Cresol 000106-44-5 95 5.51
15 Phenol, 2-methoxy- 000090-05-1 94 5.08
16 Phenol, 2,6-dimethyl- 000576-26-1 76 0.12
17 Maltol 000118-71-8 62 0.17
18 2-Cyclopenten-1-one, 3-ethyl-2-hydroxy- 021835-01-8 97 1.67
19 Phenol, 2,4-dimethyl- 000105-67-9 95 2.92
20 Phenol, 4-ethyl- 000123-07-9 93 0.78
21 Naphthalene 000091-20-3 87 1.39
22 Creosol 000093-51-6 97 3.37
23 1,4:3,6-Dianhydro-.alpha.-d-glucopyranose 1000098-14-8 95 2.63
24 Phenol, 4-ethyl-3-methyl- 001123-94-0 64 0.75
25 1,2-Benzenediol, 3-methoxy- 000934-00-9 94 2.33
26 4-Methoxybenzene-1,2-diol 003934-97-2 62 1.27
27 Phenol, 4-ethyl-2-methoxy- 002785-89-9 90 2.70
28 Naphthalene, 2-methyl- 000091-57-6 97 2.33
29 Phenol, 2,6-dimethoxy- 000091-10-1 96 6.54
30 Naphthalene, 1,3-dimethyl- 000575-41-7 94 0.69
31 Naphthalene, 1,5-dimethyl- 000571-61-9 95 0.61
32 3,5-Dimethoxy-4-hydroxytoluene 006638-05-7 96 3.51

A very interesting process about the change of tail gas is recorded in detail as follows: a slight
wood burning odor begins to form at 280 ◦C, and green smoke is generated at 300 ◦C, accompanied
by an irritating smoke smell. A lot of brown smoke is generated at 350 ◦C, and the tail gas devices
start to collect the bio-oil. The tail gas turns into white smoke at 400 ◦C followed by a stable smoke
flow and a large amount of bio-oil. When the tail gas color becomes lighter at 450 ◦C, the bio-oil tends
to be stable. At 550 ◦C, the smoke gradually decreases until there is no smoke. No irritating smoke
can be smelled at 600 ◦C. The yield of bio-oil increased with the rise of temperature, and increased
greatly from 350 to 450 ◦C, but slightly from 450 to 550 ◦C, then gradually decreased to 0 from
550 ◦C to 600 ◦C. This result shows that some components in bio-oil further crack to generate small
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molecules of non-condensable gas, which reduces the yield of bio-oil and further increases the output
of non-condensable gas [18]. Up to now, we may not have found any relevant reports on the tail gas
color change of pyrolysis biomass.

Therefore, we speculate that the possible mechanism is as follows. The chemical structure of
biomass is extremely complex, and its main components are cellulose, hemicellulose, and lignin.
Among them, the pyrolysis mechanism of cellulose has been widely studied and a preliminary
theoretical system has been formed [59]. However, hemicellulose and lignin are relatively lacking on
their pyrolysis mechanism because of their complex structure and many research branches. In general,
during the pyrolysis process, water is evaporated at 105 ◦C, and the main pyrolysis temperature
of cellulose is 240–375 ◦C, which usually produces dehydrated fiber and L-glucose. Hemicellulose
softens and decomposes at 200–295 ◦C and usually produces volatile products. Lignin decomposes
at 280–500 ◦C, usually producing carbon and various organic compounds. From the perspective of
matter and energy, heat is first transferred to the biomass surface and then the inside. The pyrolysis
process proceeds layer by layer from the inside to the outside, and the heated part of the biomass is
rapidly decomposed into biochar and volatiles [60]. Among them, the volatile matter is composed of
condensable gas and non-condensable gas, and the condensable gas is rapidly condensed to obtain
bio-oil [57]. With the transfer of heat, the organic matter inside the biomass is heated to continue
pyrolysis, and part of the primary pyrolysis product undergoes a second pyrolysis or multiple pyrolysis
until it is stable.

4. Conclusions

This work used Caragana korshinskii biomass as a raw material to prepare 15 kinds of biochar by
controlling the oxygen-limited pyrolysis process. On the whole, the effect of pyrolysis temperature
on the CB properties is the most important, which is greater than pyrolysis time. The CEC, pH,
and BET specific surface area of CB under each pyrolysis process were 16.64–81.4 cmol·kg−1, 6.65–8.99,
and 13.52–133.49 m2·g−1, respectively. With the increase of pyrolysis temperature and time, the bond
valence structure of C 1s, Ca 2p, and O 1s is more stable, and the phase structure of CaCO3 is more
obvious. The surface of CB biochar contains abundant functional groups, such as hydroxyl, carboxyl,
ester carbonyl, NH4

+, pyridine, etc. With the increase of pyrolysis temperature, the content of basic
functional groups (benzene ring and pyridine) and the aromaticity increases, while the content of
acidic functional groups (phenolic hydroxyl and carboxyl) decreases and the polarity decrease. The CB
prepared at 650 ◦C for 3 h presented the best adsorption performance, and the maximum theoretical
adsorption capacity for NO3

− reached 120.65 mg·g−1. The Langmuir model and pseudo-second-order
model can well describe the isothermal and kinetics process of NO3

−, respectively. This indicated
that the beneficial adsorption process via monolayer was affected by surface adsorption, intraparticle
diffusion and liquid film diffusion, and the physical adsorption is the more important mechanism.
The by-products contain bio-soil and tail gas, which are potential source of liquid fuel and chemical
raw materials. The bio-oil of CB contains α-d-glucopyranose, which can be used in medical tests and
medicines. The color and flow rate of the tail gas also change correspondingly with the increase of
temperature during the pyrolysis process. Therefore, the CB and bio-oil from Caragana korshinskii

biomass will serve arid areas of Asia and Africa as innovative products, and CB is worth to be further
developed and popularized because of its low cost and efficient adsorption performance without
complicated modification condition.

Supplementary Materials: The following are available online at http://www.mdpi.com/1996-1944/13/15/3391/s1,
Table S1: The surface characteristics of alternative CB biochar and Caragana korshinskii, Table S2: The all
components of bio-oil analyzed by GC-MS, Table S3: The all components of the liquid collected by tail gas
condensation analyzed, Figure S1: Scanning electron microscope (SEM) images of Energy Dispersive Spectrometer
(EDS) spectra of CB at 650 ◦C/3 h, Figure S2: BJH (Barren-Joyner-Halenda)-adsorption-pore size distribution of CB
at 650 ◦C/3 h.
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Abstract: Rigid polyurethane (PUR) foams produced from walnut shells-derived polyol (20 wt.%)
were successfully reinforced with 2 wt.% of non-treated, acetylated, and silanized walnut shells (WS).
The impact of non-treated and chemically-treated WS on the morphology, mechanical, and thermal
characteristics of PUR composites was determined. The morphological analysis confirmed that the
addition of WS fillers promoted a reduction in cell size, compared to pure PUR foams. Among all
the modified PUR foams, the greatest improvement of mechanical characteristics was observed for
PUR foams with the addition of silanized WS—the compressive, flexural, and impact strength were
enhanced by 21, 16, and 13%, respectively. The addition of non-treated and chemically-treated WS
improved the thermomechanical stability of PUR foams. The results of the dynamic mechanical
analysis confirmed an increase in glass transition temperature and storage modulus of PUR foams
after the incorporation of chemically-treated WS. The addition of non-treated and chemically-treated
WS did not affect the insulating properties of PUR foams, and the thermal conductivity value did not
show any significant improvement and deterioration due to the addition of WS fillers.

Keywords: rigid polyurethane foams; lignocellulosic materials; filler; chemical treatment;
mechanical characteristics

1. Introduction

Nowadays, polyurethanes (PUR) are used in many areas, such as thermal insulation materials,
automotive elements, construction parts, medical devices as well as in the production of elastomers,
adhesives, and foams [1]. PUR are synthesized by a reaction between hydroxyl groups (–OH) and
isocyanate groups (–NCO). Due to the non-biodegradability and high toxicity, both petrochemical-based
compounds have a negative impact on the environment [2,3]. Due to this, bio-based polyols from
sustainable raw materials, such as plant oils, have attracted great interest in the synthesis of
environmentally-friendly PUR foams [4–7]. Bio-polyols derived from certain types of cellulosic
sources, such as spent coffee [8], cassava residue [9] or jute fibers [10] have been examined for the
synthesis of PUR materials. In our previous work, PUR foams were prepared using the bio-polyol
derived from lignocellulosic walnut shells (WS) [11]. It has been shown that due to the rich organic
nature (~50% of lignin, ~24% of cellulose and ~24% of hemicellulose) [12,13], WS can be successfully
applied for the production of bio-polyols for the synthesis of PUR foams. Therefore, liquefaction of WS
has been conducted using a mixture of glycerine and polyethylene glycol (PEG-400) in the presence
of acid catalyst (sulphuric acid). The impact of WS-based polyol on the mechanical and thermal
characteristics of PUR foams have been examined. The results showed that it is possible to convert
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these lignocellulosic residues into polyol and produce PUR foams with the properties somewhat similar
to those of commercial foams, although with higher thermal conductivity.

Unfortunately, a common phenomenon observed after the synthesis of PUR foams from bio-polyols
is the deterioration of mechanical parameters of these materials [11]. Many previous studies have
shown that the incorporation of a selected amount of fillers with both, organic or inorganic nature,
helps to improve the mechanical characteristic of polymeric composites [14,15]. Therefore, to improve
the mechanical characteristic of PUR foams, an additional fillers in the form of nanoparticles or
fibers are incorporated. For example, PUR foams modified with a ground waste of bulk moulding
composites were successfully synthesized by Barczewski et. al. [16]. When compared with unmodified
PUR foams, the addition of inorganic filler resulted in the formation of composites with improved
thermo-mechanical performances and better fire retardancy. Zhou et al. [17] have synthesized PUR
composites from palm oil-based polyol. The bio-composites were additionally modified with the
addition of selected amounts of cellulose nanocrystals. The resulting composites exhibited improved
mechanical performance and better dimensional stability under the selected temperatures. Rigid PUR
composites synthesized from bio-polyol and additionally enhanced with paper waste sludge (PWS)
particles were synthesized by Kairyte et. al. [18]. The addition of 5 wt.% of PWS resulted in the
production of PUR foams with better water vapor resistance, higher density, and improved mechanical
characteristics, such as compressive strength and elastic modulus. Paciorek-Sadowska et al. [19]
synthesized PUR foams with rapeseed cake as a natural filler. The addition of 30-60 wt.% of rapeseed
cake filler resulted in the production of PUR composites with higher density, greater mechanical
performances, and improved fire resistance.

Besides, many lignocellulosic fillers can be successfully used as reinforcing materials in polymer
matrices [20–27], it was reported, that their hydrophilic nature may limit their further application.
Due to this, the surface modification of the fillers seems to be a sufficient step before the application
of natural fillers as reinforcing materials for polymeric composites [28–31]. Previous studies have
proved that chemical modifications of the filler surface, such as acetylation [32], alkalization [33],
benzoylation [34], and silanization [35] may successfully improve the adhesion between the filler
and the polymeric matrix. Although many published studies are devoted to the examination of PUR
composites, just a few research has been done on the surface treatment of WS and the impact of
acetylated and silanized WS on selected properties of PUR foams. Therefore, in this study, the effect of
acetylated and silanized WS on the morphological, mechanical, insulating, and thermal characteristics
of the PUR composites was investigated.

2. Experimental Section

2.1. Chemicals and Materials

Commercial polyester polyol with a brand name STEPANPOL PS-2352 and aromatic diisocyanate
with a brand name PUROCYN B were purchased from Purinova Sp. z o.o (Bydgoszcz, Poland). Silicone
surfactant with a brand name TEGOSTAB B8513 and PUR metal catalysts-Kosmos 33 (potassium
acetate) and Kosmos 75 (octoate catalyst) were provided by Evonik Industries AG (Essen, Germany).
Cyclopentane (blowing agent) and pentane (blowing agent) were purchased from Merck KGaA
(Darmstadt, Germany). Sodium hydroxide (anhydrous), acetic acid (≥99.9%), ethanol (≥99.9%),
sulfuric acid (purity 95–98%) were provided by Sigma-Aldrich Corporation (Saint Louis, MO, USA).
Triphenylsilanol was provided by abcr GmbH Company (Karlsruhe, Germany). Walnut shells were
kindly provided by a Polish local company (Lodz, Poland).
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2.2. Methods

2.2.1. Pre-Treatment of WS with an Alkali Solution

WS filler was pretreated with 10% NaOH solution. A calculated amount of WS filler was soaked in
the NaOH solution for 1 h. After that, the solution was neutralized with 1% acetic acid. Such obtained
alkali-treated filler was washed with ultrapure water to pH of 7 and dried in an oven (24 h, 80 ◦C).

2.2.2. Silanization of WS

Alkali-treated WS filler was treated with a 5% triphenylsilanol solution. The calculated amount
of WS filler was soaked in a solution of triphenylsilanol in ethanol, maintaining the ratio of WS filler
to a solution at the level of 1:20 (by weight). After 3 h, the triphenylsilanol solution was evaporated,
and the silane-treated WS filler was separated from the solvent. The silane-treated WS was washed
with ultrapure water and dried in an oven (24 h, 80 ◦C).

2.2.3. Acetylation of WS

Alkali-treated WS was soaked in a mixture of acetic acid and acetic anhydride (1:1 v/v). To promote
the reaction, a few drops of sulfuric acid were dropped into the mixture and the solution was intensively
stirred for 30 min. Lastly, the WS was removed from the mixture, thoroughly washed with ultrapure
water to pH of 7. The acetylated WS filler was placed in an oven (120 ◦C) and dried, until a constant
weight of the WS filler was obtained.

2.2.4. PUR Foams Preparation

The selected amounts of polyester polyol, WS-based polyol, surfactant, catalysts, flame retardant,
and blowing agent were placed in a cylindrical form and mixed with mechanical stirring (1000 rpm,
30 s). The obtained mixture was modified with the addition of 2 wt.% of non-treated, silanized,
or acetylated-WS, and thoroughly mixed at 1000 rpm for 60 s. After the complete dispersion of WS
filler, an isocyanate component was poured into the mixture and stirred for another 30 s. The resulting
PUR foams were expanded freely in open forms. Before further characterization, PUR foams were
conditioned at a standardized temperature of 25 ◦C and humidity of 50% for 24 h. The detailed
formulations presenting the weight ratio of components are shown in Table 1. The schematic procedure
of PUR foams synthesis is given in Figure 1.

Table 1. The weight ratio of components used for polyurethanes (PUR) foam synthesis.

Component PUR_0 PUR_WS_NT PUR_WS_A PUR_WS_S

Amount, parts by STEPANPOL PS-2352 weight [pbw]
STEPANPOL PS-2352 80 80 80 80

WS-based polyol 20 20 20 20
PUROCYN B 160 160 160 160

Kosmos 75 6 6 6 6
Kosmos 33 0.8 0.8 0.8 0.8

Tegostab B8513 2.5 2.5 2.5 2.5
Water 0.5 0.5 0.5 0.5

Pentane/cyclopentane 11 11 11 11
Non-treated WS 0 2 0 0
Acetylated WS 0 0 2 0
Silanized WS 0 0 0 2
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Figure 1. Schematic procedure of PUR foam synthesis. 
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Figure 1. Schematic procedure of PUR foam synthesis.

2.3. Test Methods

The dynamiclLight scattering (DLS) method was used to evaluate the average size of filler particles
using a Zetasizer NanoS90 instrument (Malvern Instruments Ltd, Malvern, UK). WS particles were
dispersed in a polyol (0.04 g·L−1) and the average of 5 individual measurements was evaluated.

The viscosity of PUR systems was determined according to ISO 2555 [36]. The measurement was
performed using a rotatory viscometer (Viscometer DVII+, Brookfield, Berlin, Germany). The viscosity
of PUR systems was determined at different share rates—0.5, 5, 10, and 100 rpm (round per minute).
The average of 5 individual measurements was evaluated. The standard deviation was calculated.

The chemical structure of fillers was determined by Fourier-transform infrared spectroscopy (FTIR,
Nicolet iS50 spectrometer, Thermo Fisher Scientific, Waltham, MA, USA). An average of 64 individual
scans was evaluated.

Scanning electron spectroscopy (JEOL JSM-5500 LV, JEOL Ltd., Peabody, MA, USA) was selected
to analyze the structure of the fillers and PUR foams. The morphology features of PUR foams were
evaluated using ImageJ software (Java 1.8.0, Media Cybernetics Inc., Rockville, MD, USA).

The PUR foam density was calculated as the ratio of PUR mass to volume, following ISO 845 [37].
The average of 5 individual measurements was evaluated. The standard deviation was calculated.

Compressive strength (σ10%), flexural strength (εf), and impact test were processed using Zwick
Z100 Testing Machine (Zwick/Roell Group, Ulm, Germany), following ISO 844 [38], ISO 178 [39],
and ISO 180 [40], respectively.

Thermogravimetric analysis (TGA) and differential thermogravimetry (DTG) were applied to
determine the thermal properties of PUR samples. A thermal analysis test was conducted in an argon
atmosphere using STA 449 F1 Jupiter Analyzer (Netzsch Group, Selb, Germany). The samples with an
initial weight of 10 mg were examined in the selected range of temperatures (from 0 to 600 ◦C).

The dynamic-mechanical characteristic (DMA) was performed using a modular compact rheometer
(ARES, TA Instruments, New Castle, DE, USA) under the selected parameters (constant deformation
of 0.1%, frequency of 1 Hz). The PUR samples were examined in the selected range of temperatures
(from 0 to 250 ◦C). The average of 5 individual measurements was evaluated. The standard deviation
was calculated.

The thermal conductivity of the PUR foams was examined using the LaserComp 50 heat flow
meter (HFMA, Westchester, IL, USA). The average of 5 individual measurements was evaluated.
The standard deviation was calculated.

3. Results and Discussion

3.1. Characterization of WS-Based Polyol

The properties of WS-based polyol have been widely discussed in our previous study [11].
The selected properties of bio-polyol and polyester polyol (STEPANPOL PS-2352) are shown in Table 2.
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Table 2. Selected properties of polyester polyol and walnut shell (WS)-based polyol [11].

Component
Viscosity
[mPa s]

Molecular Weight
(Mw) [Da]

Hydroxyl Number
[mg KOH/g]

WS-based polyol 2550 420 340
STEPANPOL PS-2352 2000-4500 468 230–250

3.2. Characterization of WS Filler

The chemical structure of non-treated, acetylated, and silanized WS was examined using FTIR
analysis. The obtained spectra are presented in Figure 2. Bands located at 840, 1035, 1455, and 2900 cm−1

are characteristic for the C–H vibration of cellulose, hemicellulose, and lignin of WS, respectively [41].
The new band at ~740 refers to Si–CH3 vibration and confirms the formation of chemical linkage
between the silane coupling agent and WS filler [42]. Other bands characteristic for silanized WS
occur at 1340, 1080, 3350 cm−1, and refer to Si–O–Si, Si–O, and O–H vibration of silanized WS,
respectively [42,43]. The acetylation of WS is confirmed by a reduced intensity of band attributed to
OH vibration that occurs at 3300 cm−1 [20,44]. Moreover, the presence of new peaks at 1230 cm−1 and
1730 cm-1, which are characteristic for C=O stretching of the ester carbonyl group and confirms the
successful acetylation of WS filler [45–47].

–

− –
–

− – – – –

− −

–

 

–

Figure 2. Fourier-transform infrared spectroscopy (FTIR) spectra of (a) non-treated WS, (b) silanized
WS, and (c) acetylated WS.

Silanization and acetylation treatments affect the morphology of the WS (Figure 3). The surface
of non-treated WS is rough and some cracks are visible on the filler surface. After the silanization
and acetylation, the topography of the WS filler becomes rougher, because the chemical treatments,
such as alkalization, may remove the waxy substances that smooth the filler surface [48–51]. However,
the previous studies have reported that such a rough topography of the filler particles may have
a beneficial effect on the further mechanical properties of composites [52,53]. The rough surface
of the filler may improve the mechanical interlocking and interphase bonding between the filler
surface and polymeric phase, which, in turn, results in better mechanical characteristics of such
reinforced composites.

The size of WS’s particles was examined in polyol dispersion. The particle size distribution of the
non-treated, acetylated, and silanized WS are given in Figure 4. The presented results indicate that the
size of non-treated and chemically-treated WS ranges from 300 to 1000 µm in all cases. The highest
percentage of particles for non-treated WS, acetylated WS, and silanized WS is observed at ~600, ~650,
and ~700 µm, respectively.
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Figure 3. SEM results of (a,b) non-treated WS (c,d) acetylated WS, and (e,f) silanized WS.
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Figure 4. The results of particle size distribution.

As presented in Table 3, comparing to PUR_0, the addition of WS filler results in a greater viscosity.
This may be connected with the Van der Waal’s forces and hydrogen bonding that occur between
the active groups of WS particle and polyester polyol [54]. With the addition of non-treated WS,
acetylated WS, and silanized WS, the viscosity increases from 840 mPa·s to 1700, 1900, and 2050 mPa·s,
respectively. All PUR mixtures behave as non-Newtonian fluids, and reveal an analog tendency to the
PUR mixtures containing various kinds of organic and/or inorganic fillers, which were reported in
previous works [36,37].

Table 3. Dynamic viscosity of PUR systems.

Sample
Dynamic Viscosity η [mPa·s]

0.5 rpm 5 rpm 10 rpm 100 rpm

PUR_0 840 ± 10 520 ± 8 470 ± 9 230 ± 7
PUR_WS_NT 1700 ± 12 1200 ± 10 750 ± 9 450 ± 8
PUR_WS_A 1900 ± 11 1300 ± 10 1050 ± 10 580 ± 8
PUR_WS_S 2050 ± 10 1450 ± 12 1200 ± 11 650 ± 7
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3.3. Foaming Kinetic

The impact of WS filler on the foaming process of PUR foams was monitored by measuring the
duration of the cream time, expansion time, and tack-free time. The cream time refers to the rise
start of the PUR system, the expansion time refers to the transition of the liquid-state to solid-state,
and tack-free time is measured until the foam solidifies completely. The results of characteristic times
are presented in Table 4.

Table 4. Processing times of PUR foams.

Sample Cream Time [s] Expansion Time [s] Tack-Free Time [s]

PUR_0 56 ± 3 419 ± 8 340 ± 7
PUR_WS_NT 60 ± 1 495 ± 9 375 ± 8
PUR_WS_A 59 ± 2 510 ± 6 365 ± 9
PUR_WS_S 59 ± 3 515 ± 8 370 ± 8

Due to the incorporation of non-treated, acetylated, and silanized WS, the cream and rise times
have increased [55–57]. In the case of PUR foams containing WS filler, the extended expansion time
may be connected with a limited expansion of cells. Due to the increased viscosity of the PUR system,
the mobility of the molecular chains is reduced, which, in turn, affects the polymerization kinetic of
PUR synthesis. As the viscosity of the PUR mixtures increases, the mass transfer of the blowing agent
from the solid to the gas phase decreases, and the expansion of PUR foam is slowed down [55–57].
Similar results have been shown by Kurańska et al. [58]. The authors confirmed that the incorporation
of the vegetable fillers, such as wood fibers, results in the elongation of processing times due to the
reduced reactivity of the modified systems.

3.4. Cellular Structure and Thermal Conductivity

The impact of non-treated WS and chemically-treated WS on the cellular structure of PUR foams
was examined using SEM (Figure 5). Mean cell size and closed-cell content are listed in Table 5.
When compared with neat PUR_0, the incorporation of each filler leads to a decrease of average cell
size, i.e., 380, 360, and 355 µm for PUR_WS_NT, PUR_WS_A, PUR_WS_S against 410 µm for neat
PUR_0. Based on this result, it can be concluded that WS particles can promote the nucleation of the
air bubbles, and prevent their coalescence during the expansion process. Paciorek-Sadowska et al. [19]
have reported a similar tendency—at a higher loading of rapeseed cake, the cellular structure of
PUR composites was more heterogeneous, and a reduced cell diameter was observed—for example,
the incorporation of 60 wt.% of rapeseed cake has reduced an average diameter from 316 to 250 µm.

Table 5. Structural parameters and thermal conductivity results of PUR foams.

Sample
Cell Size

[µm]
Apparent Density

[kg m−3]
Closed-Cell Content

[%]
Thermal Conductivity

[W m−1 K−1]

PUR_0 410 ± 9 38 ± 1 86.4 ± 0.6 0.0251 ± 0.0008
PUR_WS_NT 380 ± 9 42 ± 2 83.1 ± 1.1 0.0302 ± 0.0007
PUR_WS_A 360 ± 8 40 ± 3 85.9 ± 1.1 0.0293 ± 0.0009
PUR_WS_S 355 ± 8 39 ± 2 86.0 ± 0.8 0.0284 ± 0.0009

Comparing the PUR foams containing non-treated and chemically-treated PUR foams. it can
be seen that the incorporation of silanized and acetylated WS filler leads to the production of PUR
foams with regular structure and more uniform cells. Moreover, the incorporation of non-treated
and chemically-treated WS affects the closed-cell content of the foams. When compared with PUR_0,
the closed-cell content decreases slightly after the incorporation of WS filler, and this trend is more
visible in the case of PUR composites containing non-treated WS filler. Thus, the chemical treatment of
WS can improve the interphase adhesion between filler particles and polymeric matrix, which leads to
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the production of PUR composites with a more stable cellular morphology. A cross-linked structure
of PUR containing filler particles can prevent the collapse of the cells during their expansion and
form additional edges that are able to capture the emitted CO2 [59]. Sung et al. [60] stated that an
increase in pore size is connected with the hydrophobic character of the filler surface-hydrophobic
fillers exhibit greater adhesion to the polymer matrix, while the higher the hydrophilicity, the lower
the adhesion and greater the cell size of the foam structure. Such a tendency may be also found in our
study. Among the examined PUR foams, PUR_WS_NT is characterized by larger cell diameters, due to
the highly hydrophilic nature of WS. Acetylation and silanization treatments increase the hydrophobic
character of WS, thus the obtained PUR composites are characterized by more uniform cells with
reduced diameters.

 

−

−

Figure 5. Cellular structure of (a,b) PUR_0, (c,d) PUR_WS_NT, (e,f) PUR_WS_A and (g,h) PUR_WS_S.

The impact of WS on the density of PUR foams is presented in Figure 6 (for each measurement,
the entire experiment was repeated, and the presented value concerns the individual samples).
Comparing to PUR_0, the addition of WS fillers increases the density of PUR composites. The average
density of the neat PUR_0 is 38 kg m−3, while the density of modified PUR foams oscillates between 39
and 42 kg m−3 upon incorporating WS filler. It is clear that non-treated and chemically-treated WS affect
the value of apparent density differently, due to their different dispersion in the PUR matrix. The higher
level of dispersion, associated with the chemical modification of WS leads to lower nucleation energy
and greater adhesion between WS filler and PUR matrix, which determines a finer cell morphology
and lower apparent density [61]. As a result of this, PUR_WS_A and PUR_WS_S exhibit lower density
than PUR_WS_NT.

Thermal conductivity (λ) is an important parameter that determines the insulation properties of
PUR foams [16,62,63]. Generally, the λ value of PUR foams is calculated as a sum of λ of the gas in the
cells (λgas), the λ through the solid polymer (λsolid), the radiation heat transfer across the walls of the
solid struts (λradiation), and the convection of the gas within the cells (λconvection) [64]. As presented
in Table 5, thermal conductivity for PUR_0 is 0.0251 W m−1K−1. The incorporation of non-treated WS
increases the value of λ to 0.0302 W m−1K−1, however, it remains almost unchanged for PUR_WS_A
and PUR_WS_S—the value of λ increases slightly to 0.0293 and 0.0284 W m−1K−1, and it is still in line
with the conditions of insulation materials [1,65].
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Figure 6. The apparent density of PUR_0, PUR_WS_NT, PUR_WS_S, and PUR_WS_A.

3.5. Mechanical Characteristics

Compressive strength (σ10%), flexural strength (σf), and impact strength were examined to
determine the impact of surface WS fillers on the mechanical characteristics of PUR composites.
The results of σ10% are presented in Figure 7. When compared with PUR_0, σ10% increases by ~6%
for PUR_WS_NT. The mechanical strength increases after the chemical modifications of WS filler-the
value of σ10% increases by ~19% and ~21% for PUR_WS_A and WS_WS_S, respectively. Such a result
can be connected with the cellular structure of the resulting composites, which has a great impact
on their further mechanical properties. As discussed previously, PUR foams containing acetylated
and silanized WS have a more uniform structure, with a greater number of closed-cells (see Figure 5).
Moreover, after the silanization and acetylation treatment, the possible chemical reaction may occur
between the hydroxyl groups of WS and acetic acid or silane coupling agent, creating chemical covalent
linkages that improve the interfacial adhesion between the filler and the polymeric matrix [66,67].
Ciobanu et al. [68] reported that the incorporation of rigid, three-dimensional lignin improved the
mechanical characteristics of the resulting products. This was attributed to the fact that incorporated
lignin may act as a compatibilizer for PUR segments, successfully enhancing the mechanical properties
of the resulting composites.
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Figure 7. (a) Compressive, (b) flexural and impact strength of PUR foams.

The results of σf are shown in Figure 7. After the incorporation of non-treated, acetylated,
and silanized WS the value of σf is increased. When WS filler is incorporated without treatment, the σf
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increases by ~5% when compared with PUR_0. A further improvement is observed for PUR_WS_A
and PUR_WS_S—the value of σf increases by ~12% and ~16%, respectively. As followed by flexural
properties, the impact strength was measured as well (Figure 7). When comparing with PUR_0,
the impact strength of PUR foams containing non-treated and chemically-treated WS is increased.
The greatest improvement is observed for PUR_WS_S—the impact strength increases by ~13%. Previous
studies have shown that the finer cellular structures can improve the mechanical characteristics of
porous materials, thus, the PUR foams containing acetylated and silanized WS have a greater flexural
strength [69,70]. Moreover, the chemical modification of the filler may result in the rough morphology
of that promotes the mechanical interlocking between the filler surface and polymeric matrix, enhancing
the mechanical characteristics of the resulting composites. The rigid cellular structure of PUR foams
containing solid particles of the filler is able to absorb more energy during impact, resulting in the
better mechanical behavior of PUR foams [19].

3.6. DMA Results

DMA results are given in Figure 8. The storage modulus (E’) of the PUR foams containing
non-treated, acetylated, and silanized WS is higher than the PUR_0. This indicates a reinforcing effect
of the WS filler, which results in effective stress transfer from the filler to the PUR matrix. As observed
in Figure 8a, PUR_WS_A, and PUR_WS_S have a higher value of E’ than that containing non-treated
PUR_WS_NT. As reported in previous works, the chemical modification removes waxes and surface
impurities from cellulose fillers, thus, increasing its interaction with the polymer matrix [48–51].
Additionally, the chemical treatment helps in the fibrillation of the filler surface. Therefore, it can
be concluded that the rough morphology of the WS filler may improve the mechanical interlocking
between the filler and polymeric matrix, which, in turn, results in more efficient stress transfer from
the matrix to the filler particles and increased storage modulus.
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Figure 8. (a) Storage modulus and (b) tanδ of PUR foams.

The glass transition temperature (Tg) of PUR foams refers to the maximum of tanδ in the function
of the temperature (Figure 8b). All series of PUR foams show one peak of maximum on the graph,
indicating that the resulting composites can be classified as homogeneous blends. Moreover, PUR foams
containing WS filler exhibit higher value of Tg, which may be connected with higher viscosity of
PUR systems and reduced molecular mobility of polymer chains. As the Tg values of the treated
PUR_WS_A and PUR_WS_S are higher than non-treated PUR_WS_NT, it can be concluded that
chemical treatment affects the WS surface and improves the interphase contact between the filler and
PUR matrix. A lower tanδ peak value for PUR_WS_NT may be connected with weaker linkages
between the filler surface and the polymeric matrix, which results in a greater dissipation of energy.
Since the tanδ peak value illustrates the filler matrix adhesion, it can be concluded that the higher tanδ
peak value observed for PUR_WS_A and PUR_WS_S confirm the better compatibility between filler
surface and the polymeric matrix.
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3.7. Thermal Stability

TGA results are given in Figure 9 and Table 6. Results showed improved thermal characteristics
of PUR composites containing chemically-treated WS, however, there is almost no change in the case
of non-treated PUR_WS_NT.

Table 6. Thermogravimetric analysis (TGA) results.

Sample
Tmax [◦C] Residue at

450 ◦C
Residue at

600 ◦C
DTG

[%/min]1st Stage 2nd Stage 3rd Stage

PUR_0 218 315 581 48.1 21.9 0.0057
PUR_WS_NT 219 317 587 49.8 23.1 0.0055
PUR_WS_A 224 323 585 50.2 25.5 0.0056
PUR_WS_S 225 325 591 51.5 24.7 0.0056

The first degradation step refers to the temperatures of 5% weight loss (T5%). It was noticed that
the value of T5% increases slightly from 220 ◦C (for PUR_0) to 224 and 225 ◦C by the incorporation of
acetylated and silanized WS, respectively, while there is almost no change for PUR_WS_NT.

The second stage of degradation refers to the thermal decomposition of soft segments of PUR and
occurs in the range of 300–350 ◦C [71]. For PUR_0, the second stage is observed at 315 ◦C. A slight
improvement in thermal stability exhibits in PUR_WS_A and PUR_WS_S; when compared with PUR_0,
the temperature is increased by 8 and 10 ◦C, respectively. Such an improvement can be connected with
a greater crosslink density, due to the addition of acetylated and silanized WS. A more rigid structure
of PUR composites may successfully limit the mobility of the polymeric chains, which, in turn, reduces
heat transport and improves the thermal stability of PUR composites [72].

The third degradation step of PUR foams in observed in the range of 500–600 ◦C. The third
degradation step is mostly connected with the degradation of organic compounds incorporated into the
PUR matrix, such as cellulose, hemicellulose, and lignin [73]. The thermal characteristic of PUR foams
containing WS filler is similar to those of the unmodified PUR foam (PUR_0). With the incorporation
of acetylated and silanized WS, the mass loss increases due to the presence of cellulose [72]. The char
residue mass is another factor that determines the thermal stability of PUR foams. It can be seen that,
after the incorporation of each kind of WS filler, the amount of char residue is increased. For PUR_0,
the char residue is 48.1% at 450 ◦C, while, for PUR foams containing non-treated and chemically-treated
WS, the amount of char residue increases to 49.8% (for PUR_WS_NT), 50.2% (for PUR_WS_A), and 51.5%
(for PUR_WS_S). The rigid structure of lignin can limit the heat transport through the PUR foam
structure, which results in better thermal stability of PUR composites [73]. Analog results have been
shown in previous studies as well [74,75].

–

 

—

—

— —

Figure 9. (a) TG and (b) differential thermogravimetry (DTG) curves obtained for PUR foams.
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4. Conclusion

In the present work, the impact of non-treated, acetylated, and silanized WS on morphological,
mechanical, thermal, and physical properties of PUR foams has been investigated and discussed.
It has been shown that the cellular structure was affected, due to the addition of non-treated and
chemically-treated WS. PUR composites with the addition of acetylated and silanized WS exhibited
a more uniform structure than PUR foams with the addition of non-treated WS. The mechanical
characteristics of PUR foams, such as compressive, flexural, and impact strength, were improved after
the incorporation of non-treated and chemically-treated WS. Among all the specimens, the greatest
improvement was observed for PUR foams containing silanized WS—the compressive, flexural,
and impact strength were improved by 21, 16, and 13%, respectively. From this investigation, it can be
concluded that the acetylation and silanization of WS can improve the interfacial bonding between WS
and PUR matrix, enhancing the mechanical properties of the PUR foams. Moreover, the addition of
non-treated and chemically-treated WS improved the thermal properties of PUR foams—e.g., at 600 ◦C,
the char residue increased from 21.9 to 25.5% for PUR foams, with the addition of acetylated WS.
The addition of WS fillers did not affect the thermal conductivity of PUR foams.
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Abstract: Agricultural residues are major potential resources for biomass and for material production.
In this work, rice straw residues were used to isolate cellulose nanofibers of different degree of oxidation.
Firstly, bleached rice fibers were produced from the rice straw residues following chemical extraction
and bleaching processes. Oxidation of rice fibers mediated by radical 2,2,6,6-tetramethylpiperidine
1-oxyl (TEMPO) at pH 10 was then applied to extract rice cellulose nanofibers, with diameters of
3–11 nm from morphological analysis. The strengthening capacity of rice nanofibers was tested
by casting nanocomposite films with poly(vinyl alcohol) polymer. The same formulations with
eucalyptus nanofibers were produced as comparison. Their thermal and mechanical performance was
evaluated using thermogravimetry, differential scanning calorimetry, dynamic mechanical analysis
and tensile testing. The glass transition of nanocomposites was shifted to higher temperatures with
respect to the pure polymer by the addition of rice cellulose nanofibers. Rice nanofibers also acted as
a nucleating agent for the polymer matrix. More flexible eucalyptus nanofibers did not show these
two phenomena on the matrix. Instead, both types of nanofibers gave similar stiffening (as Young’s
modulus) to the matrix reinforced up to 5 wt.%. The ultimate tensile strength of nanocomposite films
revealed significant enhancing capacity for rice nanofibers, although this effect was somehow higher
for eucalyptus nanofibers.

Keywords: rice nanofibers; biocomposites; casting; mechanical properties; thermal properties

1. Introduction

Biomass has become a subject of increasing research and debate over recent times due to its
potential for energy and material production [1]. In fact, the current environmental concern is pushing
the international community towards policies that aim to displace fossil resources by biobased ones.
In this context, agricultural industries are playing a role since they use to produce huge amounts
of crop wastes annually. Disposal of these wastes in landfills causes serious problems related to
environmental contamination and harmful effects to human and animal health. Depending on the land
use and management options, agriculture can be a source or a sink for atmospheric CO2 [2]. In general,
the progressive increase in atmospheric concentration of CO2 and other greenhouse gases due to
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agriculture or industrial practices has created a worldwide awareness in identifying new strategies to
solve this global problem.

Crop residues are defined as the nonedible plant parts that are left in the field after harvesting.
Global production of residues from the six main crops (barley, maize, rice, soybean, sugar cane and
wheat) is estimated to be of around 3.7 Pg dry matter yr−1, and this value could increase by 1.3 Pg
dry matter yr−1 considering the current progress towards highly intensive agriculture [1]. The use of
crop residues as a raw material is recommended, especially considering their chemical composition of
lignocellulosic fibers, with significant amounts of cellulose in some cases. The mean values of some
agricultural residues’ chemical composition are presented in Table 1.

Table 1. Chemical composition of agricultural residues.

Agro-Industrial Waste
Chemical Composition (% w/w)

Ref.
Cellulose Hemicellulose Lignin Ash

Sugarcane bagasse 30.2 56.7 13.4 1.9 [3]

Rice straw 36.2 23.5 15.6 12.4 [4]

Corn stalks 61.2 19.3 6.9 10.8 [3]

Sawdust 45.1 28.1 24.2 1.2 [3,5]

Sugar beet waste 26.3 18.5 2.5 4.8 [3]

Barley straw 33.8 21.9 13.8 11 [6]

Cotton stalks 58.5 14.4 21.5 10 [6]

Oat straw 39.4 27.1 17.5 8 [5]

Soya stalks 34.5 24.8 19.8 10.4 [7]

Sunflower stalks 42.1 29.7 13.4 11.2 [7]

Wheat straw 32.9 24.0 8.9 6.7 [5,6]

The lignocellulosic character of agricultural residues makes them suitable as source of cellulose
fibers, which are the most abundant biopolymers on earth. The hierarchical structure of cellulose
fibers is unique, with linear β-1,4-glucan chains forming microfibrils of 3–4 nm diameter (about
30–40 chains), that bond together in bundles resulting in microfibers that intermix with hemicelluloses
at the secondary and primary layers of the plant cell wall, with lignin mainly at the primary layer
and middle lamella [8]. The extraction of cellulose from nanofibers and its application in composite
materials is gaining relevance thanks to their inherent properties such as high strength and stiffness,
light weight, biodegradability and renewability of their resources.

Nanocomposites are materials made up of at least two different phases where one component
has some dimension in the nano range, typically below 100 nm or even below 50 nm. Structurally,
nanocomposites are materials that involve nanosized filler particles (dispersed phase), a matrix
(dispersion phase), and an interfacial region. The main advantage of nanocomposites compared to
conventional ones is their unique characteristics due to their large surface area to volume ratio [9].
Therefore, nanocomposite materials take advantage of the outstanding properties of the nanosized
dispersed phase. The extraordinary mechanical, thermal, and structural properties of cellulose
nanofibers give them huge potential to act as a reinforcing agent. Besides, when strong interfacial
adhesion with the matrix is attained, proper stress transfer from the matrix to the reinforcing phase is
expected. Due to the hydrophilic nature of cellulose polymer, the interfacial region is crucial to allow
good dispersion and distribution of nanocelluloses into the polymer matrix, and to promote good
adhesion of the two components.

Poly(vinyl alcohol) (PVA) is the largest synthetic water soluble polymer produced in the
world [10,11]. It is prepared by the hydrolysis of polyvinyl acetate. The degree of solubility,
and the biodegradability as well as other physical properties can be controlled by varying the
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molecular weight (Mw) and the degree of hydrolysis (saponification) of the original polymer [11].
PVA possesses noticeable features such as water solubility, ease-of-use, film-forming property, and
biodegradability [12]. Thanks to all these characteristics, poly(vinyl alcohol) (PVA) has been widely
used for more homogeneous distribution of components in the preparation of blends and composites
with several natural, renewable polymers like chitosan, nanocellulose, starch, or lignocellulosic
fillers [10–17].

In this work, cellulose nanofibers from rice straw residues are obtained and used for the
production nanocomposite materials. The performance of rice nanofibers will be compared to other
well-known cellulose nanofibers from common sources like wood. Rice straw was first submitted to
a chemical bleaching process to obtain rice cellulose fibers, followed by an oxidation mediated by
radical 2,2,6,6-Tetramethylpiperidine 1-oxyl (TEMPO) as pretreatment to further extract rice cellulose
nanofibers. Nanocellulose fibers from rice straw are tested as reinforcing element of poly(vinyl
alcohol) polymer matrix. The hydrophilic character of the matrix is chosen as model for a fully
favorable nanofiber–matrix interface in order to analyze the potential of rice cellulose nanofibers.
The nanocomposites were prepared by casting to ensure proper dispersion and distribution of the
nanofibers into the polymer. The thermal and mechanical properties of the nanocomposites are
analyzed and compared to other currently used cellulose nanofibers.

2. Materials and Methods

2.1. Materials

Rice straw from the Oryza sativa species and of the appellation “Arroz de Valencia”, was used
as the raw material to extract cellulose nanofibers for the further preparation of composite materials.
Rice straw was air-dried for over 24 h and then cut into lengths of about 3–5 cm. Characterization of
the raw material was performed according to the Tappi test methods (Tappi, 2003–2004): hot water
extractives (T 207 cm-99), benzene-ethanol extractives (Tappi 204 cm-97), α-cellulose (Tappi 203 om-93),
and Klason lignin content (Tappi T222 om-98). The holocellulose was determined by treating the
extracted rice straw with NaClO2 solution. For comparison, cellulose nanofibers from eucalyptus were
also used as polymer reinforcement.

Poly(vinyl alcohol) (PVA) from Sigma Aldrich (Madrid, Spain) was used as the polymer
matrix. PVA, supplied as white powder, had a molecular weight of around 70000 g/mol and
was 87–90% hydrolyzed.

For solvent extraction, ethanol, benzene and toluene were used. Bleaching of rice straw was
performed with sodium chlorite (NaClO2) and acetic acid (CH3COOH). Further oxidation reaction
of rice straw fibers was carried out using the radical 2,2,6,6-Tetramethylpiperidine 1-oxyl (TEMPO),
sodium bromide (NaBr), sodium hypochlorite solution (NaClO) 15% w/v, sodium hydroxide (NaOH)
and hydrogen chloride (HCl). For the evaluation of carboxyl groups, methylene blue in powder was
used with a buffer solution made from boric acid (H3BO3) and potassium chloride (KCl). Finally,
for the viscosimetric analysis, cupriethylenediamine (C2H6CuN2) was used as cellulose solvent. All
chemical reagents were supplied by Sigma Aldrich and used as received.

2.2. Preparation of Rice Fibers

Rice straw was chopped using knives, milled, and meshed with a 40-mesh (400 µm) screen.
The retained matter was submitted to solvent extraction with ethanol/toluene (40/60) for 24 h to remove
pectin, waxes, and fats. After drying at atmosphere conditions, rice straw fibers were bleached as
follows: 50 g of rice fibers were immersed in a solution containing 5 g of sodium chlorite (NaClO2)
and 5 g of acetic acid (CH3COOH) in 1 L of distillate water. Stirring was maintained for 4 h at 80 ◦C.
Rice fibers were afterwards thoroughly rinsed with distillate water. A second bleaching step was
performed under the same chemical conditions for 2 h at room temperature. After proper rinsing,
the rice fibers were kept at 4 ◦C in the fridge. The mean fiber length and diameter of the obtained rice
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straw fibers were analyzed by means of a MorFi Compact fiber analyzer from TECHPAP (Grenoble,
France). For this purpose, a dilute suspension of fibers (25 mg/L) was analyzed using an optics and
flow cell measurement. Data of more than 3000 fibers were analyzed and the fiber length distribution,
diameter distribution, as well as the mean values, were obtained.

2.3. Preparation of Rice Nanofibers

TEMPO-mediated oxidation at basic conditions was used as pretreatment for the extraction of
cellulose nanofibers. Rice straw fibers (1 g) were suspended in water (100 mL) in the presence of
TEMPO radical (0.016 g, 0.1 mmol) and sodium bromide (0.1 g, 1 mmol). Sodium hypochlorite solution
(NaClO) of 15% w/v was added in the suspension and the pH was adjusted to 10 by adding hydrogen
chloride 0.1 M. Magnetic stirring was applied to the suspension in order to assure good dispersion of
all the substances. The oxidation reaction started when the desired amount of NaClO was added into
the system. In this case, different oxidation degrees were tested by adding 3, 5, 8, or 12 mmol of NaClO
per gram of cellulose fiber. The addition was dropwise at room temperature with constant stirring of
about 500 rpm. The pH was maintained constant at 10 by continuous addition of sodium chloride.
The reaction finished when the pH was constant [18,19].

After oxidation, the cellulose fibers were centrifuged at 10,000 rpm for 10 min, to remove all
the chemical reagents. The supernatant was discarded and the solids were resuspended in distillate
water and centrifuged again. The process was repeated five times. The final suspension was 1% by
weight. This suspension was disintegrated using and Ultraturrax IKA T24 digital working at 20.000
rpm during 5 min. The final appearance was a transparent gel-like suspension that was kept at 4 ◦C in
the fridge for further use. This rice cellulose nanofibers were named r-CNF.

The TEMPO-mediated oxidation of cellulose fibers from eucalyptus fibers was carried out at
neutral pH conditions according to methodology reported elsewhere [20]. The eucalyptus (hardwood)
cellulose nanofibers were named h-CNF.

2.4. Characterization of Rice Nanofibers

Attenuated total reflectance Fourier transform infrared (ATR-FTIR) spectroscopy was performed
on a Mattson Satellite spectrometer (Mettler Toledo, L’Hospitalet de Llobregat, Spain) equipped with a
MKII Golden Gate Reflection ATR System. Spectra of the different oxidized rice cellulose nanofibers
were recorded by co-adding 64 scans at 4 cm−1 optical resolution within the range 600–4000 cm−1.
The samples were cut in about 5 × 5 cm and were immersed for 5 s in an HCl 0.1 M solution with the
aim of acidifying the carboxylate groups.

The carboxyl content of oxidized fibers was measured by UV-visible spectroscopy with the
methylene blue method [21,22]. Here, a weighted oxidized cellulose sample (approx. 10–15 mg) was
suspended in 25 mL of aqueous methylene-blue chloride solution (300 mg/L) and 25 mL of borate
buffer of pH 8.5. The suspension is stirred for 1 h at 20 ◦C in a 100 mL Erlenmeyer flask. After this time,
the suspension is centrifuged at 10,000 rpm for 20 min to isolate the fibers. The supernatant contains
the nonadsorbed methylene blue that is determined photometrically, employing a calibration plot.
After centrifuging, 1 mL of supernatant is introduced in a 10 mL volumetric flask together with 1 mL
of acid chloride HCl 0.1 M. The total amount of free, i.e., nonadsorbed, methylene blue was calculated
from experimental results (A) using the UV-VIS Spectrophotometer Shimadzu UV 160 (Thermo Fischer,
Bilbao, Spain), working at 664 nm wave length. The final amount of carboxyl groups in mmol per
gram of cellulose is given by the equation:

COOH (mmol/g) =
(7.5−MBna)·0.00313

w
(1)

where MBna is the amount of nonadsorbed methylene blue (mg) and w is the dry weight of
the sample (g).
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The water retention value (WRV) was measured by separating a determined volume of cellulose
nanofibers gel into two equal portions, which were then centrifuged in a Sigma Laborzentrifugen model
6 K15 at 2400 rpm for 30 min to eliminate nonbonded water. In order to retain the NFC, a nitrocellulose
membrane with a pore diameter of 0.65 µm was used at the bottom of the centrifuge bottles. Once
centrifuged, only the NFC in contact with the membrane was removed, weighed, and then dried at 105
± 2 ◦C for 24 h in containers of previously measured weight. This methodology is based on Tappi um
256. The average WRV value was then calculated according to the next equation:

WRV (%) =
(Ww −Wd)

Wd
·100 (2)

where Ww is the wet weight (g) and Wd the dry weight (g).
The degree of polymerization (DP) was determined from intrinsic viscosity measurements,

according to UNE 57-039-92 (which agrees with ISO 5351-1:1981) using cupriethylenediamine as
solvent. The correlation between the intrinsic viscosity [η] and the degree of polymerization (DP) was
calculated from the next equation:

[η] = K′·DPa (3)

with K’ = 0.42 and a = 1 for DP < 950, and K’ = 2.28 and a = 0.76 for DP > 950 [23,24].
Original fibers were observed by scanning electron microscopy. For this, the used microscope

was ZEISS DSM 960 (Zeiss, Jena, Germany) operating at 25 kV. Specimens were previously coated
by sputtering 10 Nm gold at the surface. On the other hand, cellulose nanofibers were observed
using transmission electron microscopy (TEM) by means of a ZEISS EM 910 Transmission-Electron
Microscope (Zeiss, Jena, Germany). Samples were prepared by diluting the gel suspensions 10 times in
distilled water. Later, 8 µL of the diluted nanocellulose suspensions were deposited on the membrane
grid and, after drying, it was dyed with a 1% solution of uranyl acetate for 3 min. The surplus was
removed with absorbent paper for the observation.

2.5. Preparation of PVA-Rice Nanocomposites

For the preparation of nanocomposites, 12.5 g of poly(vinyl alcohol) (PVA) were dissolved in
250 mL of water at 10 ◦C in high magnetic stirring. The gel of cellulose nanofibers was diluted until 0.1
wt.%. Different amounts of cellulose nanofibers, from rice straw (r-CNF) or from eucalyptus (h-CNF),
were mixed with the polymer solution in order to obtain nanocomposites comprising 0.5, 1, 2.5, and
5 wt.% of nanofiber reinforcement. Nanocomposite suspensions of 2 g dry weight were prepared.
The PVA-nanocellulose suspensions were homogenized by stirring for 1 h, and cast in petri dishes
afterwards. The suspensions were dried in an oven at 37 ◦C for four to five days. A transparent film
was obtained from where the specimens were cut for material characterization. A scheme illustrating
the production process of the PVA-CNF nanocomposites is presented in Figure 1.

2.6. Characterization of PVA-Rice Nanocomposites

Thermal characterization of the nanocomposites was conducted from differential scanning
calorimetry (DSC) tests using Mettler Toledo DSC822 equipment (Mettler Toledo, L’Hospitalet
de Llobregat, Spain). Around 7–9 mg of sample was placed in the 40 µL aluminum capsule.
The temperature ramp was from 30 to 240 ◦C at a 10◦/min heating rate under nitrogen flow of 40 µL/min.
Values of glass-transition temperature (Tg), melting temperature (Tm), melting enthalpy (∆Hm),
and degree of crystallinity (Xc) were deduced from DSC analysis. Two heating/cooling procedures
were applied.
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Figure 1. Illustrative scheme on the production mechanism of poly(vinyl alcohol)–cellulose nanofiber
(PVA–CNF) nanocomposites.

Thermogravimetric analysis (TGA) was also performed using Mettler Toledo TGA851 equipment
(Mettler Toledo, L’Hospitalet de Llobregat, Spain). For this, samples of around 10–15 mg were disposed
in a 70 µL aluminum capsule. The assay was carried out from 30 to 650 ◦C at a 10◦/min heating rate
and under nitrogen flow of 40 µL/min. The degradation temperatures were obtained from the first
derivative of the mass loss curve (DTG).

Prior to mechanical characterization, the specimens were conditioned in a Dycometal (Barcelona,
Spain) climatic chamber at 23 ◦C and 50% relative humidity for 48 h before the tensile test and the
dynamic mechanical analysis, according to ASTM D618 standard. Nanocomposite samples were
mechanically tested in a universal testing machine Hounsfield model 42 (Tinius Olsen, Salfords,
England) equipped with a 2.5 kN load cell. Sample dimensions were 5 mm wide and 45 mm long,
and had a thickness of 0.2–0.3 mm. Preload was 0.1 N and cross-head speed was 5 mm/min. The results
obtained were the average of at least five tested samples and data scattering within the range of 5–9%.

Dynamic mechanical analyses (DMA) of conditioned samples were performed using a Mettler
Toledo DMA/SDTA861 instrument (Mettler Toledo, L’Hospitalet de Llobregat, Spain). The DMA
measurements were done operating at tensile mode, at constant frequency of 1 Hz, amplitude of 20 µm
and temperature range from −50 to 130 ◦C at a heating rate of 5◦/min. The specimen dimensions were
5 mm width and 22.5 mm length, with thickness of 0.2–0.3 mm.

3. Results and Discussion

3.1. Rice Straw Fibers and Nanofibers

The valorization of agricultural wastes from rice crops is proposed in this study. In particular,
we investigate the use of rice straw as potential raw material for cellulose nanofiber production.
The chemical composition of the rice straw used in this study is shown in Table 2.
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Table 2. Composition of rice straw % (w/w dry weight).

α-Cellulose Pentosan Klason Lignin Benzene-Ethanol Extractives Hot-Water Extractives Ashes

41.2 19.5 21.9 0.56 7.3 9.2

These residues can be considered an interesting resource of cellulose fibers complementary to
the other types of sources, mainly wood. The use of industrial residues or low-value byproducts as
raw materials for the production of materials with high value, such as cellulose nanofibers, has been
described in the literature by other authors [25–27]. It is worth noting that the holocellulose content
(α-cellulose and pentosans) of rice straw residue is 60.7%. In general, the chemical composition is
comparable to literature values, including other straw residues [4,5,27], with lignin values close to
those for hardwood fibers [28]. Given the lower lignin content in the crop residues, along with their
more porous structure compared to those of hardwoods and softwoods, milder pulping conditions
with no sulfur processes can be applied for the lignin extraction [29]. In the current case, two bleaching
processes with sodium chloride in acetic acid were employed to remove the lignin, once pectins and
waxes were extracted. As a result, rice fibers were obtained with the length and diameter distributions
shown in Figure 2. The mean weighted fiber length and fiber diameter were respectively 640 and
22,1 µm, with an aspect ratio of around 29. With this morphology, rice straw fibers can be considered
as potential fibers for composite reinforcement.
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Figure 2. Arithmetic fiber length distribution (a) and fiber width distribution (b) of rice straw fibers.
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Cellulose fibers and nanofibers from wood are often used in comparison with the behavior of
other natural fibers [30]. For the current study, micrographs from fibers and nanofibers from rice
and eucalyptus are presented in Figure 3. An image of the obtained rice fibers observed by scanning
electron microscopy is given in Figure 3a. As comparison, Figure 3b presents microphotography at
the same amplification for bleached commercial eucalyptus pulp. Both the rice fibers and eucalyptus
fibers were submitted to TEMPO-oxidation as pretreatment to isolate respective cellulose nanofibers,
for which micrographs of transmission electron observation are presented in Figure 3c,d respectively.
Mean nanofiber diameters were found to be 3–11 nm for rice nanofibers and around 4–6 nm for
eucalyptus nanofibers, evidencing that both methodologies were suitable for extracting cellulose
nanofibers. The fact that wood delivers somewhat thinner nanofibers is in agreement with results from
other authors in the literature, also comparing wood and rice straw nanofibers [31].

  

(a) (b) 

  

(c) (d) 

Figure 3. Scanning electron microphotographs of rice straw fibers (a) and of eucalyptus fibers (b).
Transmission electron microscopy of rice straw nanofibers (c) and of eucalyptus nanofibers (d).

Different oxidation degrees were used on the preparation of cellulose nanofibers from rice straw.
Table 3 shows the main characteristics of TEMPO-oxidized rice nanofibers. The oxidation reaction
was applied on four different extensions. Different amounts of sodium hypochlorite solution required
different reaction times to complete the oxidation step. The resulting rice nanofibers showed different
nanofiber lengths (polymerization degree) and different surface charges (carboxylic groups). In these
terms, higher degrees of oxidation gave higher amounts of carboxylic groups, but lower cellulose chain
lengths. This is expected considering the mechanism associated to TEMPO-oxidation reaction.
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Table 3. Characteristics of TEMPO-oxidized rice nanofibers.

Amount
of

NaClO
(mmol/g)

Oxidation Time
(min)

Water Retention Value
(%)

Carboxylic Groups
(mmol/g)

Degree of Polymerization
DP

Viscous Molecular Weight
(g/mol)

3 110 220 0.23 356 57,600

5 140 290 0.49 330 48,600

8 190 421 0.59 248 40,300

12 220 540 0.99 180 29,200

FTIR is a rapid and nondestructive technique for the qualitative and quantitative determination of
biomass components [32]. Moreover, FTIR with ATR (attenuated total reflectance) allows attenuation
of the incident radiation and provides IR spectra without the water background absorbance. From
ATR-FTIR analysis (Figure 4) it is confirmed the appearance of the absorption peak at 1720 cm−1

wavelength, associated to carbonyl groups. From the magnification of the ATR-FTIR spectra between
1680 and 1800 cm−1, rice fibers did not present any absorption band, while a peak appears after the
oxidation reaction, more intense for higher extension reaction. In all the cases, the rest of the bands
correspond to characteristic cellulose absorption peaks, as follows: –OH broad band between 3600 and
3200 cm−1 as well as the peaks at 1335 and 1205 cm−1; C–O–C bond at 1160 cm−1; CH2 stretching and
bending vibrations at 2918, 3851, 1427 and 1315 cm−1; and finally bending vibration for CH at 1360 and
1280 cm−1.
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Figure 4. Attenuated total reflectance Fourier transform infrared spectroscopy (ATR-FTIR) spectra of
rice fibers and for of nanofibers at two different degrees of oxidation.

The extent of the oxidation reaction impacted on the number of carboxylic groups on the cellulose
surface (Table 3). In the current work, carboxylic groups were between 0,23 and 0,99 mmol per gram of
rice cellulose fiber. These numbers agree with other values found in the literature for other cellulosic
fibers, specifically for softwood [22]. It can be speculated that higher charge means more individualized
nanofibers in suspension, although this has not been confirmed. It is clear though that the extent of the
oxidation reaction, and so the number of carboxylic groups, influenced the water retention value of the
resulting nanofibers. Water retention values relates to the amount of water adsorbed into the fibers.
From the processing point of view, higher water retention values mean longer filtration times or larger
casting times. Water retention values will combine with larger carboxylic content and also with larger
fiber specific surface. Higher fiber individualization will favor the global specific surface and so the
water retention values. The higher the oxidation extent, the lower the degree of polymerization was.
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The graphical relation between water retention values and polymerization degrees with the carboxylic
content is illustrated in Figure 5. Then, fiber shortening was observed when the carboxylic content
was higher. The polymerization degree was deduced from the viscous molecular weight analysis
of cellulose fibers, using k’ = 0,42 and a = 1 as constant parameters for the current system [23,24].
There was a substantial decrease in the molecular weight of rice cellulose nanofibers with the extent of
the oxidation reaction. As described previously, the viscous molecular weight was determined from
dissolving cellulose nanofibers with cupriethylenediamine (CED). Some authors [18,33] have shown
that the C6 aldehydes, formed as intermediate structures during the TEMPO-mediated oxidation,
cause a remarkable depolymerization during dissolution in CED by β-elimination. The values found
in our study agree with those found in the literature in similar experimental conditions [33].
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Figure 5. Water retention value and degree of polymerization with the carboxyl content.

3.2. PVA–Rice Nanocomposites

The combination of rice cellulose nanofibers with poly(vinyl alcohol) (PVA) allows PVA–rice
nanocomposites to be obtained. Since both components are either water-soluble (polymer) or
water-dispersible (rice nanofibers), casting in water was the chosen methodology to ensure proper
distribution and dispersion of the reinforcing nanofibers into the polymer matrix and to avoid nanofiber
aggregation. One important advantage of using PVA is the polar affinity of the polymer chains with
cellulose fibers and nanofibers. It is therefore used as model system in order to analyze the reinforcing
effect without side effects due to interface compatibility. Moreover, water-based procedures will avoid
nanofiber aggregation during nanocomposite formation, which is one of the main issues in this field.
In order to be able to compare the performance of rice nanofibers with others commonly used, PVA
nanocomposites reinforced with cellulose nanofibers from eucalyptus (hardwood) were also analyzed.

The thermal characteristics as well as the crystallinity level of the polymer in nanocomposites are
summarized in Table 4.

Glass transition temperature was determined from the second heating process applied to the
samples. In the first heating process, the peak collided with the presence of water in the sample.
Water integration gave 1.48% of water in the PVA sample, and between 0.31 and 0.35% of water in
the biocomposites. Only the dry weight of the samples was used in further DSC calculations. In all
cases, the addition of either nanofiber into the matrix moved the glass transition towards slightly
higher temperature values. The same occurred with maximum melting temperature: biocomposites
showed higher melting temperature than unreinforced matrix. This was more evident from the second
heating step. In regard to the degree of crystallinity, the nanofibers did not act as nucleating agent,
at least from the sample preparation (first heating, χa

c). Instead, from the second heating (χb
c), rice
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nanofibers did promote polymer crystallinity, although this was not observed for the eucalyptus
nanofibers. The different nanofiber diameter and morphology of rice and eucalyptus nanofibers can
explain this difference. Rice nanofibers were more rigid that eucalyptus nanofibers, better acting as
nucleating agents.

Table 4. Thermal characteristics from DSC analysis. Glass transition temperature (Tg), Melting
temperature (Tm), Melting enthalpy (∆Hm), and degree of crystallinity (χc) of the polymer. Superscript
a is for the first heating process, superscript b is for the second heating process. (χc(%) = (∆Hm)/(( ∆H0

m)

×ω))*100), with ∆H0
m is the heat of fusion for the 100% crystalline polymer, which is estimated to be

∆H0
m = 139 J/g for PVA-88 hydrolyzed; ω is the weight fraction of polymeric material in the respective

composites).

Sample
Tb

g

(◦C)

Ta
m

(◦C)
Tb

m

(◦C)

∆Ha
m

(J·g−1)
∆Hb

m

(J·g−1)

χa
c

(%)
χb

c

(%)

PVA 67.9 193.2 167.8 54.69 30.47 39.3 21.9

PVA/r-CNF2.5 69.0 194.8 176.9 27.73 30.84 19.9 22.2

PVA/r-CNF5 69.3 194.8 178.7 28.36 35.85 20.4 25.8

PVA/h-CNF2.5 69.7 194.9 171.1 27.22 25.66 19.6 18.5

PVA/h-CNF5 70.2 194.3 175.4 26.23 25.02 18.9 18.0

Thermal stability of biomaterials is important for their applicability in biocomposite fields.
Figure 6 displays the TG and the differential thermogravimetric curves of the net polymer (Figure 6a),
both nanofibers (Figure 6b), and of the respective PVA nanocomposite at 5 wt.% nanofiber content
(Figure 6c). PVA polymer showed two main degradation peaks at 339 and 458 ◦C. Our polymer was
90% hydrolyzed. The literature shows that fully hydrolyzed PVA also shows two main degradation
peaks (at 375 and 440 ◦C), corresponding to the chain-stripping produced by the removal of water
molecules (dehydration of the PVA polymer) followed by chain scission and decomposition [34].
For partially acetylated PVA like in the current case, the first peak shifted towards lower temperatures.

The mass loss around 150 ◦C accounts for volatiles and additives present in the matrix. Two main
degradation bands are also found in both types of nanofibers, one around 260–270 ◦C and another at
325–330 ◦C (Figure 6b). The first corresponds to hemicelluloses and the second to cellulose itself. The
deviation from linear in the curves below 200 ◦C stand for the slow loss of water molecules kept inside
the rice or eucalyptus nanofibers’ structure. Once inside the biocomposite, the hemicellulose band was
not visible, and only the main peaks from cellulose and the polymer were present (Figure 6c).

Mechanical properties of biocomposites were investigated from DMA and tensile tests.
The variation in storage modulus with the temperature of rice and eucalyptus bionanocomposites is
presented in Figure 7. Reinforcing of PVA with nanofibers favored a higher storage modulus above
room temperature and especially beyond glass transition (rubbery region). Reinforcing with these
nanofibers is beneficial when working at higher temperatures. In the glassy region, only rice nanofibers
produced some benefit compared to the polymer. Quan et al. also proved the increase in storage
modulus for PVA–cellulose nanofiber composites above 30 ◦C as compared to the plain matrix [35].
It was reported that the difference between the elastic tensile modulus of cellulose nanofibers and
that of the matrix is not high enough to benefit from a reinforcement effect in this temperature range.
From our study, however, rice nanofibers provided a better reinforcement effect than eucalyptus
nanofibers at both glassy and rubbery regions. We do not have a clear explanation for this, but it could
be related to the different morphology of both types of nanofibers. Hence, while eucalyptus nanofibers
are more flexible, rice nanofibers have a more rigid shape, as seen in the TEM images from Figure 3.
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Figure 6. Mass loss (%) and first derivative (DTG) of polyvinyl alcohol (a), rice nanofibers (r-CNF)
and hardwood nanofibers (h-CNF) (b), and of the respective nanocomposites containing 5 wt.% of
nanofibers (c).
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Figure 7. (a) Change in storage modulus (E’) and (b) loss modulus (E”) as function of temperature for
PVA and biocomposites at 2.5 and 5 wt.% content of rice nanofibers (r-CNF) or eucalyptus nanofibers
(h-CNF).

Other authors also found little influence on the storage modulus in eucalyptus CNF
nanocomposites, although the methodology for composite preparation was different, and they claimed
aggregation of their nanofibers [36]. Values of Tg deduced from the peak of the loss modulus (also in
Figure 7) proved the different influence of both type of nanofibers. The dynamic loss modulus is often
associated with internal friction and is sensitive to different kinds of molecular motions, relaxation
processes, transitions, morphology, and other structural heterogeneities. The determination of the
glass transition temperature (Tg), from the loss modulus, gave 35 ◦C for the net PVA, and 43 and 58 ◦C
for rice nanocomposites at 2.5 and 5 wt.%. Instead, the same formulations with eucalyptus nanofibers
gave tan δ of 40 and 42 ◦C, respectively, so higher than the matrix but below that for rice nanofibers.
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The properties from tensile tests of PVA and all PVA biocomposites up to 5 wt.% of rice nanofibers
or eucalyptus nanofibers are presented in Table 5. Graphical representation is in Figure 8. The same
formulations of rice cellulose nanofibers (r-CNF) and eucalyptus nanofibers (h-CNF) were prepared
for comparison. The net PVA matrix was more soft and weaker than the biocomposites, but with
tensile strength and Young’s modulus comparable to high-density polyethylene or polypropylene. This
is good since any improvement will make competitive materials, in terms of mechanical behavior.
For biocomposites with rice CNF, mechanical properties, namely tensile strength and Young’s modulus,
showed a linear increase up to 1 wt.% nanofiber content, and then the increments were less pronounced.
Thus, incorporation of 1 wt.% r-CNF gave 1.6 times ultimate tensile strength, whereas incorporation of up
to 5 wt.% r-CNF produced only 1.8 times greater ultimate tensile strength, both compared to the plain PVA
matrix. Cellulose nanofibers from eucalyptus pulp always produced major improvements, especially for
the tensile strength, which were 1.7 and 2.3 times higher for the same respective formulations. The higher
increments on the tensile strength for the eucalyptus nanofibers can be explained due to the nanofiber
morphology and their lower diameter compared to rice nanofibers. However, both types of nanofibers
performed similarly for the Young’s modulus with similar increments. It was noticeable that there was a
more than 3.5 times increase in rigidity with only 5 wt.% CNF. As expected, elongation at break decreased
with the amount of CNF. However, deformations for biocomposites from eucalyptus nanofibers were
larger compared to those from rice nanofibers. It seems, therefore, that the different morphology of
eucalyptus nanofiber was beneficial for higher elongations at break.

Table 5. Main tensile properties of PVA and bionanocomposites (EYoung : Young’s modulus, σ : ultimate
tensile strength and εbreak : elongation at break).

Sample EYoung (GPa) σ (MPa) εbreak(%)

PVA 1.27 ± 0.1 35.9 ± 1.5 136.5 ± 10.5

PVA/r-CNF0.5 2.37 ± 0.3 43,1 ± 2.0 105.1 ± 5.2

PVA/r-CNF1 3.99 ± 0.1 57.8 ± 1.3 2.54 ± 1.7

PVA/r-CNF2.5 4.05 ± 0.1 62.1 ± 2.0 1.90 ± 1.2

PVA/r-CNF5 4.43 ± 0.2 65.1 ± 1.1 1.76 ± 0.5

PVA/h-CNF0.5 2.67 ± 0.2 44.6 ± 2.9 128.8 ± 7.7

PVA/h-CNF1 3.91 ± 0.1 62.1 ± 2.0 2.99 ± 2.5

PVA/h-CNF2.5 4.10 ± 0.1 70.6 ± 2.1 3.42 ± 1.3

PVA/h-CNF5 4.72 ± 0.2 82.2 ± 1.4 3.66 ± 0.8
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Figure 8. Graphical representation of tensile strength and Young’s modulus for all bionanocomposites.
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4. Conclusions

In this work, cellulose nanofibers were extracted from rice straw, showing that high-added-value
products can be obtained from agricultural residue. This residue contains more than 60% holocellulose,
of which about 41% is α-cellulose. Rice fibers were produced following bleaching processes and the
obtained fibers had an aspect ratio of 29. From the following procedure, rice nanofibers with diameters
ranging between 3–11 nm were extracted. Rice nanofibers were used to reinforce poly(vinyl alcohol)
matrix by casting. For comparison, eucalyptus nanofibers were also used to produce nanocomposites.
The reinforcing capacity of rice nanofibers was proved, increasing by 3.5 times the Young’s modulus of
the polymer. Similar stiffening was found for eucalyptus nanofibers. Instead, eucalyptus nanofibers
were more favorable in strengthening, with ultimate tensile strengths 2.3 times higher than that from
rice nanofibers, with ultimate strength 1.8 times that of the matrix, all values for 5 wt.% nanofiber
content. The different morphology of both nanofibers behaved differently with polymer deformation
or polymer crystallinity. Higher flexibility for eucalyptus nanofibers resulted in higher biocomposite
deformation, but less ability to act as nucleating agent for crystal growing. Conversely, rice nanofibers
acted distinctly as a nucleating agent for polymer crystal growing. Similarly, at DMA tests, rice
nanofibers were more favorable to keep the storage modulus at a rubbery state, and clearly increased
the Tg much more, as determined from the loss modulus peak.

All theses findings should encourage the use of agricultural residues as biomass for added-value
materials and help in recommending better solutions for crop waste.
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Abstract: This study reports the synthesis of polyurethane–lignin copolymer blended with carbon
multilayer nanotubes to be used in all-solid-state potentiometric chemical sensors. Known applicability
of lignin-based polyurethanes doped with carbon nanotubes for chemical sensing was extended
to eucalyptus LignoBoost® kraft lignin containing increased amounts of polyphenolic groups
from concomitant tannins that were expected to impart specificity and sensitivity to the sensing
material. Synthesized polymers were characterized using FT-MIR spectroscopy, electrical impedance
spectroscopy, scanning electron microscopy, thermogravimetric analysis, and differential scanning
calorimetry and are used for manufacturing of all solid-state potentiometric sensors. Potentiometric
sensor with LignoBoost® kraft lignin-based polyurethane membrane displayed theoretical response
and high selectivity to Cu (II) ions, as well as long-term stability.

Keywords: LignoBoost® kraft lignin; potentiometric sensors; carbon nanotubes; impedance
spectroscopy; transition metals

1. Introduction

Conducting polymers comprise various types of polymeric materials with electronic and/or
ionic conductivity—including doped conjugated polymers, redox polymers, polymer composites,
and polymer electrolytes [1,2]. In the field of potentiometric sensors, conducting polymers are primarily
used as ion-to-electron transducers for the fabrication of all-solid-state polymeric sensors. Conducting
polymers can be employed as a solid inner contact or as a sensitive layer if it is mixed with active
substances or contains functional groups capable of ion recognition. The merit of the latter approach is
the possibility to diminish leaching of membrane components into aqueous phase, thus, increasing
sensor lifetime and reproducibility while decreasing its detection limits [1].

Lignin is one of the main constituents of wood and is available as a waste product of pulp-and-paper
industry. Technical lignins are highly branched irregular polymers that consist of phenyl propane units
linked by a set of ether and carbon–carbon linkages and contain a variety of functional groups—such
as hydroxyl, carbonyl, carboxyl, hydrosulfide, and sulphonate, among others [3]. These groups impart
to lignin a capability to complex various compounds, including transition metals, pesticides and
polycyclic aromatic hydrocarbons. Lignin also possesses redox activity that is attributed to the quinone
structures formed during lignin oxidation serving as a reversible redox couple [4,5]. Both complexing
and redox properties of lignin can be exploited in the chemical sensing and numerous applications
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of lignin as a sensing material in electrochemical sensors have been reported [6]. Impedimetric and
amperometric sensors modified by Langmuir–Blodgett lignin films for the detection of copper, lead,
cadmium, and humic substances were reported in [7,8]. Electronic tongues comprising lignin thin film
sensors were applied to the recognition of taste substances and wines [9], and detection of triazine
pesticides [10]. High electrocatalytic activity of oxidized lignin films allowed their use in electrode
modification for the amperometric detection of ascorbic acid [4], nicotinamide adenine dinucleotide [5],
and ozone [11]. Composites of lignin with nanoparticles and carbon nanotubes were used in electrode
modification for the amperometric detection of trinitrotoluene [12] and chlorogenic acid [13].

As a method of sensing material preparation, covalent binding of lignin to the polymer matrix
may be preferable to the thin film deposition as it would improve material stability and lifetime by
preventing the leaching of low weight lignin fraction into the solution. Though lignin is insulating,
its polyunsaturated nature promotes its transformation into conducting material upon appropriate
doping. Synthesis of technical lignin-based polyurethanes, doped with carbon nanotubes for the
sensing applications, has been previously reported [14–16]. It was demonstrated that doping with
carbon nanotubes ensured electrical conductivity increase of kraft lignin-based polyurethane by 5
orders of magnitude [15]. Potentiometric sensors with lignin-based polyurethane membranes displayed
selective response to Cr(VI) [16].

The purpose of this work was the synthesis of conducting lignin-based polyurethane and its
application as a sensing material using a new type of lignin, LignoBoost® kraft, as raw material.
This lignin is isolated from black liquor after kraft cooking of eucalyptus wood by precipitation with
CO2 within an advanced LignoBoost® process. LignoBoost® kraft lignin contains significantly more
phenolic hydroxyl (almost double the amount due to the presence of associated tannins) and carbonyl
groups compared to the conventional kraft lignin isolated from black liquor by acidification with
mineral acid. Therefore, it was expected that the presence of a high amount of functional groups
would impart to the sensing material based on Lignoobost® kraft lignin polymer different sensitivity
and selectivity properties. As this technical lignin will appear on the market, the evaluation of
its applicability in specific areas is of particular importance. This study reports, for the first time,
the conducting properties of LignoBoost® lignin-based polyurethane and the potentiometric sensor
manufactured therein as a sensitive layer.

2. Materials and Methods

2.1. Reagents

LignoBoost® lignin was produced at the pilot unit from the industrial black liquor after
kraft pulping of eucalypt wood (Eucalyptus globulus) and supplied by The Navigator Company
(Aveiro, Portugal). Poly(propylene glycol), tolylene 2,4-diisocyanate terminated with average Mn
~2300 (narrow MW distribution) with isocyanate content ~3.6 wt % (PPGDI), dibutyltin dilaurate,
tris(hydroxymethyl)aminomethane (Tris) and aniline were from Sigma-Aldrich Química S.L. (Lisbon,
Portugal). Multi-wall carbon nanotubes (MWCNTs) Nanocyl-3150 (purity > 95%, length 1–5 µm
and diameter 5–19 nm) were from Nanocyl, S.A. (Sambreville, Belgium). Hydrochloric acid, sulfuric
acid, potassium chromate; nitrates of calcium, cadmium, lead, zinc, copper, and chromium(III);
and potassium hexacyanoferrate (II) and (III) were from Panreac Quimica S.A.U., Barcelona (Spain).
Mercury(II) nitrate was from Fluka (Riedel-de Haën, Germany). All reagents were p.a. (for analysis)
and acids were hyperpur-plus purity. Screen-printed electrodes (SPE) with carbon working, auxiliary
electrodes and silver reference electrode were from DropSens (Oviedo, Spain). Ultrapure water
(18 MΩ·cm−1) was used for the preparation of all solutions.

2.2. Polymer Synthesis and Sensor Manufacturing

Polycondensation reaction of lignin or ellagic acid with isocyanate was carried out using the
procedure adapted from [16] and described in detail elsewhere [14]. Briefly, lignin or ellagic acid
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powder (250 mg), or their mixture with varying amounts of MWCNTs, was placed in the glass reactor
with 1.5 mg of poly(propylene glycol), tolylene 2,4-diisocyanate terminated (PPGDI) and stirred for
40 min at 40 ◦C in order to obtain an homogenous viscous solution. Amounts of reagents were
selected to ensure a ratio of 1.5 between isocyanate (NCO) groups in PPGDI and OH groups in lignin.
The reaction was carried under nitrogen atmosphere. Concentration of MWCNTs were 0, 0.2, 0.4, 0.5,
0.8, 1.0, and 1.4% (w/w) of the polymer. After the homogenous mixture was obtained, the temperature
was increased to 60 ◦C and the catalyst (dibutyltin dilaurate, ca 2%) was added. The mixture was
stirred for further 10 min until it started to thicken. After that, it was removed from the reactor and
used for the preparation of the sensor membranes and polymeric films. Films (about 1 mm thickness)
used for the polymer characterization were prepared by pouring still liquid polymer into the flat mold.
Polymeric films were cured during 4 h at 60 ◦C and sensors at room temperature for 24 h. Polymer of
each composition was synthetized at least twice.

Potentiometric sensors with and without solid inner contact were fabricated using SPE. Firstly,
surface of SPE working electrode was rinsed with ethanol and water and cleaned by cycling potential
for 5 cycles between −0.2 and +1.2 V at 5 0 mV·s−1 in 50 mmol·L−1 sulfuric acid. Solid contact was
prepared by electropolymerization of aniline in deaerated aqueous solution of 50 mmol·L−1 aniline in
1 mol·L−1 hydrochloric acid by cycling potential for 100 cycles between −0.23 and +0.85 V at 50 mV·s−1.
Sensors were washed with deionized water, conditioned for 2 h in 1 mmol·L−1 hydrochloric acid
and dried. All controlled-potential experiments were performed with an EZstat-Pro EIS (NuVant
Systems Inc., Crown Point, IN, USA). Platinum wire served as the counter electrode and Ag/AgCl (KCl
3 mol·L−1) served as a reference electrode. Sensors were prepared by placing a drop of liquid polymer
on the working electrode of SPE. At least two sensors of the same composition were prepared.

2.3. Polymer Characterization

Lignin-based polyurethanes were characterized by Fourier transform mid-infrared spectroscopy
(FT-MIR) using MATTSON 7300 series spectrometer (Mattson Instruments, Madison, WI, USA),
equipped with total attenuated reflectance accessory SPECAC Golden Gate-Diamond, in the
wavenumber range 4000–600 cm−1, with a resolution of 4 cm−1 and 128 scans per sample.

Differential scanning calorimetry (DSC) analysis was carried out using Perkin Elmer Diamond
Differential Scanning Calorimeter (Waltham, MA, USA) with power compensation. Measurements
were made under nitrogen flow of 40.00 mL·min−1 in the temperature range from −100 to 50 ◦C,
with a heating rate of 10 ◦C·min−1 using approx. 10 mg of the sample placed in a platinum cap.

Thermogravimetric analysis (TGA) was carried out using thermogravimetric analyzer SETSYS
by Setaram Instrumentation (Caluire, France), equipped with vertical balance. Measurements were
made under nitrogen atmosphere, in the temperature range from 20 to 800 ◦C with a heating rate of
10 ◦C·min−1 using approx. 8 mg of the sample placed in a platinum cap.

SEM images of lignin and lignin-based polyurethanes were recorded using Hitachi S-4100
microscope (Tokyo, Japan) on the carbon coated samples and applying acceleration voltage of 25 kV.
SEM images of ellagic acid-based polyurethanes were recorded using bench TM4000Plus Hitachi
microscope equipped with backscattered electrons (BSE) detector, using the uncoated samples and
applying acceleration voltage of 15 kV.

DC electrical conductivity was measured at the temperatures between −110 and 100 ◦C using
a 617 Keithley electrometer (Cleveland, OH, USA). Electrical contacts were made by painting polymer
films on both sides with silver paste, simulating a parallel plate capacitor with a surface area of about
1 cm2 and 3 mm distance between electrodes.

Dielectric measurements for frequencies between 100 Hz and 1 MHz were carried out using
an Agilent 4294A precision impedance analyzer at temperatures between −73 and 127 ◦C under helium
atmosphere. Estimated relative errors on both, real and imaginary parts of the complex permittivity,
were below 2%.
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2.4. Potentiometric Measurements

Electrochemical measurements were carried out in the following galvanic cell:
Ag|AgCl, KClsat|sample|polymer membrane|carbon
Emf values were measured vs. Ag/AgCl reference electrode with precision of 0.1 mV using

a custom-made multichannel voltmeter with high input impedance connected to the PC for data
acquisition and processing. Calibration measurements were made in the solutions of zinc nitrate,
cadmium, lead, copper, mercury, iron (III), and potassium chromate in the concentration range
10−7–10−4 mol·L−1. Tris with concentration of 1 mmol·L−1 and pH 7, adjusted by addition of
hydrochloric acid, was used as supporting electrolyte. Redox response was studied in the solutions
of two redox pairs, Cr (III)/Cr(VI) and Fe(CN)6

3−/4−. Total concentration was 1 mM for both pairs,
with the ratio of oxidized to reduced form varying from 0.01 to 100. Measurements in the solutions
of chromium (III), iron (III), chromate and redox pairs were made at pH 2 on the background of
0.01 mol·L−1 HCl. Selectivity was estimated using mixed solution method. At least three replicated
calibration measurements were run for each ion. Parameters of Nernst equation, i.e., slope of the
electrode function and standard potential were calculated using linear regression and averaged over
replicated calibration runs and sensor compositions.

3. Results

3.1. DC Conductivity

Electrical conductivity is one of the requisites for the sensing material to be used as a membrane
in potentiometric sensors. According to the previous work, lignin-based polyurethanes are insulating
with conductivity of nearly 10−8 S·m−1, which can be increased several orders of magnitude by doping
with carbon nanotubes [15,16]. Lignin is considered to be an excellent dispersant of carbon nanotubes
in the polymeric matrix [14]. As phenolic hydroxyls are much less reactive to isocyanates than aliphatic
ones [17], the redox properties of lignin involved in copolymerization may not change significantly.
The advantage of this approach is a percolation effect observed in lignin-based polymers doped with
MWCNTs, e.g., drastic increase of conductivity in the presence of small amounts of carbon nanotubes.
Thus, conducting polymers can be obtained in a cost-effective manner and without changing other
properties of the material. A similar approach was adopted in this work to increase the conductivity of
the eucalyptus LignoBoost® kraft lignin and ellagic acid-based polyurethanes. Ellagic acid was used
in this study as the main eucalyptus kraft lignin contaminant of polyphenolic origin [18]. This tannin
contributes substantially to the phenolic functionalities of the isolated lignin.

Firstly, polymers doped with 0.8 and 1.4% (w/w) of MWCNTs were synthesized. DC electrical
conductivity (σDC) of both polymers, as a function of the MWCNTs’ concentration at 293 K, is plotted
in the Figure 1. The conductivity of both undoped polymers was very low: 1.80 × 10−10 and 7.68
× 10−10 S·m−1 for LignoBoost® kraft lignin and ellagic acid-based polymers, respectively (Figure 1).
Higher conductivity of polyurethane (PU) based on undoped ellagic acid, when compared to that
of based on kraft-lignin, could be explained by the better dispersion of low molecular weight
polyphenolic molecules in PPGDI copolymer than the larger lignin oligomers. Incompletely dissolved
highly swollen aggregated lignin was previously detected in PU obtained by copolymerization of
conventional acid-precipitated eucalyptus kraft lignin and PPGDI [14]. In addition, conjugated
aromatic rings of flat ellagic acid structure could positively contribute to the conductivity of the final
PU more than kraft lignin, whose structural units are predominantly linked by alkyl–alkyl, alkyl–aryl,
and aryl–ether bonds, i.e., having less conjugated aromatic structures [18].

Addition of carbon nanotubes led to a significant increase in the conductivity of the LignoBoost®

kraft lignin-based polymer, reaching 5.37 × 10−4 S·m−1 after the addition of 1.4% (w/w) of MWCNTs.
Despite the fact that conductivity of undoped ellagic acid-based polyurethane was higher compared
to lignin-based one, the effect of the MWCNT addition on conductivity was less accentuated.
The conductivity of only 1.12 × 10−7 S·m−1 was observed at 1.4% (w/w) of MWCNTs (Figure 1).
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LignoBoost® kraft lignin-based polymers doped with intermediate concentrations of MWCNTs
were synthetized with the aim to confirm that conductivity of this polymer follows percolation scaling
law and to determine percolation threshold (Figure 1). Percolation threshold xc and critical exponent t
were calculated by fitting experimental data to the Equation (1)

σDC ≈ (x− xc)
t (1)

where σDC is the DC conductivity, x the volume fraction of the conductive phase, xc the critical
concentration and t the critical exponent.

Critical concentration was found to be 0.77% (w/w) of MWCNTs and critical exponent 1.54.
All lignin-polyurethane compositions with MWCNTs’ concentration above the percolation

threshold have sufficiently high conductivity for electrochemical sensor applications. The percolation
threshold for composites with high aspect ratio fillers, such as CNTs, can be calculated using 3D
statistical percolation model proposed in a previous study [19]. Nanotubes used in this work had
a length of 1–5 µm and a diameter of 5–19 nm, which means that their aspect ratio could vary between
52 and 260 and predicted critical concentration between 0.18% and 1.46%. It is important to point
out that statistical model does not account for interactions between filler and polymer matrix, effect
of the processing conditions or curved shape of nanotubes. Nevertheless, experimental value of
the critical concentration for LignoBoost® kraft lignin-based polyurethane is within the predicted
range. Critical concentrations between 0.5 to 4.5% (w/w) of CNTs were reported in the literature for
the thermoplastic polymers [20]. Critical concentration obtained for LignoBoost® kraft lignin-based
polyurethane is higher compared to the value of 0.18% (w/w) previously reported for the conventional
technical kraft lignin doped with MWCNTs with the same characteristics as the ones used in this
work [16]. This disparity can be related to the differences in the two lignins’ structure and, consequently,
the difference in the interaction between nanotubes and polymer matrix.

 

σ

 

σ

π π

π

Figure 1. DC electrical conductivity σDC at constant temperature (293 K) as a function of the MWCNTs
concentration of the LignoBoost® kraft lignin and ellagic acid-based polyurethanes.

The LignoBoost® kraft lignin possesses higher molecular weight than the conventional kraft lignin
and higher content of phenolic groups [18], two factors favoring the association of lignin molecules in
solution with copolymer (PPGDI). This negatively affects the dispersion of lignin in the polymeric
matrix and, therefore, the dispersion of associated nanotubes in bulk. As such, the expected threshold
occurred at a higher concentration of CNTs in the composite than that observed with conventional
lignin kraft. According to previous findings, lignin interacts with CNTs via π-π stacking between
aromatic ring and carbon nanotubes side wall, leading to the increase of the electron delocalization
and eventual change in lignin chain conformation, thus allowing better π—overlap along the chain of
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lignin and giving rise to increased electric conductivity [16]. Oriented by lignin, CNTs interact with
each other, forming conductive assembles, which are incorporated into the polymeric matrix.

The critical exponent reflects the dimensionality of the system and usually takes values between
1.3 and 1.9, corresponding to two- and three-dimensional percolating systems, respectively [21,22].
Calculated value of the critical exponent for the doped LignoBoost® kraft lignin-based polyurethane
was lower than theoretical values, which is often observed for CNTs/polymer composites [20].
Such apparent reduction of system dimensionality was interpreted as a consequence of mutual
attraction and realignment of carbon nanotubes during polymer curing. Strong nanotube–nanotube,
lignin–nanotube, and nanotube–polymer matrix interactions are a prerequisite for such realignment
to take place. Thus, the formation of the conducting network in the polymer is not a true statistical
percolation process based on random distribution.

A DC conductivity of both lignin and ellagic acid-based polymers increases exponentially with
temperature, as shown in the Figure 2. This behavior, which is typical for polymer composites,
indicates that the conductivity is a thermally activated process and can be described by the well-known
Arrhenius relation as follows

σDC ∝ exp[−Ea

kT
] (2)

where Ea is the activation energy (J mol−1 K−1), T is the absolute temperature (K) and k is the Boltzmann
constant, 1.380649 × 10−23 J·K−1 [23].

Activation energy can be calculated using plots of lnσDC. vs. the inversed temperature (Figure 2).
Values of the activation energy for the undoped LignoBoost® kraft lignin and ellagic acid-based
polymers were 0.76 eV and 1.05 eV, respectively. After addition of 1.4%(w/w) of MWCNTs, activation
energy decreased to 0.08 eV and 0.39 eV for LignoBoost® kraft lignin and ellagic acid-based polymers,
respectively. Accordingly, the addition of MWCNTs resulted in a significant decrease of activation
energy and increase of DC conductivity in both polymers, being more pronounced in lignin-based
polyurethane, indicating active interaction between carbon nanotubes and lignin.

 

∝
− −

− −

σ

 

σFigure 2. Logarithm of DC conductivity (σDC) versus the inverse of the temperature for LignoBoost®

kraft lignin and ellagic acid based polyurethane polymer composites.

Ellagic acid-based polyurethanes had low conductivity even after doping with 1.4% (w/w) of
MWCNTs, indicating that either no percolation occurs in this material or it occurs at relatively
high concentrations of carbon nanotubes, making synthesis of such polymer costly and unpractical.
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Moreover, higher concentrations of a filler could alter thermoplastic properties of the polymer,
which would be undesirable. Though both ellagic acid and lignin have aromatic groups in their
structure, that were suggested to be involved in the interaction with carbon nanotubes, in the case of
ellagic acid this interaction is certainly insufficient to effectively realign carbon nanotubes. This can be
related to the significantly smaller size of the ellagic acid molecule compared to lignin, which prevents
effective re-orientation of the carbon nanotubes. Hence, ellagic acid itself does not provide enough
performance to be used in conducting blends with MWCNTs. Thus, only LignoBoost® lignin-based
polyurethanes were considered a perspective sensing material and studied in more detail.

Interaction between LignoBoost® kraft lignin and MWCNTs was assessed by probing the
effectiveness of the nanotube dispersion in lignin-based polyurethane. SEM images of the mixture
of LignoBoost® kraft lignin with MWCNTs (1.4% w/w) show an even distribution of disentangled
carbon nanotubes, appearing as thin fibers on the surface of the larger lignin particles (Figure 3a,b).
SEM images of the transversal cuts of LignoBoost® kraft lignin-based polyurethane and ellagic
acid-based polyurethane films, with and without MWCNTs, all differed in their structure. Both undoped
polymers are porous, however, while lignin-based polyurethane has several evenly distributed air
bubbles of varying sizes (Figure 3c), ellagic acid-based polyurethane is denser with fewer air bubbles
in its structure (Figure 3e). Addition of the MWCNTs results in appearance of irregularly shaped pores
in lignin-based polyurethane (Figure 3d) and numerous round shaped pores in ellagic acid-based
polyurethane (Figure 3f). The structural dissimilarities between undoped and doped polymers confirm
interaction between carbon nanotubes and lignin or ellagic acid. Differences in properties of ellagic
acid and lignin, the size of the molecule probably being the most important, results in different
interaction between these compounds and carbon nanotubes, thus leading to different structure of
the respective polyurethanes. Further insights into the interactions between LignoBoost®lignin and
carbon nanotubes in the polyurethane matrix were gained using dielectric spectroscopy.
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Figure 3. SEM images of: (a) and (b) LignoBoost® kraft lignin mixture with MWCNTs (1%); (c) undoped
LignoBoost® kraft lignin-based polyurethane; (d) lignin-based polyurethane doped with 1.4% (w/w) of
MWCNTs; (e) undoped ellagic acid-based polyurethane; (f) ellagic acid-based polyurethane doped
with 1.4% (w/w) of MWCNTs.

3.2. AC Conductivity

Alternating current (AC) conductivity of LignoBoost® kraft lignin-based copolymers undoped and
doped with different amounts of MWCNTs is depicted in the Figure 4a. The effect of the temperature
on the AC conductivity variation as a function of frequency for LignoBoost® kraft lignin based
polyurethane, doped with 1.4% (w/w) of MWCNTs, is shown in the Figure 4b. Real and imaginary
parts of the complex permittivity, ε*(f) = ε′(f) − iε”(f), and calculated AC electrical conductivity as
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a function of frequency for the lignin-based copolymer, with 1.4% (w/w) and without MWCNTs at
T = 350 K, are shown in the Figure 5a,b, respectively.
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Figure 4. Frequency dependence of AC conductivity (σAC) for (a) lignin-based polyurethane doped
with different amounts of MWCNTs at T = 350 K; (b) lignin based polyurethane doped with 1.4% (w/w)
of MWCNTs at different temperatures.
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Figure 5. Real and imaginary parts of the complex permittivity, ε*(f) = ε′(f) - iε”(f), and the calculated
electrical conductivity, σAC, as function of frequency at T = 350 K for LignoBoost® kraft lignin-based
copolymer (a) undoped and (b) doped with 1.4% (w/w) MWCNTs.

Increase of AC conductivity and decrease of both, real and imaginary parts of permittivity,
with an increase of frequency was observed for both polymers (Figure 5a,b). Two distinct domains
can be identified in the AC conductivity dependence on frequency [24]. AC conductivity is nearly
independent of the frequency at low frequencies (below 1000 Hz), with its value approaching the
DC conductivity (Figure 5a,b). This phenomenon, called the anomalous low frequency dispersion,
is commonly observed in the disordered low-dimensional materials such as polymer matrices.
Anomalous low-frequency dispersion arises from the restricted effective charge transport when charge
motions are limited to one- or two-dimensional pathways. At frequencies above the crossover frequency
fc, AC conductivity increases to different levels, depending on the material. Both ε’ and ε´´ decrease in
all measured frequency intervals, which also corresponds to anomalous frequency dispersion.

Substantial increase of critical frequency, at which an increase in conductivity occurs, was observed
in polymers doped with 0.8% (w/w) and higher concentrations of MWCNTs (Figure 4a). The critical
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frequency increased concomitantly with MWCNTs’ concentration in the polymer, which is common
behavior for the polymers doped with conducting particles [25,26]. The effect of the temperature on the
AC conductivity dependence of the frequency for lignin based polyurethane doped with 1.4% (w/w)
of MWCNTs is shown in the Figure 4b. Concomitantly dependent on applied frequency, with only
a small increase observed at high frequencies. At lower temperatures, the increase in conductivity is
more pronounced as the frequency increases.

3.3. Polymer Characterization

Apart from electrical conductivity, other LignoBoost® kraft lignin-based polymer properties were
not significantly altered by doping with MWCNTs. No differences were observed in FT-MIR spectra of
doped and non-doped polymers (Figure S1). Doping with carbon nanotubes also did not affect glass
transition temperature of LignoBoost® kraft lignin-based polyurethanes, which was found to be −50 ◦C
and −49 ◦C, with and without MWCNTs doping, respectively (Figure S2a,b). Low glass transition
temperature is associated with the prevalence of flexible segments of the PPGDI chains, which is the
major component of the polymer, and the possible disintegration of lignin molecules. It is worth noting
that low glass transition temperatures of a polymer are required for its use as self-plasticizing sensing
membrane [27].

Incorporation of the Lignoboost® kraft lignin into the polymeric matrix improved its thermal
stability as evidenced by the increase of the maximum degradation temperature from 355 ◦C for
lignin to 388 ◦C for the lignin-based polyurethane (Figure S3a,b, respectively). Increase of the
thermal stability of polyurethane is related to the consumption of the hydroxyl groups of lignin in the
polymerization reaction with isocyanate groups, and thus, to the decrease of the amount of functional
groups susceptible to the thermal degradation [14]. MWCNTs did not significantly change the thermal
behavior of lignin-based polyurethane, with maximum degradation temperature of doped polymer
and undoped polymers being 387 ◦C and 388 ◦C, respectively (Figure S3b). This finding is in agreement
with literature data and can be explained by the more heterogeneous structure of doped polyurethane,
which was also observed by SEM, resulting from the interaction of MWCNTs with lignin hydroxyl
groups, which makes the latter inaccessible for the reaction with isocyanate.

3.4. Sensor Properties

LignoBoost® kraft lignin-based polyurethane doped with 1.4% (w/w) of MWCNTs was used for
the preparation of the membrane of potentiometric chemical sensor. Slopes of the electrode function
(S) of the sensor in the individual solutions of transition metal salts are depicted in the Figure 6.
The sensor displayed no response to sodium, calcium and iron (III), very low response to cadmium,
lead, and chromium (VI), and low redox response in the solutions of redox pair Fe(CN)6/Fe(CN)6

−3/−4.
Sensor displayed theoretical response of 32 (±1) mV·pM−1 to copper (II) with detection limit of 6(±1)
× 10−6 mol·L−1. Sensor response to mercury (II) decreased with each consecutive calibration from
32 mV·pM−1 in the first calibration to 18 mV·pM−1 in the third. After exposure to the solutions of
mercury (II), the sensor no longer responded to copper (II) ions. This behavior may be associated with
irreversible complexation of mercury (II) ions by the polymeric membrane similar to the reported for
several copper-sensitive organic ionophores [28]. Thus, mercury must be avoided in the solutions
analyzed by the sensor. Sensor displayed high selectivity towards copper in the presence of other
transition metals except for mercury (II), to which it was not selective (Table 1). Parameters of the
sensor are close to the values reported in the literature for the copper-selective electrodes based on
organic ligands (Table S1).

Sensing characteristics of the sensor with LignoBoost® kraft lignin-based membrane differs from
the ones with membranes prepared using other technical lignins, such as conventional kraft lignin
precipitated by deep acidification of black liquor, lignosulfonate, and organosolv lignin, all of which
responded selectively to Cr(VI) in acidic solutions [16]. Mechanism of these sensors’ response to Cr(VI)
was suggested to be mixed, redox, and ionic, as the sensitivity of sensors was correlated with the
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content of quinone structures, the dominant redox-active moieties of lignin [29]. Contrary to these
findings, LignoBoost® kraft lignin-based sensor did not display redox sensitivity, showing a very low
response to Cr(VI) and redox pair, but instead it showed a selective response to Cu(II).

 

− −

 

− − −

Figure 6. Slopes of the electrode function of LignoBoost® kraft lignin-based sensor. Mean values of
three calibrations with standard deviations are shown.

Table 1. Logarithm of the selectivity coefficients, logKij, of LignoBoost® kraft based sensor to copper(II)
determined using mixed solution method. Mean values of four measurements with standard deviations
are shown.

Interferent Cd(II) Pb(II) Cr(VI) Hg(II)

logKij −1.68 (±0.1) −1.49 (±0.05) −1.6 (±0.2) 0.2 (±0.1)

This behavior can be explained by the differences in the composition of eucalyptus LignoBoost®

kraft lignin and other technical lignins [30–32], most noticeably, lower content of redox quinone type
moieties and significantly higher content of polyphenolic groups with vicinal hydroxyls originating
from concomitant tannins in the former [18]. In particular, the LignoBoost® kraft lignin has a higher
total content of total hydroxyl groups and higher relative content of phenolic hydroxyl groups compared
to the technical kraft lignin obtained from the cooking of the same wood species, but isolated by the
conventional procedure [32]. Considering that sensors based on the polyurethanes, synthesized using
kraft lignin isolated using conventional procedure, did not display sensitivity to Cu(II) [16], response
of the sensor developed in this work can be attributed to the capability of phenolic hydroxyl groups
to complex transition metals with higher specificity towards copper and mercury. This proposition
is further corroborated by the reported higher chelating capacity of tannins with vicinal phenolic
groups towards Cu(II) when compared to other bivalent transition ions, such as Zn(II) and Fe(II) [33].
However, studies on the exact mechanisms are still necessary for a better understanding of the
observed phenomena.

Furthermore, characteristics of sensors with and without solid inner contact, as well as their
stability in copper(II) solutions over a 4-week period were evaluated. Potentiometric chemical sensors
require inner contact since ion-to-electron transduction between the sensing membrane with ionic
conductivity and substrate with electronic conductivity ensures the stability of the sensor potential.
In all-solid-state sensors, inner contact is commonly made from conducting polymers that have mixed
ion-electronic conductivity [1]. As lignin-based polyurethanes are conducting polymers with mixed
ionic and electronic conductivity, it was expected that they could be used for fabrication of the all
solid-state sensors without additional inner contact layer. Newly prepared sensors with lignin-based
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polyurethane membrane, both with and without solid inner contact, displayed responses close to the
theoretical ones to copper (II) ions: 33 and 32 mV·pM−1, respectively, being not statistically different for
p = 0.05 (Figure 7). However, sensor without solid inner contact had higher detection limit than the one
with solid inner contact: 2(±1) × 10−5 and 6(±1) × 10−6 mol·L−1, respectively. After one week, the slope
of the sensor with solid inner contact slightly decreased, from 33 to 29 mV·pM−1 and remained constant
over the next three weeks (slopes were not statistically different for p = 0.05). The slope of the sensor
without solid inner contact remained close to the theoretical value for two weeks, after which it started
to decrease. After the fourth week, this decrease became abrupt, with sensor’s response to Cu(II)
being only 8 mV·pM−1 (statistically different for p = 0.05). A slight increase of the detection limit was
observed for both types of sensors during this period.

 

−

− − −

−

−

 

Figure 7. Slopes of the electrode function of the LignoBoost® kraft based sensors with and without
solid contact in Cu(II) solutions during four weeks.

Deterioration of properties, such as long-term stability and detection limit, of the sensor without
solid inner contact indicates that the interface between electrode and membrane is not well-defined [34].
This may occur due to the poor adhesion of the lignin-based polyurethane to the gold working
electrode, leading to the formation of the water layer. Therefore, despite the electronic conductivity
of lignin-based polyurethane imparted by MWCNTs, an intermediate conductive polymer layer is
required to ensure better temporal stability and a lower detection limit.

4. Conclusions

Conducting composite polyurethane, based on LignoBoost® kraft lignin and doped with MWCNTs,
was demonstrated to be a promising material for sensing applications. Electrical conductivity and
impedance spectroscopy measurements revealed that the interaction between carbon nanotubes and
lignin molecules in the polymer enhances its electrical conductivity. The percolation threshold of 0.77%
(w/w) of MWCNTs was observed in LignoBoost® kraft lignin-based polyurethane but not in ellagic
acid-based one, highlighting the importance of the presence of conjugated aromatic structure for the
percolation effect to occur. LignoBoost® kraft lignin-based polymer doped with MWCNTs was used
to manufacture all solid state potentiometric chemical sensors, which displayed high sensitivity and
selectivity to Cu(II) and long-term stability. The dissimilarity between sensing properties of developed
sensors and potentiometric sensors based on technical lignins was assigned to the higher content
of polyphenolic groups originating from tannins, namely the vicinal phenolic hydroxyl groups in
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LignoBoost® kraft lignin and lower content of quinone type moieties, which results in enhanced
ion-exchanged properties.

Supplementary Materials: The following supplementary data are available online at http://www.mdpi.com/
1996-1944/13/7/1637/s1, Figure S1: FT-MIR spectra of LignoBoost® kraft lignin-based polymers undoped and
doped with 1.4% (w/w) MWCNTs; Figure S2a,b: DSC curves of LignoBoost® kraft lignin-based polyurethane
undoped (a) and doped with 1.4% (w/w) MWCNTs (b); Figure S3a,b: TGA curves of LignoBoost® kraft lignin (a)
and LignoBoost® kraft lignin-based polyurethane undoped and doped with 1.4% (w/w) MWCNTs (b); Table S1:
Comparison of the performance characteristics of some copper ion sensors based on organic ionophores reported
in the literature and developed in this work.
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AC conductivity Alternating current conductivity
DC conductivity Direct current conductivity
DSC Differential scanning calorimetry
FT-MIR Fourier transform–mid-infrared spectroscopy
MWCNT Multiwall carbon nanotubes
PPGDI Poly(propylene glycol), tolylene 2,4-diisocyanate terminated
SEM Scanning electron microscopy
TGA Thermogravimetric analysis
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Abstract: The paper investigates the properties of unsaturated polyester resins and microcrystalline
cellulose (MCC) composites. The influence of MCC modification on mechanical, thermomechanical,
and thermal properties of obtained materials was discussed. In order to reduce the hydrophilic
character of the MCC surface, it was subjected to esterification with the methacrylic anhydride. This
resulted in hydroxyl groups blocking and, additionally, the introduction of unsaturated bonds into its
structure, which could participate in copolymerization with the curing resin. Composites of varying
amounts of cellulose as a filler were obtained from modified MCC and unmodified (comparative)
MCC. The modification of MCC resulted in obtaining composites characterized by greater flexural
strength and strain at break compared with the analogous composites based on the unmodified MCC.

Keywords: microcrystalline cellulose (MCC); composites; unsaturated polyester resins;
thermogravimetric analysis (TG); mechanical analysis; dynamic mechanical analysis (DMA)

1. Introduction

The pressure exerted by the increase of public awareness to limit human interference in the
environment affects also trends in polymer chemistry development. Adaptation of raw materials from
renewable resources to the existing technological solutions is one way to achieve this goal [1–4]. The
main factor determining the above activities is the renewable nature of the raw material base; easy
availability; and, above all, its biodegradability [5,6].

One group are biopolymers, where cellulose is the main representative. Cellulose modifications
and preparation of composites are extensively studied in the literature [7–9]. Zadorecki and Flodin [10]
investigated the effects of interfacial adhesion of cellulose–polyester composites on their environmental
aging behavior. The authors observed that, when the matrix and the cellulose fiber are covalently
bonded, no cracks are formed during shrinking. In the other work [11], these authors studied the
reinforcement effect of cellulose fibers treated with different coupling agents on unsaturated polyesters.
Abdelmouleh et al. [12] tested mechanical properties of unsaturated epoxy and polyester resin matrices
filled with silane-treated cellulose fibers. Their reinforcing effect proved to be promising, especially
with some silane-treated fibers, and improvement was especially visible for methacrylic silane in
contact with an unsaturated polyester resin. Rodrigues et al. [13] studied the sugarcane bagasse fibers
modified by estherification to use as reinforcement in a polyester matrix. The authors proved that
composites were characterized by better mechanical strength compared with pure polymer. DiLoreto et
al. [14] developed a preliminary process for incorporating freeze-dried cellulose nanocrystals powder
into polyester resin, where functionalized cellulose particles were used as a potential reinforcement for
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an unsaturated polyester resin system, a common material for automotive applications. Kargarzadeh et
al. [15] prepared new nanocomposites with unsaturated polyester resin (UPR) and silane surface-treated
cellulose nanocrystals. Tensile tests showed that both the stiffness and strength of the UPR improved
upon the incorporation of cellulose.

Its attractiveness for use is because of the fact that it is an easily available material obtained on a
large scale in the paper industry [16]. An important commercial product is also its microcrystalline
form obtained by partial depolymerization of cellulose, most often as a result of acid hydrolysis. In this
form, it found a number of applications, including the production of medicines, cosmetics, and food,
where it mostly acts as a filler [17]. The use of microcrystalline cellulose (MCC) of the same nature
was also of significant interest in the preparation of composites based on generally available synthetic
polymers [18,19].

However, obtaining homogeneous composites creates problems owing to the hydrophilic nature
of the cellulose surface. This is not compatible with the hydrophobic polymer matrix. Uniformity of
the filler/matrix surface has a major impact on the load carrying capacity, and thus on the properties
of composites. This effect can be achieved using compatibilizers that reduce the tension between
phases [20] or modifying the cellulose surface to obtain a less hydrophilic one [21]. Surface modification
also allows introducing unsaturated bonds to the filler structure. The development of its surface also
has a significant impact on the ability to transfer loads. The combination of this procedure and the use
of unsaturated polyester resin as a matrix and nanocellulose modified with unsaturated fatty acids
allowed to improve the mechanical properties of composites through the copolymerization of their
individual components expressed as increased tensile strength [22]. However, the use of the fillers at
nanometer scale in mixtures with resins has limitations. The development of their surface causes the
dispersion of the particles, which is accompanied by absorption of the polymer matrix, which causes
the viscosity of the systems to increase even at low load, which prevents their practical use [23].

Furthermore, reduction of cellulose particle sizes is associated with additional procedures and
costs [24], whereas the microcrystalline form of cellulose is much cheaper and readily available.

The aim of this research was to improve the miscibility of MCC in the unsaturated polyester
resin. This effect was obtained by modifying the surface of its microcrystalline form using methacrylic
anhydride. The presence of unsaturated bonds additionally allowed the chemical binding of the filler
to the structure of the polymer matrix network. In order to develop the filler/matrix interface between
the phases and skip the procedure of obtaining cellulose on the nano scale, the decision was made to
increase the load on the resin with the filler.

2. Materials and Methods

2.1. Chemicals

The unsaturated polyester resin (UPR) used for the study consisted of 70% of unsaturated polyester
and 30% of styrene as a crosslinking monomer. The detailed description of this synthesis and curing
procedure was presented in the work of [25].

To modify MCC (Chem Point, Kraków, Poland) pyridine and hydroquinone (Avantor, Gliwice,
Poland), 4- (Dimethylamino) pyridine (DMAP) and methacrylic anhydride (Sigma-Aldrich, Saint Louis,
MO, USA) were used.

2.1.1. Modification of microcrystalline cellulose MCC

First, 50 g of MCC, 1000 cm3 of pyridine, 12.5 g of DMAP as catalyst, and 6.9 g of hydroquinone as
inhibitor were placed in a 2000 mL flask. The reagents were heated to 80 ◦C and constantly stirred. Next,
314 cm3 of methacrylic anhydride was added dropwise over 30 min. Heating at 100 ◦C was continued
for 2 h. The obtained product was filtered under the reduced pressure. The precipitate was washed
with water and then acetone. The modified MCC was dried in the air at 40 ◦C to constant weight.

140



Materials 2020, 13, 62

2.1.2. Preparation of Composites

To the unsaturated polyester resin (UPR), which was pre-accelerated with 0.45 wt% of the cobalt
octoate solution and 1.2 wt% of the DMPT solution (N,N-dimethyl-p-toluidine, 10% solution in styrene),
2 wt%, 5 wt%, and 10 wt% of modified MCC (CEL-MOD) was added, respectively. For homogeneity, it
was mixed and then placed in an ultrasonic bath for 15 min. This procedure was repeated twice. To this
mixture, 3 wt% of Luperox DHD-9 (the methyl ethyl ketone peroxide solution) as an initiator was added.
Its amount was calculated for the resin. The prepared mixtures were poured into cuboid-shaped molds
with dimensions 14.5 cm × 10 cm × 0.4 cm. Curing was conducted in the molds at room temperature
for 24 h. Then, for additional post-curing, the moldings were placed in an oven for 10 h at 90 ◦C. The
same procedure was applied for the composites of unmodified MCC (CEL-UNMOD) and pure resin
(UPR).

2.2. Research Methods

Attenuated total reflectance Fourier transform infrared (ATR-FTIR) spectra were obtained with
a Bruker TENSOR 27 spectrometer with a diamond crystal (Ettlingen, Germany). The spectra were
gathered from 600 to 4000 cm−1 with 32 scans per spectrum at a resolution of 4 cm−1.

Mechanical studies were carried out using the mechanical testing machine, ZwickRoell Z010
(Ulm, Germany). With a three-point bending test, the 80 mm × 10 mm × 4 mm sample profiles were
used. The support spacing was 64 mm, whereas the bending speed was 5 mm min−1. The final result
was the arithmetic averaging of five measurements.

Hardness was determined using a hardness tester HPK (Leipzig, German Democratic Republic)
and the Brinell method was applied. The final result was the mean value of 10 measurements.

Thermomechanical properties of materials were determined using the dynamic mechanical
analyzer (DMA) Q800 from TA Instruments (New Castle, DE, USA) equipped with a double-cantilever
device. The samples of 65 mm × 10 mm× 4 mm dimension were tested. The temperature scanning from
0 to 200 ◦C with a constant heating rate of 3 ◦C min−1 at a sinusoidal distortion of 10 µm amplitude and
1 Hz frequency was conducted. The glass-transition temperature, damping factor, values of storage
modulus, and loss modulus were determined.

Thermal resistance of the obtained materials was measured by the thermogravimetric analysis
(TG/DTG) using a NETZSCH STA 449 Jupiter F1 TG analyzer (Selb, Germany), Al2O3 crucibles, and
the sample mass ca. 10 mg. The analyses were performed in the helium atmosphere with the flow rate
of 20 mL min−1 in the temperature range of 35–800 ◦C and the heating rate of 10 ◦C min−1.

The differential scanning calorimetry (DSC) analyses were performed on a Netzsch DSC 204
calorimeter (Selb, Germany). The scans were carried out in a nitrogen atmosphere (30 cm3 min−1) at a
heating rate of 10 ◦C min−1. The mass of the sample was approximately ~7 mg. As a reference, an
empty aluminum crucible was used.

3. Results and Discussion

3.1. Attenuated total reflectance Fourier transform infrared spectroscopy analysis ATR/FTIR

The MCC used for the preparation of composites was first subjected to the ATR/FTIR analysis.
To follow the explanations on the molecular level, the schematic representation of MCC before
modification (CEL-UNMOD) and its methacrylic derivative (CEL-MOD) are presented in Figure 1.
Figure 2 shows the spectra of methacrylic anhydride (Meth-Anh), CEL-UNMOD, and CEL-MOD. The
efficiency of MCC esterification with methacrylic anhydride is generally demonstrated by three ranges:
the peak at 1723 cm−1 is attributed to the stretching vibrations of C=O carbonyl groups, indicating
an ester bond formation. The fuzzy band observed at 1638 cm−1 in the spectrum of CEL-UNMOD is
connected with the presence of water adsorbed by the crystalline part of cellulose [26]. Its intensity
increases after esterification, which may indicate overlapping by the signal of the C=C stretching
vibrations from methacrylic groups. A wide peak in the range of 3800–3300 cm−1 is associated with the
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stretching vibrations of hydroxyl groups. The presence of this peak with reduced intensity in the case
of CEL-MOD indicates that not all hydroxyl groups were blocked and the esterification process was
incomplete. The degree of substitution (DS) = 0.02 was estimated alkacimetrically according to the
procedure presented in the work of [27].
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Figure 1. Schematic representation of unmodified microcrystalline cellulose (MCC) (CEL-UNMOD)
and modified MCC (CEL-MOD) surface.

 

OH

OH

OH

OH

OH

OOC

OH

OH

OOC

OH

M
C

C

M
C

C

CEL-UNMOD CEL-MOD

Surface

Surface

 

−

−

Figure 2. Attenuated total reflectance Fourier transform infrared (ATR/FTIR) spectra of methacrylic
anhydride (Meth-Anh) and MCC before and after modification.

UPR and its systems containing 10% filler—both before and after curing—were also subjected
to ATR/FTIR analysis. Despite the slight differences in the wide absorption spectrum, discernible
differences occur in the range of 1750–1600 cm–1 shown in Figure 3. The main point is the disappearance
of the peak at 1645 cm−1 corresponding to stretching C=C, confirming the effectiveness of the curing
process. In addition, the lack of this peak in the case of a composite with 10% CEL-MOD may suggest
that, in the heterogeneous curing of the polyester matrix [28], the unsaturated bond of the methacrylic
group to CEL-MOD may also be involved. Shifts of signals from the C=O carbonyl group have also
been observed. They were related to the intermolecular interaction of hydrogen bonds with hydroxyl
groups. The presence of a signal at a higher wavelength for a CEL-UNMOD composite of 1727 cm–1

compared with a CEL-MOD composite of 1726 cm−1 indicates greater matrix–filler interaction through
hydrogen bonds for CEL-UNMOD composites [29,30].
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Figure 3. ATR/FTIR spectra of unsaturated polyester resin (UPR) and composites with 10%
CEL-MOD/UNMOD before and after curing.

3.2. Mechanical Tests

The mechanical properties of pure resin (UPR) and composites containing unmodified and
modified MCC were determined. The results of flexural strength tests are presented graphically in
Figure 4 and the numerical data of the flexural modulus, flexural strength, and strain at break are
collected in Table 1.
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Figure 4. Mechanical data of composites and UPR. (a) flexural modulus; (b) flexural strength; (c) strain
at break.

In both the CEL-MOD and CEL-UNMOD systems, an increase in the flexural modulus value is
visible as the filler content increases. This is justified by the increased loading of composites by the
crystalline phase present in the cellulose structure. However, in the case of systems with CEL-UNMOD,
it is higher than for analogous systems with CEL-MOD. This would confirm that the decisive factor
affecting its value is the interactions of matrix intermolecular hydrogen bonds (polyester carbonyl
groups) with MCC hydroxyl groups. This is particularly visible for systems containing 10% filler. The
addition of 5% of CEL-UNMOD reduces the value of the flexural modulus compared with that of
pure resin. This can be attributed to the heterogeneous distribution of the filler in the matrix. The low
compatibility of the hydrophilic character of the MCC surface with the hydrophobic nature of the resin
leads to a decrease in the filler dispersion in the system through the formation of agglomerates [31].
Increasing the content of CEL-UNMOD to 10% makes the clusters’ formation more difficult [32].
Comparing the composites containing 5% of the filler, a higher flexural modulus is observed for the
system with CEL-MOD. Increasing the hydrophobic character through modification increases the
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filler compatibility with the matrix. The increase in homogeneity of the CEL-MOD-based composites
in comparison with those of CEL-UNMOD indicates that they are characterized by higher flexural
strength values as well as higher values of strain at break. The composites with CEL-MOD are less
brittle compared with the analogous ones based on CEL-UNMOD. However, the fragility of composites
with both CEL-MOD and CEL-UNMOD increases with the increasing amount of filler.

It seems that the hardness of the composites will depend only on the loading of the resin with the
filler. The results of the hardness test, presented in Table 1, however, indicate that an upward tendency
compared with the cured resin was observed only for composites with CEL-MOD. The hardness of
the CEL-UNMOD systems shows some analogy with the values of the flexural modulus. For systems
containing 2% and 5%, they are lower than for UPR. In addition, the system with 5% filler is characterized
by the lowest hardness value. This relation corresponds well with the results of other studies, thus
determining the effect of MCC modification on the quality of the filler dispersion in the matrix.

The results of dynamic-mechanical analysis (DMA) in a wide temperature range allowed for a
more detailed assessment of the effect modified MCC (CEL-MOD) on the composites properties. The
changes of the storage modulus (E’) (Figure 5), loss modulus (E”) (Figure 6), as well as the damping
factor (tan δ) (Figure 7) are presented. The numerical values of the storage modulus (in the glassy and
rubbery regions), glass transition temperature (read with the maximum tg δ), degree of heterogeneity
(FWHM, full width at half maximum), and values of the damping factor are presented in Table 1.

In the composites with CEL-UNMOD, the storage modulus in the glassy region E’(25 ◦C) increases
with the increasing amount of filler. This may indicate that the rigidity of the material is mainly owing
to the resin loading with the filler. Despite the increase in the filler amount, no modulus changes are
observed for 2% and 5% CEL-MOD in comparison with pure resin. This difference may result from the
fact that the material stiffness is additionally determined by the filler/matrix interphase interactions.
The introduction of groups more compatible with the hydrophobic nature of the resin onto the MCC
surface would contribute to the plasticization of the system [33]. However, for the mixtures containing
10% of the filler (CEL-MOD and CEL-UNMOD), the modulus values are the highest and converge.
This would suggest that, in this case, the CEL-MOD plasticizing effect is levelled by the dominant
influence of the filler amount. The above assumptions are in good agreement with the storage modulus
of composites in the rubbery region E’(180 ◦C). This is related to the material ability to carry loads
resulting from the restriction of the movement of matrix polymer chains. The increase in the modulus
value as the filler content increases in the systems with CEL-MOD and CEL-UNMOD shows that
this movement is more and more difficult. However, a decrease in the modulus value for 5% of
CEL-UNMOD would confirm the dominant effect of the heterogeneous dispersion of the filler in the
resin. In contrast, lower modulus values for 2% and 5% of CEL-MOD systems in the comparison with
pure resin would indicate the overwhelming effect of the plasticizing associated with reduced friction
at the filler/matrix interface.

The loss modulus E" (Figure 6) allowed to assess the ability of composites to dissipate energy
during deformation in the form of heat, and thus to determine their viscous response. The matrix and
filler consistency has a significant impact on it [34]. The maximum modulus values for the composites
with CEL-MOD are higher than for the analogous systems with CEL-UNMOD. This may indicate that
the unsaturated bonds present in CEL-MOD are embedded in the polymer structure of the matrix.
Large values of the loss modulus E" in a wide temperature range indicate the heterogeneity of the
structure of the tested materials. However, determination of their degree in full width at the half
maximum (FWHM) (Table 1) from the damping factor tg δ (Figure 7) showed insignificant changes. It
can thus be assumed that this is associated mainly with the heterogeneous structure of the polymer
matrix network visible in the form of two peaks on the tg δ curve. This results from the ability to
copolymerize UPR components and the formation of microgels during its curing [35]. However, the
addition of filler reduces the damping capacity in the range of 60–110 ◦C. This may suggest that it
limits the formation of microgel clusters and reduces the heterogeneity of the polymer matrix network.
In addition, when CEL-MOD is used, a decrease in the damping ability in this temperature range
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can confirm participation of the double bonds from the filler in the polymer network formation. The
consistency of the matrix with the filler affects the glass transition temperature. The highest Tg values
were found in 2% of CEL-UNMOD and 5% of CEL-MOD systems.
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Figure 5. Storage modulus (E’) of UPR and composites with CEL-MOD and CEL-UNMOD.
(a) CEL-MOD; (b) CEL-UNMOD.
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Figure 6. Loss modulus (E”) of UPR and composites with CEL-MOD and CEL-UNMOD. (a) CEL-MOD;
(b) CEL-UNMOD.

0 50 100 150 200

0.1

1

St
or

ag
e 

m
od

ul
us

 (G
Pa

)

Temperature (°C)

 UPR
 2% CEL-MOD
 5% CEL-MOD
 10% CEL-MOD

0 50 100 150 200

0.1

1

St
or

ag
e 

m
od

ul
us

 (G
Pa

)

Temperature (°C)

 UPR
 2% CEL-UNMOD
 5% CEL-UNMOD
 10% CEL-UNMOD

0 50 100 150 200
0

20

40

60

80

100

120

140

160

Lo
ss

 m
od

ul
us

 (M
Pa

)

Temperature (°C)

 UPR
 2% CEL-MOD
 5% CEL-MOD
 10% CEL-MOD

0 50 100 150 200
0

20

40

60

80

100

120

140

160

Lo
ss

 m
od

ul
us

 (M
Pa

)

Temperature (°C)

 UPR
 2% CEL-UNMOD
 5% CEL-UNMOD
 10% CEL-UNMOD

0 50 100 150 200
0.00

0.05

0.10

0.15

0.20

0.25

tg
 δ

Temperature (°C)

 UPR
 2% CEL-MOD
 5% CEL-MOD
 10% CEL-MOD

0 50 100 150 200
0.00

0.05

0.10

0.15

0.20

0.25

0.30

tg
 δ

Temperature (°C)

 UPR
 2% CEL-UNMOD
 5% CEL-UNMOD
 10% CEL-UNMOD

(a) (b) 

δFigure 7. Damping factor (tg δ) of UPR and composites with CEL-MOD and CEL-UNMOD.
(a) CEL-MOD; (b) CEL-UNMOD.
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Table 1. Mechanical and thermomechanical data of samples.

Properties UPR

COPOLYMERS

CEL-MOD CEL-UNMOD

2% 5% 10% 2% 5% 10%

Flexural modulus/GPa 3.00 ± 003 2.99 ± 003 3.11 ± 0.04 3.08 ± 0.07 3.04 ± 0.25 2.95 ± 0.11 3.25 ± 0.02
Flexural strength/MPa 81 ± 2.1 76.7 ± 2.6 74.8 ± 4.4 73.3 ± 4.6 59.7 ± 5.5 57.8 ± 1.7 53 ± 2.3

Strain at break/% 2.93 ± 0.12 2.72 ± 0.14 2.58 ± 0.2 2.49 ± 0.18 2.02 ± 0.16 2.02 ± 0.12 1.68 ± 0.08
Hardness/MPa a 128.1 129.7 130.4 134.4 127.3 126.5 129.7

E’(25 ◦C)/GPa 2.81 2.82 2.81 2.99 2.82 2.86 2.99
E’(180 ◦C)/MPa 95.6 89.1 93.6 117.3 96.7 89.7 117

Tg/
◦C b 141.9 143.2 143.3 141.4 143.5 139.9 141

tg δmax 0.206 0.195 0.215 0.174 0.216 0.206 0.198
FWHM/◦C c 49.4 49.4 49.2 50.2 48 50.8 49

a Brinell method; b Determined from tg δmax; c FWHM, full width at half maximum. CEL-MOD, modified
microcrystalline cellulose (MCC); CEL-UNMOD, unmodified MCC.

3.3. Thermal Analysis

Thermogravimetric studies allowed to determine the thermal stability of composites.
Characterization of the distribution of individual components of the mixtures (UPR, CEL-MOD,
and CEL-UNMOD) (Figure 8) and the systems with CEL-MOD (Figure 9) and CEL-UNMOD (Figure 10)
allowed to determine the interactions of the filler with the matrix. The numerical data of thermal
analysis are presented in Table 2.

CEL-UNMOD decomposition takes place in one temperature range of ca. 275–400 ◦C with a
maximum decomposition temperature Tmax1 = 340.5 ◦C. This is attributed to one mechanism by which
its degradation proceeds. In the case of CEL-MOD, in addition to the main decomposition, whose
maximum occurs at Tmax1 = 356.6 ◦C, there is an initial step mass loss. The first one in the range of
ca. 120–220 ◦C is associated with the moisture present in the MCC structure, while the second one in
the range of ca. 220–300 ◦C can be attributed to the decomposition of methacrylic groups. The main
UPR decomposition associated with the degradation of the spatial structure of the polymer network
occurring in the range of about 280–450 ◦C is preceded by a mass loss in the range of ca. 100–280 ◦C,
associated with the evaporation of unreacted substrates of the synthesis of unsaturated polyester and
styrene that were not incorporated into the polymer network during UPR curing and low-boiling and
weakly connected components.

The presence of a filler in the resin affects the temperature of the main decomposition of the
system. In the case of the composites with CEL-UNMOD, Tmax1 increases for the system with 2% of
CEL-UNMOD, whereas 5% and 10% contents of the filler reduce it below the maximum decomposition
temperature of pure resin. These changes are in good agreement with the results obtained from the
mechanical and thermomechanical tests, and can be related to the degree of CEL-UNMOD dispersion
in the matrix. The heterogeneity of the filler distribution can also be reflected in the mass loss for the
above systems in the range of about 500–650 ◦C with Tmax2 = 568.2 ◦C for 5% of CEL-UNMOD and
Tmax2 = 595.2 ◦C for 10% of CEL-UNMOD. Agglomerates can decompose at higher temperatures as a
result of the protective layer formation in the form of carbon derived mainly from the resin pyrolysis. In
the CEL-MOD systems, the maximum decomposition temperature Tmax1 increases with the increasing
filler content. This can confirm the improved MCC miscibility obtained through modification. In
addition, the Tmax1 values, which are higher for composites than for individual components, would
indicate a difficult decomposition of the systems resulting from the incorporation of MCC through
unsaturated bonds of methacrylic groups in the structure of the polymer matrix network. In addition,
the effect of the filler interactions with the resin is also visible in the mass loss of composites compared
with its individual components in the range of 220–300 ◦C. The observed differences in the mass loss
can be attributed to the formation of clusters of polymer networks of different compositions in the
mixtures. This would correspond to the theory of microgel formation during curing of the resin. For
the 2% CEL-UNMOD system, a 0.10% decrease in mass loss could indicate a reduction in its formation.
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However, a higher CEL-UNMOD resin load results in an increase in mass loss. The maximum is for the
5% CEL-UNMOD one, being 1.58%. The ability to agglomerate the filler particles would thus facilitate
the formation of areas of the polymer network that are more easily degraded. In the case of CEL-MOD,
the largest difference in mass loss occurs for the system containing 2% of the filler, amounting to 0.23%.
The increase in the CEL-MOD resin loading results in a decrease in the mass loss difference. For the
10% CEL-MOD system, the total mass loss of individual components is the same. Therefore, it can be
assumed that the microgels’ formation is also affected by the viscosity of the cured mixture.
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Figure 8. Thermograms (TG/DTG) of composite components. (a) TG; (b) DTG.
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Figure 9. Thermograms (TG/DTG) of composites with CEL-MOD. (a) TG; (b) DTG.
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Figure 10. Thermograms (TG/DTG) of composites with CEL-UNMOD. (a) TG; (b) DTG.
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The obtained composites were also investigated by differential scanning calorimetry (DSC). The
DSC curves are shown in Figure 11. The values of maximum decomposition (Td) and enthalpy of
decomposition (∆Hd) are listed in Table 2. The thermal behaviour of the composites is characterized
by a well-shaped calorimetric profile containing a single symmetric peak in the range of 300–450 ◦C. It
corresponds to the pyrolytic degradation observed in the TG/DTG study. Information about the caloric
effect associated with this process, which is the result of the overlapping of both endo- and exothermic
effects, has allowed to confirm the impact of MCC modification on the properties of the obtained
materials. The highest value of decomposition enthalpy among composites with CEL-UNMOD was
obtained for the system containing 5% filler (Figure 11). The increased share of endothermic effects
confirms the largest heterogeneity of the systems with 5% and 10% of CEL-UNMOD and their two-stage
distribution noted in the TG/DTG tests. This is because of the formation of a protective layer derived
primarily from the pyrolysis of the matrix. Td may also indicate the quality of the dispersion of the filler
in the matrix. The use of CEL-MOD in composites increases Td, while the use of CEL-UNMOD reduces
their value compared with UPR. Additionally, no exothermic effect associated with the post-curing
process was observed, which confirms complete cross-linking of the samples.
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Figure 11. Differential scanning calorimetry (DSC) curves of the UPR and composites with CEL-MOD
and CEL-UNMOD. (a) CEL-MOD; (b) CEL-UNMOD.

Table 2. Thermograms (TG/DTG) and differential scanning calorimetry (DSC) data.

Properties UPR
CEL-

MOD
CEL-

UNMOD

COPOLYMERS

CEL-MOD CEL-UNMOD

2% 5% 10% 2% 5% 10%

Tmax1 (◦C) 375.4 356.6 340.5 375.9 376.7 377.2 375.5 367.7 372.5
Tmax2 (◦C) - - - - - - - 568.2 595.2

Mass change in the range
220–300 ◦C (%) 3.49 8.60 1.71 3.36 3.66 4.00 3.35 4.98 4.07

Sum of changes in mass of
individual components of
composites in the range

220–300 ◦C (%)

- - - 3.59 3.75 4.00 3.45 3.40 3.30

The difference in the mass
change of the composites

and their individual
components (%)

- - - −0.23 −0.09 0 −0.10 1.58 0.77

Td (◦C) 369.7 - - 371.2 369.8 370.6 369.0 369.4 369.3
∆Hd (J/g) 306.2 - - 293.5 260.6 276.9 269.8 285.0 280.4

4. Conclusions

Composites of unsaturated polyester resin with the MCC modified with methacrylic anhydride
and, comparatively, those with the unmodified MCC were obtained. The presence of methacrylic
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groups on the MCC surface improved mechanical properties of the composites compared with the
systems with the unmodified MCC. The values of flexural strength and strain at break increased.
This resulted from the improvement of the filler miscibility in the resin and limiting its ability to
form agglomerates. However, MCC modification resulted in a reduction of intermolecular hydrogen
bond interactions between matrix (polyester) carbonyl groups and filler hydroxyl groups. This
resulted in a smaller increase in flexural modulus, especially visible in systems containing 10% of
filler. The improvement of CEL-MOD mixtures homogeneity also affected their thermal stability,
which is particularly visible in the case of 5% and 10% of the CEL-UNMOD systems characterized by
decomposition in two temperature ranges. At the same time, modification reduced the friction of the
matrix with the filler, thus affecting the composites’ rigidity. In addition, the presence of unsaturated
bonds in the filler structure allowed it to be incorporated into the structure of the polymer matrix
formed during curing. As a result, the composite containing 5% of the modified MCC had practically
identical damping values and glass transition temperature as the 2% CEL-UNMOD system.
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Abstract: The cultivation of cereals like rye, barley, oats, or wheat generates large quantities of
agroforestry residues, which reaches values of around 2066 million metric tons/year. Barley straw alone
represents 53%. In this work, barley straw is recommended for the production of composite materials
in order to add value to this agricultural waste. First of all, thermomechanical (TMP) fibers from
barley straw are produced and later used to reinforce bio-polyethylene (BioPE) matrix. TMP barley
fibers were chemically and morphologically characterized. Later, composites with optimal amounts
of coupling agent and fiber content ranging from 15 to 45 wt % were prepared. The mechanical results
showed the strengthening and stiffening capacity of the TMP barley fibers. Finally, a micromechanical
analysis is applied to evaluate the quality of the interface and to distinguish how the interface and
the fiber morphology contributes to the final properties of these composite materials.

Keywords: bio-polyethylene; barley straw; thermomechanical fibers; interface

1. Introduction

The production of environmentally friendly materials is a key point to more sustainable
development. Today’s society has become aware of the need to eliminate its dependence on fossil
resources. In this sense, the production of materials coming from renewable resources with properties
similar to the current ones is becoming a necessity [1–6]. There are two main ways to develop
greener plastic materials—bio-based and biodegradable or bio-based and recyclable materials [5,7–10].
Both types must coexist in order to achieve the properties currently provided by materials manufactured
from fossil origin resources.

Biopolyethylene is produced from biomass such as sugarcane [11] and is an alternative to
polyethylene obtained from oil. However, due to market dimensions and scale economies, the cost and
price of bio-based polymers are higher than common plastics. Hopefully, a higher penetration in the
market of bio-based materials will reduce its production costs and then its price [12].

In the field of bio-based and recyclable materials, the use of bio-polyethylene reinforced with natural
fibers is of great interest. By combining a bio-based matrix such as biopolyethylene with a bio-based fiber
reinforcement, it is possible to obtain high performance and recyclable bio-composites [13]. Moreover,
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if an agroforestry residue is suggested as raw material, a new renewable, cheap, and sustainable
reinforcement is used, thus adding value and extending the agroforestry value chain. Barley straw has
a world production of 195,000,000 bdmt/year, representing 15.6% of cereal straws world-wide [14].
However, to the best of our knowledge, there are very few publications on the use of this residue as
raw material, and none in the field of composite materials [15–18].

The use of natural fibers as reinforcements in plastic matrix composites has a number of challenges.
The main ones are the poor interaction at fiber-matrix interface and the low degradation temperatures
of natural fibers. The former is related to the incompatibility between highly hydrophilic fibers and the
hydrophobic polymer matrices. Under these circumstances, there is not a good interaction between the
matrix and the reinforcement, and a strong interface is impossible to attain [19]. This polarity difference
can be overcome by adding coupling agents. It is already known in the literature that coupling agents
such as maleated polyethylene (MAPE) can improve the strength of the interface between the two
phases [20,21]. However, this interaction must be studied in each case because the surface chemical
composition of the fibers is also a key factor [22]. On the other hand, the degradation temperature of
the cellulosic fibers limits the processing temperatures, which have to be kept below 220 ◦C [23].

In this work, the production of composite materials of thermo-mechanical barley fibers with
bio-polyethylene is studied. Composite materials with MAPE contents ranging from 0 to 8 wt % are
produced to elucidate the optimal coupling agent in the formulation that renders the highest tensile
strengths. From here, coupled composites from 15–45 wt % of thermo-mechanical barley fibers are
obtained, and their mechanical properties are analyzed and discussed. A micromechanics analysis of
the tensile strength is carried out in order to assess the strength of the interface and the intrinsic tensile
strength of the reinforcements.

2. Materials and Methods

2.1. Materials

Polyethylene based on renewable sources kindly supplied by Braskem (São Paulo, Brazil) was
used as polymer matrix. This 100% recyclable biopolyethylene (BioPE) is obtained from sugarcane
and therefore is bio-based. The polymer has a molecular weight of 61.9 g/mol, a melt flow index of
20 g/10 min at 190 ◦C with 2.16 kg, and a density of 0.955 g/cm3. Maleic anhydride-grafted-polyethylene
(MAPE) with a maleic–anhydride substitution of 0.9% (Fusabond MB100D) was provided by DuPont
(Wilmington, DE, USA).

Barley straws were kindly provided by Mas Clarà S.A. (Girona, Spain).

2.2. Methods

Initially, the barley straw was chopped by means of a blade mill equipped with a 3 mm mesh.
Then, the barley straw was subjected to a thermo-mechanical digestion process. This process was
carried out in a pressure reactor at 160 ◦C and a liquid ratio of 1:6. The fibers extracted from the reactor
were washed repeatedly and then passed through a Sprout–Waldron defibrator. The obtained fibers
were filtered and dried at 80 ◦C.

The study of composite materials produced from bio-polyethylene and thermo-mechanical fibers
of barley straw was divided in two parts. In the first step, the amount of coupling agent was optimized
for composites comprising 30 wt % of fiber content. From these results, a micromechanics analysis
allowed us to obtain the orientation factor and the intrinsic resistance of the barley thermo-mechanical
fibers. In the second step, the mechanical properties of composite materials adding different percentages
of fibers were studied. The analysis was based on the micromechanical values resulting from the
optimization of the coupling agent. A flow chart of the composites production and their characterization
is shown in Figure 1.
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Figure 1. Flow chart of the composites production and characterization.

The compounding process was performed using a Gelimat intensive kinetic mixer (Dusatec,
Inc., Ramsey, NJ, USA). The fibers were introduced at a rotor speed of 300 rpm. Subsequently,
and maintaining this constant speed, the polymer was incorporated together with the coupling agent.
The composites were produced with fiber percentages between 15 and 45 wt %. Once all materials
were in the kinetic mixer, the rotor speed was increased up to 3000 rpm. The increase in the rotor
speed cause increase in the temperature reaching the melting temperature of the polymer. The material
was discharged once the matrix was melted and mixed with the fibers. The blend was then cooled
down and subsequently pelletized. The composites were kept in an oven at 80 ◦C temperature for 24 h
before injection molding. The mold injection was carried out using a 220 M 350–90U injection machine
(Arburg, Loßburg, Germany). A series of 20 standard test specimens of each composite were mold
injected to assess tensile properties.

The morphological study of fibers was carried out using a MORFI equipment (Techpap, Gières,
France). The fibers into the composite materials were extracted using a Soxhlet apparatus with Decalin
to dissolve the matrix. From here, the mean fiber lengths, fiber diameters as well as fiber length
distributions were obtained. The chemical composition of the fibers was determined from the analysis
of ash content (ISO 2144:2019 standard [24]), extractives (TAPPI T204 cm-07 [25]), lignin klason (ISO/DIS
21436 [26]), and holocellulose.

Tensile tests were performed according to ASTM D790 standard. All samples were conditioned at
50% of relative humidity and 23 ◦C in a climatic chamber (Dycometal, Viladecans, Spain) during at
least 48 h before testing (ASTM D618 standard [27]). The tensile tests were carried out in an Instron
TM 1122 universal testing machine (Instron, Cerdanyola, Spain). This equipment is fitted with a 5 kN
load cell. The experimental results are the average of at least of testing five samples.

3. Results and Discussion

3.1. Fibers Assessment

Table 1 shows the results from the chemical analysis of the barley straws, the fibers from submitting
barley straws to a thermomechanical process, and spruce fibers subjected to the same process. It is
evident from the table that there are significant differences between the chemical composition of virgin
raw material (barley straw) and the fibers after a thermomechanical process.
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Table 1. Chemical composition of raw material, barley thermomechanical (TMP) fibers, and spruce
TMP fibers.

Holocellulose (%) Klason Lignin (%) Extractives (%) Ash (%) Length 1 (µm) Diameter (µm)

Barley straw 70.12 ± 0.54 16.45 ± 0.34 5.90 ± 0.76 7.1 ± 0.2 – –
Barley TMP fibers 77.67 ± 0.61 15.30 ± 0.46 2.73 ± 0.12 4.3 ± 0.3 745 19.6
Spruce TMP fibers 73.75 ± 0.83 25.80 ± 0.22 0.25 ± 0.34 0.2 ± 0.2 978 24.7

1 Length weighted in length.

These differences are due to the thermomechanical treatment. More in detail, the thermal
treatment acts on the middle lamella and the primary cell wall of the fibers removing part of the ashes,
extractives and lignin, mainly present in these areas of the fiber structure. Thereafter the secondary wall
is reached (S1, S2, and S3), where higher contents of cellulose and hemicellulose are present. Afterward,
when these fibers are subjected to a mechanical defibration process (Sprout–Waldron defibrator),
the fiber agglomerates tend to split at the fiber–fiber union. In comparison to a thermomechanical
treatment, an exclusively mechanical process would break the structure of the fibers in a disordered
way while preserving the same chemical composition of the raw material. On the other hand, as shown
in Table 1, the chemical composition of fibers from spruce wood treated by the same thermomechanical
process has a higher lignin content. This is due to the different chemical composition of wood fibers
with respect to an agroforestry waste. It has been reported, that fibers from non-wood resources
present lower lignin contents [28]. This difference in chemical composition can be related to their
surface composition [22,29]. Börås and Gatenholm [22] developed a model for the distribution of
carbohydrates, lignin, and extractives on the surface of fibers after defibration. This model proposes
that lignin is covering in a heterogeneous way the carbohydrates that are in an ordered phase in the
form of fibrils. In this model, it is also proposed that the extractives form globular particles spread
all over carbohydrates and lignin. These chemical surface properties are essential to understand the
difficulty to achieve composites with strong interfaces between natural fibers and polyolefin matrices.

Figure 2 shows the length distributions of barley TMP fibers and spruce TMP fibers.
The determination of the morphology of the fibers is important to determine their reinforcement
capacity. In the same way as chemical composition, wood fibers tend to show higher aspect ratios
(length/diameter) than fibers from annual plants [28]. Nonetheless, the morphology of the fibers is
remarkably changed during composite processing. Compounding and mold injection processes cause
an important reduction of the mean length of the fibers [29].

 

μ μ

 
Figure 2. Length distributions of barley TMP and spruce TMP fibers.
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3.2. Coupling Agent Optimization

The tensile properties of a composite material are mainly impacted by the nature of the
reinforcement and the matrix, the reinforcement content, dispersion and orientation, its aspect
ratio, and largely by the quality of the matrix–reinforcement interface [30–32]. The different nature
between natural fibers (hydrophilic) and polyethylene (hydrophobic) hinders the achievement of a
strong interface [33,34]. Improvement of the interface strength can be achieved by the use of coupling
agents such as polyethylene grafted with maleic anhydride (MAPE) [35–37].

Table 2 shows the tensile strength (σC
t ), Young’s modulus (EC

t ), strain at break (εmax), and the
contribution of the matrix to the tensile strength of the matrix (σm∗

t ) for 30 wt % TMP-reinforced BioPE
composites coupled with MAPE percentages ranging from 0 to 8%. The density of the fibers inside
the material (1.35 g/cm3) was determined from the density of the bio-propylene (0.955 g/cm3) and the
density of the resulting composite material. Therefore, the volume fraction (VF) of fibers in a 30 wt %
composite material is 0.233.

Table 2. Tensile properties of barley TMP/ biopolyethylene (BioPE) composite with different coupling
agent contents.

MAPE (%) VF σC
t (MPa) EC

t (GPa) εmax (%) σm*

t (MPa)

0 0 18.05 ± 0.74 1.06 ± 0.08 12.18 ± 0.34 18.05
0

0.233

18.82 ± 0.60 1.73 ± 0.10 2.88 ± 0.27 13.29
2 23.51 ± 0.39 1.76 ± 0.05 3.37 ± 0.15 14.19
4 29.84 ± 0.19 1.85 ± 0.07 5.19 ± 0.22 16.27
6 34.70 ± 0.90 2.14 ± 0.04 5.47 ± 0.31 16.44
8 32.65 ± 0.69 1.93 ± 0.05 5.67 ± 0.17 16.55

The tensile strength of the composites reinforced with 30 wt % of barley TMP composites increased
noticeably when MAPE was added in the formulation (Figure 3). However, when the MAPE exceeds
6%, the tensile strength starts to decrease. The increase of the tensile strength of the composites is
promoted by the creation of covalent ester bonds. The higher is the MAPE content the higher are the
possible bonds. These bonds are formed by the reaction between the anhydride groups of maleic
acid and the hydroxyl groups on the surface of the fibers [19,38]. Nonetheless, if a certain percentage
of coupling agent is exceeded, grafted polyethylene chains tend to self-entangle and decrease the
tensile strength of the composite. In this case, it was resolved that 6% MAPE provides the highest
increase in tensile strength of the material (34.70 MPa), which represents an increase over 90% of the
tensile strength of the matrix. On the other hand, the Young’s modulus of the composite material is
not affected by the quality of the interface. In this sense, composite materials with poor interfaces
present Young’s moduli similar to composites with optimized MAPE contents [39]. For the elongation
at the break, the deformation capability increases with the higher coupling agent content as a direct
consequence of Hooke’s law.
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Figure 3. Tensile strength evolution of 30 wt % composite against maleic anhydride (MAPE) content.

Once the elongation at break of the composites are known, it is possible to determine the
contribution of the matrix to the strength of these material (σm∗

t ), as shown in Figure 4. By translating
the value of the elongation at rupture of the composites on the stress-strain curve of the matrix, the σm∗

t

value can be obtained.

 

𝜎 ∗
𝜎 ∗

Figure 4. Tensile strength vs elongation diagram of BioPE polymer. Matrix contribution to tensile
strength for each MAPE content is also shown.

Mechanical properties of composites (BioPE+ 30 wt % barley TMP fibers) related to coupling agent
content were modelled by using a modified rule of mixtures for the tensile strength of semi-aligned
short fiber reinforced composites (Equation (1)) [40,41].

σC
t = fc·σ

f
t ·V

F + σm∗
t ·(1−VF), (1)
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where σC
t is the tensile strength of the composite, σ f

t the intrinsic tensile strength of the fibers and fc
a coupling factor. As reported by Sanadi et al. [42], the coupling factor used in the modified rule of
mixtures (fc) is the orientation factor (χ1) times the length and interface factor (χ2) of the fibers inside
the composite. Nonetheless, the equation cannot be used to evaluate the intrinsic tensile strength of the
reinforcements because has another unknown, the value of the coupling factor. Accordingly, the use of
the modified Kelly-Tyson equation (Equation (2)) [43].
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where Lc is the critical length, lf the fiber length and df the fiber diameter. The Kelly–Tyson equation
divides the contribution of the reinforcements to the tensile strength of the composites between the
contributions of the subcritical (lf < lc) and supercritical (lf > lc) fibers. The equation introduces an
interfacial shear strength (τ). According to the shear-lag model, the matrix transmits the force from
the matrix to the reinforcement by shear forces in the interface. This means that the fibers are fully
loaded at the center of their length and nil at their ends. According to the length of each fiber inside
the composite, the load in its center will be less or equal to its intrinsic tensile strength (Figure 5).

 

𝜎 𝑓 𝜎 𝑉 𝜎 ∗ 1 𝑉𝜎 𝜎𝑓 𝜒 𝜒
𝜎 𝜒 ∑ ∑ 𝜎 𝑉 1 𝜎 ∗ 1 𝑉

𝜏

𝜒 𝜏

Figure 5. Axial load graphic of (a) critical length fibers, (b) subcritical length fibers, and (c) supercritical
length fibers.

Therefore, the length of the reinforcements, its intrinsic tensile strength, and the interfacial shear
strength command the value of the critical length. Only those reinforcements with lengths equal or
higher than the critical will fully deploy its strengthening capabilities. The critical length is equal to the
intrinsic tensile strength of the fibers times the fiber radius, divided by the interfacial shear strength.

The Kelly–Tyson model considers the stress distribution due to a single short fiber embedded
in a matrix when the system is subjected to a uniaxial load in the direction of the fiber axis [44].
Nonetheless, Kelly and Tyson’s equation cannot be solved as shows three unknowns, the orientation
factor, the critical length and the intrinsic tensile strength of the reinforcements. Anyhow, Bowyer and
Bader developed a numerical method capable to solve the equation. The Bowyer–Bader solution [45]
assumes that the interfacial shear strength is independent of the deformation, and that the effect of the
fiber’s inclination to the load axis can be explained by a scale factor, and the fiber orientation factor.
Then, by using the experimental values of two points of the stress-strain curve χ1 and the τ can be
determined (Figure 6).
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Figure 6. (a) Fibers length distribution from 30% composite and (b) stress-strain curve of a coupled
30% composite.

The results of applying the method to a composite that adds 6 % coupling agent returns an
orientation factor of 0.309 and an interfacial shear strength of 10.49. The interfacial shear strength
obtained is close to von Misses criteria (τ= 10.42 MPa), where τ = σm

t /
√

3 [46]. Von Mises criteria is used
to define strong interfaces. Thus, the obtained value can be considered reasonable and corresponding to
a strong interface. Then, the critical fiber length was calculated from lc = (d f ·σc

t)/2·τ [47]. The obtained
value of critical fiber length was 409.91 µm. Once obtained the values of χ1, τ and lc, it was possible to
use of Kelly–Tyson equation (Equation (2)) to determine the value of the intrinsic strength of the fibers.
The result for a 30% composite with 6% coupling agent was 521.18 MPa. Then, this intrinsic tensile
strength was introduced in the modified rule of mixtures (Equation (1)) to evaluate a coupling factor
(fc) for 30% composite that was found to be 0.18. This value is in the range from 0.18 to 0.20 obtained
by composites with optimal interfaces [48].

Equation (1) was used, together with the intrinsic tensile strength of the reinforcement, to evaluate
the coupling factors for all the composites reinforced with 30 wt % of fibers and MAPE contents ranging
from 0 to 8%. The lower value (fc = 0.07) was obtained for the uncoupled composite.

The following equations show the relation between the coupling factor and the length and interface
factor and the orientation factor (Equation (3)). Then, Equations (4) and (5) are used to relate the values
of the orientation factor with the interfacial shear strength. Equation (4) is used when the mean length
of the reinforcements is higher that the critical length. Otherwise, Equation (5) must be used.

fc = χ1·χ2 (3)

τ =
σ

f
t ·d

f

4·l f ·(1− χ2)
f or l f ≥ lc (4)

τ =
σ

f
t ·d

f

l f
χ2 f or l f ≤ lc (5)

The orientation factor is affected by the geometry of the injection mold and the mold injection
parameters. As long as all the composites were mold injected in the same mold and under the
same parameters, is possible to consider that such composites will share the same orientation factor.
Thus, the obtained 0.309 orientation factor was used together with the coupling factors and Equation
(4) to obtain the length and interface factors of the composites against MAPE content. Likewise,
Equations (4) and (5) were used to evaluate the corresponding interfacial shear strength of the same
composites. Figure 7 shows these values against MAPE contents.
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Figure 7. Evolution of the length and interphase factor and the interfacial shear strength as function of
coupling agent content.

The figure shows the evolution of both parameters against MAPE content. In some sense,
the length and interface factor integrate the strength of the interface along with the influence of the
morphology of the reinforcements. The interfacial shear strength accounts only for the strength of the
interface. Thus, both curves are expected to be similar in shape. Major dissimilarities will be caused by
the effect of the morphology. Figure 7 shows very similar curves, changing only due to scale effects.
Thus, in this case, the main parameter ruling the contribution of the fibers against MAPE content will
be the strength of the interface. The effect of the morphology of the fibers will be limited and only
due to slight decreases of the mean lengths of the fibers against MAPE content. The figure shows the
maximum values for the composite with 6 wt % MAPE contents.

3.3. Mechanical Performance of Barley TMP/BioPE Composites

Once the effect of the coupling agent on the tensile strength of the composites was assessed, coupled
composites with 15 and 45 wt % reinforcement contents were prepared and tested. Both composites
comprise 6% of MAPE, with respect to the fiber content. It can be observed from Table 3 that the
increase in the percentage of barley TMP fibers led to a notable increase of the tensile strength, reaching
a value of 43.1 MPa for the 45 wt % formulation which represents a 138% increase over the matrix.
This increase was slightly higher than those obtained in the bibliography where an addition of 30%
natural fibers (maize fibers or corn stalk fibers) does not exceed the 85% increase in tensile strength.
This indicates the correct level of interface between fiber and matrix [49,50].

Table 3. Tensile properties of barley TMP/BioPE composites.

Barley TMP (%) VF σC
t (MPa) EC

t (GPa) εmax (%) σm*

t (MPa)

0 0 18.05 ± 0.74 1.06 ± 0.08 12.18 ± 0.34 18.05
15 0.111 25.2 ± 0.64 1.85 ± 0.06 7.65 ± 0.24 16.37
30 0.233 34.7 ± 0.90 2.59 ± 0.04 6.45 ± 0.31 16.76
45 0.367 43.1 ± 0.57 3.55 ± 0.05 4.69 ± 0.33 15.86

At the same time, the increases in reinforcement contents also leaded to a linear increase of the
Young’s modulus of the composites, an indicating of good reinforcement dispersion. The addition of
natural fibers (stiffer phase) as reinforcement of a polymeric matrix (ductile phase) implies a resulting
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material with higher stiffness than the plain matrix. The deformation at rupture of the material
decreases as the addition of reinforcement increases as a direct consequence of Hooke’s law.

The same micromechanics analysis on the length and orientation factor, and on the interfacial
shear strength, was made to evaluate the impact of the reinforcement content over the same factors.
The orientation factor was assumed to be 0.309 and the intrinsic tensile strength of the fibers 521.18 MPa.
Figure 8 shows the evolution of both factors against the reinforcement content.

 

Figure 8. Evolution of the length and interphase factor and the interfacial shear strength as function of
TMP barley fiber content.

These two factors decrease almost linearly as the percentage of reinforcement increases. However,
the interface strengths obtained between 15–45% reinforcement with the addition of a 6% coupling
agent can be considered strong. In this case, both parameters evolved similarly, but a normalization
of the scale of both parameters shows how the influence of the length and interface factor changes
from positive for the composite adding 15 wt % of reinforcement to negative for the composite adding
45 wt %. This is explained by the decreases of the mean length of the fibers due to attrition phenomena
during mixing. The mean length of the fibers decreased with the reinforcement content. Thus,
longer fibers have more influence in the tensile strength of a composite than shorter ones. Nonetheless,
the deviations of such parameter are slight and the main parameter commanding the tensile strength
of the composites is the interfacial shear strength.

4. Conclusions

Thermomechanical barley fibers were used as reinforcement for a BioPE-based composite.
A composite adding 30 wt % of reinforcement was used to evaluate the effect of a coupling agent over
the tensile strength of the composites. It was found that a 6% MAPE content returned the highest
tensile strengths.

A micromechanics analysis allowed us to obtain the intrinsic tensile strength of the reinforcements,
with a value of 521.18 MPa. This value is similar to other more commonly used natural reinforcements,
ensuring the strengthening capabilities of the barley fibers. The analysis also allowed us to evaluate
the strength of the interface. This interface was evaluated by the intrinsic tensile strength, with a value
of 10.42 MPa, almost equal to von Mises criteria, and the coupling factor with a value of 0.18 inside
the range from 0.18 to 0.20 considered optimum for semi-aligned short fiber–reinforced composites.
The analysis also unveiled the higher impact of the strength of the interface over the morphology of
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the fibers for the contribution of the reinforcements to the tensile strength of a composite, when the
percentage of fibers is constant and the percentage of coupling agent changes.

The effect of reinforcement content over tensile strength was also assessed. Composites adding 15
and 45 wt % of reinforcement were prepared and tensile tested. It was found that the tensile strength
of the composites evolved linearly with reinforcement contents. It was found that the interfacial shear
strength mainly commanded the contribution of the fibers to the tensile strength of the composites.
Nonetheless, the length and interface factor also showed a slight effect, as a direct consequence of the
shortening of the mean length of the fibers against fiber content.
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Abstract: The automotive industry is under a growing volume of regulations regarding environmental
impact and component recycling. Nowadays, glass fiber-based composites are commodities in the
automotive industry, but show limitations when recycled. Thus, attention is being devoted to
alternative reinforcements like natural fibers. Curauá (Curacao, Ananas erectifolius) is reported in
the literature as a promising source of natural fiber prone to be used as composite reinforcement.
Nonetheless, one important challenge is to obtain properly dispersed materials, especially when the
percentages of reinforcements are higher than 30 wt %. In this work, composite materials with curauá

fiber contents ranging from 20 wt % to 50 wt % showed a linear positive evolution of its tensile strength
and Young’s modulus against reinforcement content. This is an indication of good reinforcement
dispersion and of favorable stress transfer at the fiber-matrix interphase. A car door handle was used
as a test case to assess the suitability of curauá-based composites to replace glass fiber-reinforced
composites. The mechanical analysis and a preliminary lifecycle analysis are performed to prove
such ability.

Keywords: automotive industry; natural fiber; composites; polypropylene; stiffness; curauá fibers

1. Introduction

The automotive industry is under a growing volume of regulations, related to safety and security,
emissions, recyclability and other aspects [1]. These legislations can change noticeably from one
country to the next, but are usually in line with the policies and objectives of the governments and the
society. Sometimes, these legislations seem to be contradictory. As an example, increasing the security
of the vehicles demands the incorporation of elements that can increase its weight. It is known that
around 50% of the fuel consumption of an automobile depends upon its mass [2]. Furthermore, lifecycle
analysis in the car industry revealed that the environmental impact of a vehicle mainly occurs in its use
phase [2,3]. In order to overcome these apparent conflicts between security and fuel consumption, and
in parallel with other solutions, the automotive industry has devoted great efforts in light-weighting
its components [2,4].
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The light-weighting of a vehicle can be achieved by design changes, modification of the construction
processes or the use of light engineering materials [2,5]. In addition to the above-mentioned regulations,
the automotive industry has also to fulfill new regulations related to the end of life of the vehicles.
Such regulations, like the European Union (EU) End of Life Vehicle directive, restrict the amount of
vehicle that can be landfilled at its disposal. This directive enforces recovering and reusing at least 95%
of the vehicle [6,7].

The automotive industry has explored alternatives to steel that provide the required mechanical
properties while being lighter. These materials include metals like aluminum or magnesium, polymers
like polyolefin, or composite materials like glass fiber or natural fiber-reinforced polymers. Moreover,
alternative materials must show technical, economic and environmental performances [2].

The use of natural fiber-reinforced polymers has caught the attention of automotive industry,
due to certain reasons. On the one hand, natural fibers come from renewable resources, locally available
and comparatively cheaper than mineral fibers [8–10]. On the other hand, natural fibers are lighter than
glass fibers, and thus, natural fiber-reinforced materials tend to show higher specific properties [11].
Nowadays, the use of natural fiber-reinforced composites has increased [9]. These materials are
used for globe boxes, door panels, seat coverings, seat surfaces, trunk panels, trunk floors, spare tire
covers, insulation, headliners, or dashboards [9,12]. The use of natural fiber-reinforced composites
has been limited to non-structural or semi-structural purposes, and usually as an alternative to glass
fiber-reinforced materials [9,12,13]. The most common natural fibers used as reinforcement in the
automotive industry are jute, flax, sisal, cotton, wood abaca and kenaf [9,13,14]. The studies on the use
of curauá fibers as reinforcement in the automotive industry, to the best knowledge of the authors, are
scarce [6].

Curauá is a Bromeliaceae (Ananás erectifolius) common to the Amazonas region. Curauá is one
of the natural fibers with more potential to be used as composite reinforcement [6,15,16]. Actually,
these fibers are being used in the textile and automotive industries [6,17]. Furthermore, curauà fiber is
odorless, enabling its use for car interior parts [6].

The use of natural fibers as reinforcement in composites has been extensively reported in the
literature [8–10,18–22]. Nonetheless, the use of lignocellulosic reinforcements limits the range of
polymers to be used as a matrix, mainly because cellulose starts to degrade fast when exposed to
temperatures beyond 200 ◦C [23].

The mechanical properties of a fibers-reinforced composite are mainly affected by the nature of its
phases and its percentages, its compatibility, as the ability to create strong interphases between the
reinforcement and the matrix, the morphology of the reinforcements and its dispersion and its main
orientation against the loads. While all the above-mentioned aspects have importance, a composite will
always fail due to its feeblest phase, usually the interphase [13,24,25]. Obtaining strong interphases in
natural fiber-reinforced composites is hindered by the different natures of these phases. Matrices used
to be hydrophobic, and natural fibers hydrophilic, hindering a correct wetting of the reinforcements
and disabling the creation of chemical bonding [26,27]. Thus, a great effort has been devoted to
overcome this problem. The methods that have showed better results were based on fiber treatments
or the use of coupling agents [28–31]. These methods enable the correct wetting of the reinforcements
and the creation of hydrogen bonds, obtaining strong interphases. It must be mentioned that the
use of matrices functionalized with maleic anhydride have reported excellent results in the case of
polyolefin [25,32,33].

In the case of curauá-reinforced composites, the matrices that are mainly used are polyolefin,
like polypropylene and high-density polyethylene, in some cases biobased. Castro et al. produced
biobased composites by reinforcing a biopolyethylene with curauá fibers [15]. These researchers used a
liquid hydroxylated polybutadiene as a coupling agent. The produced composites showed decreasing
flexural strengths with increasing reinforcement contents. This is usually a sign of a weak interphase.
In another research, the authors used castor and canola oils as compatibilizers in curauá-reinforced
bio-polyethylene composites [34]. Here the authors observed increases on the flexural strengths of the
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composites due to the presence of the coupling agents. Nonetheless, the flexural strength tends to
decrease with increasing percentages of reinforcement.

The authors blame this on a poor dispersion of the reinforcements in the composite. Nacas et al.
produced curauá-reinforced polypropylene composites [35]. These researchers used raw and fibrillated
reinforcements and maleic anhydride as their coupling agent. The materials showed noticeable increases
of its tensile strength when fibrillated reinforcements and coupling agents were used in the formulation
of the composites. The study was limited to 20 wt % reinforcement contents. Mano et al. studied the
effect of processing conditions on the mechanical properties of curauá-reinforced polypropylene and
polyethylene composites [36]. These authors did not use any coupling agent. The research stated
the impact of the morphology of the reinforcements on the mechanical properties of the composites.
The reinforcements are exposed to attrition during composite preparation and experience noticeable
length shortening. Thus, the processes that prevented the shortening of the reinforcements allowed the
obtaining of composites with higher mechanical properties. Another research obtained uncoupled
curauá-reinforced polypropylene composites [37]. These materials showed increases of their flexural
strengths against reinforcement contents. The maximum content of curauá was limited to 20 wt %,
possibly to avoid dispersion problems. The literature shows the importance of using a coupling agent
to obtain strong interphases. There is also an unsolved bad dispersion of the fibers for percentages of
curauá higher than 20 wt %.

In this work, composites based on a polypropylene matrix reinforced with curauá fibers were
formulated and prepared. The composites added 20 wt %, 30 wt %, 40 wt % and 50 wt % of
reinforcement to assess the effect of these percentages over the tensile strength, Young’s modulus and
strain at the break of the composites. In order to obtain strong interphases, the materials added a
6 wt % against the reinforcement content of the coupling agent. The results are compared with glass
fibers-reinforced composites. The tensile strength of the composites shows a linear increase up to 50 wt
% cuarauá contents.

A door car handle was modeled, and a finite element analysis was used to assess the potential use
of the studied composites. The results are presented and compared with other potential materials,
in terms of specific properties and component lightweighting.

Finally, a preliminary lifecycle analysis was performed to assess the environmental impact of the
components depending on the materials they are made of.

The main objective of the research is showing the potential of curauá fibers as polyolefin
reinforcement. An automotive component has been chosen due to the global impact of such industry
and its innovative nature. The results show the advantages of this natural reinforcement in front of
glass fiber, in terms of environmental impact, mechanical properties and the possibility of obtaining
good fiber dispersions and strong interphases at high fiber contents.

2. Materials and Methods

2.1. Materials

A polypropylene (PP) homopolymer with trademark Isplen PP099 G2M by REPSOL YPF
(Tarragona, Spain) was used as our matrix. This polymer has a 0.905 g/cm3 density and a 55
g/10min melt flow index (230 ◦C, 2.16 kg). This melt flow index makes the polymer especially suitable
for mold injection.

A polypropylene functionalized with maleic anhydride (MAPP), with trademark Epolene G3015
by Eastman Chemical Products (San Roque, Spain) was used as the coupling agent. The MAPP has a
15 mg KOH/g acid number as a 24800Da atomic mass.

Cuarauá fibers were obtained from the Instituto de Macromoléculas Professora Eloisa Mano
Universidade Federal do Rio de Janeiro (Rio de Janeiro, Brazil). Glass fiber (GF) by Vetrotex (Chamberley,
France) was provided by Maben, S.L. (Banyoles, Spain).
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Other reactants used during fiber treatment were: Sodium hydroxide (NaOH) by Merck, KGaA
(Darmstadt, Germany) and anthraquinone by Basf AG (Tarragona, Spain). The reactants were used as
received, without any further purification.

2.2. Fiber Treatment

The fibers were provided as long strands, unable to be used for mold injection. Curauá strands
were chopped in a knives mill and then sorted, to obtain fibers with a mean length of 2 mm. Next, the
fibers were defibrated in a Sprout-Waldron equipment. The process took place at room temperature
and under aqueous conditions, obtaining a curauá mechanical pulp (CF). The process rendered a 99%
yield with respect to the raw strands. The CF showed a density of 1.44 g/cm3.

2.3. Composite Preparation

The composites were formulated with 20 wt %, 30 wt %, 40 wt %, 50 wt % and 60 wt % CF contents.
All the composites added a 6 wt % of MAPP, against CF content. The percentage of MAPP was based on
previous works and had the objective of maximizing the tensile strength of the composites [26]. MAPP
was added with the PP. Composites were prepared in a kinetic internal mixer by Gelimat®(Ramsey,
USA). The process took place at 3000 rpm and lasted approximately 2 min, until a 210 ◦C discharge
temperature was reached. Although compounding decreases the mean length of the reinforcements
due to attrition, Gelimat®mixers have less impact on the mean length of the reinforcements than other
equipment does, and obtains reinforcements with better aspect ratios [38].

GF-based composites were prepared in a Brabender®plastograph mixer (Duisburg, Germany).
The equipment was operated at 20 rpm during 10 min and at 180 ◦C. Coupled (GFe) and uncoupled
(GFs) composites were prepared. In the case of the coupled composites, the coupling agent was added
with the PP.

Before its use, the materials were pelletized in a knife mill and stored at 80 ◦C during at least 24 h.

2.4. Specimen Obtention

Standard dog-bone specimens were mold injected. The equipment was a Meteor 40 injection
mold machine by Mateu & Solé (Barcelona, Spain). At least 10 valid specimens for all composite
formulations were obtained. The temperature profile was 175, 175 and 190 ◦C for the three heating
areas. The last one corresponds with the injection nozzle. First and second pressures were 120 and
37.5 kgf/cm2, respectively.

2.5. Tensile Testing

The specimens were stored in a Dycometal (Barcelona, Spain) climatic chamber at 23 ◦C and
50% relative humidity the 48 h before the tensile test, in agreement with ASTM D638 and ASTM
D618 [39,40]. The specimens were tensile tested in an Instron 112 universal machine (Norwood, MA,
USA). The machine is equipped with a 5 kN load cell and was operated at 2 mm/min. The results were
the mean of at least five measurements.

2.6. Car Door Handle Modelling and Analysis

The original component was measured in a Mitutoyo Crysta Apex 544 coordinate measuring
machine (Elgoibar, Spain). These measures were used to obtain a digital mockup with SolidWorks® by
Dassault Systemes (Vélizy-Villacoublay, France).

The interface conditions were obtained from the literature [13]. Use conditions were based on a
normal use of a car door handle. A finite element analysis was performed by using the Simulation
2017 x64 SP3.0 module of Solid Works. The preliminary life cycle analysis (LCA) was performed with
the sustainability module of Solid Works.
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3. Results and Discussion

3.1. Tensile Properties of Curauá Reinforced Polypropylene Composites

The composites were submitted to tensile test to obtain its tensile strength (σt
C), Young’s modulus

(Et
C) and strain at break (εt

C). Table 1 shows the obtained values. In the table, VF and ρC account for
the reinforcement volume fraction and the composite density, respectively.

Table 1. Tensile properties of coupled curauá-reinforced polypropylene composites against
reinforcement contents.

Sample VF ρC

(g/cm3)
σt

C

(MPa)
Et

C

(GPa)
εt

C

(%)

PP 0 0.905 27.6 ± 0.5 1.5 ± 0.1 9.3 1 ± 0.2
PP + 20CF 0.136 0.977 36.2 ± 0.6 3.1 ± 0.1 2.8 ± 0.1
PP + 30CF 0.212 1.019 41.5 ± 0.7 4.1 ± 0.1 2.3 ± 0.1
PP + 40CF 0.295 1.063 47.5 ± 0.8 5.1 ± 0.2 2.1 ± 0.1
PP + 50CF 0.386 1.111 53.8 ± 1.2 6.2 ± 0.2 1.9 ± 0.1

1 This is the strain at maximum strength.

The results show a sustained increase of the tensile strength of the composites against CF contents.
The composites increased the tensile strength of the matrix 31%, 50%, 72%, 95% and 121% by adding
20 wt %, 30 wt %, 40 wt % and 50 wt % of CF, respectively. Moreover, Figure 1a shows that the evolution
of the tensile strength is also linear against CF content. The literature indicates that such behavior is
possible when a proper dispersion of the reinforcements inside the composite and a strong interphase
between the fibers and the matrix is also present [41].

Figure 1. Evolution of the tensile properties of the composites against reinforcement contents: (a) Tensile
strength; (b) Young’s modulus.

In the case of the Young’s modulus of the composites, a sustained and linear increase against CF
content was also observed (Figure 1b). The Young’s moduli of the composites increased noticeably
with the CF contents. The composites increased the modulus of the matrix by 106%, 173%, 240%, 313%
and 393% for the composites with 20 wt %, 30 wt %, 40 wt % and 50 wt % contents, respectively. It is
known that the Young’s modulus of a composite is little affected by the strength of the interphase,
but strongly affected by the dispersion of the fibers [42]. Thus, the results back the hypothesis of a
proper dispersion of the fibers, but the use of a technique that permits a direct measurement of the fiber
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dispersion is needed to fully back such a hypothesis. Notwithstanding, a micromechanical analysis is
needed to assess the strength of the interphase between CF and PP.

The elongation at break of the composites decreased as a direct consequence of the higher
percentages of reinforcement, a fragile phase. Thus, although the tensile strength increased,
the composites were unable to sustain high elongations.

The tensile properties of the composites are similar to other strand-reinforced composites like
hemp- or jute-reinforced PP [26,43]. The results were higher than those obtained by reinforcing the same
matrix with wood fibers [38,42,44]. Nonetheless, the composites that are more used in the automotive
industry are GF-based. Thus, in order to assess the possibilities of using CF-based composites in the
automotive industry, its properties must be compared to GF-based materials. Table 2 shows the tensile
properties of GF-reinforced PP composites. The table shows the results obtained for uncoupled (GFs)
and coupled (GFe) composites [38,44,45].

Table 2. Tensile properties of uncoupled and coupled glass fiber-reinforced polypropylene composites
against reinforcement contents.

Sample VF ρC

(g/cm3)
σt

C

(MPa)
Et

C

(GPa)
εt

C

(%)

PP + 20GFs 0.084 1.036 50.9 ±4.3 4.6 ± 0.1 3.1 ± 0.1
PP + 30GFs 0.136 1.116 58.5 ± 4.3 5.9 ± 0.2 3.0 ± 0.2
PP + 20GFe 0.084 1.036 67.6 ± 0.9 4.5 ± 0.2 4.7 ± 0.2
PP + 30GFe 0.136 1.116 79.6 ± 1.2 6.0 ± 0.1 4.4 ± 0.2

GF-based composites were prepared with the same matrix and the same equipment than CF-based
materials, in order to discard the effect of such parameters on the tensile properties of the materials.
The content of GF was limited to a maximum of 30%, because on the one hand, this is the standard in
the industry, yet on the other hand, GF is highly affected by attrition during compounding. These
phenomena increase with the amount of reinforcement and they reduce the length of GF [46].

The differences between the coupled and uncoupled GF composites were noticeable. Both kinds of
composites increased the tensile strength of the matrix, but while uncoupled composites increased the
tensile strength of the matrix by an 85% and a 112% for 20 wt % and 30 wt % GF contents, respectively,
the coupled composites increased 145% and 188% for the same GF contents. This shows the effect
of a strong interphase on the tensile properties of a composite. In the case of the Young’s modulus,
there were few differences between the moduli of coupled and uncoupled GF composites at the same
reinforcement contest, showing the above-mentioned limited effect of the interphase in the Young’s
modulus. In any case, GF-based composites showed tensile strengths superior to CF-based materials.
Only the PP + 50CF was superior to the PP + 20GFs. In the case of the Young’s modulus, CF showed a
notable stiffening capability, and the composites. Composites with 40 wt % of CF showed a Young’s
modulus similar to composites with a 20 wt % of GF, and so on.

As commented upon in the introduction, one of the goals of the automotive industry is
lightweighting. The densities of CF (Table 1) and GF (Table 2) composites show how at the same
reinforcement contents, CF composites are lighter than GF, but only slowly. Figure 2 shows the specific
tensile strength and Young’s modulus of the composites.

GF-based composites showed higher specific properties at the same reinforcement contents.
Figure 2 show how only a composite with a 50 wt % CF content can reach more similar specific tensile
strengths than an uncoupled GF composite with 20 wt % contents. In the case of the Young’s modulus,
the, CF composites with 50 wt % contents showed values superior to any GF material.

Automotive components are usually designed to sustain reasonable deformation under use
conditions. Thus, the stiffness of the composites can prove, to a limit, more important than its tensile
strength when applied to a test case.
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Figure 2. Specific tensile properties of curauá, and uncoupled and coupled glass fiber-reinforced
polypropylene composites: (a) Specific tensile strength; (b) Specific Young’s modulus.

3.2. Test Case

3.2.1. Car Interior Door Handle

The test case is a car interior door handle. This component was chosen because is a widely known
mechanism, with few variations in its operating principle. Figure 3 shows different views of the
modeled component.

Figure 3. Digital mockup of the car interior door handle used as our test case: (a) Normalized views;
(b) Perspective view.

A similar design was used by some of the authors in a recent study on the application of natural
fiber-reinforced polyamide 11 composites [13]. The reference model was made of an uncoupled
GF-reinforced PP composite, with a 20 wt % GF content. The mechanical properties of such material
are shown in Table 2.

The operating principle of the mechanism is based on a class 1 lever. The fulcrum is the rotational
axis, inserted in the handle and in the car door. The load is applied with the fingers in one side
(Figure 3b). The resistance is placed in the wire axis, which conveys the loads to the opening mechanism.
The wire is under tensile loads, ensuring the return of the mechanism to the designed neutral position.
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The load needed to operate the mechanism was measured with a dynamometer on five car doors.
The highest value was found to be 15 N. This value was multiplied by a 1.5 safety factor to stablish
20 N as a load, under which almost any car door handle can be operated under normal conditions.
These loads are always exerted with one or two fingers and the thumbs. The literature shows that
it is possible to exert up to 70 N loads with two fingers [47]. These two loads define the analyzed
use conditions. The 20 N hypothesis defines a proper use of the mechanism, the 70 N a misuse.
Nonetheless, both situations are possible, and must be taken into account in the following analysis.

3.2.2. Analysis of the Use of CF-Reinforced PP Composites.

The loads and restrictions used to simulate the mechanism were:

• Loads were applied in the interior face of the lever (Figure 3b)
• The hole around the rotation axis was limited to a rotation degree of freedom, hindering all the

other movements.
• The wire axis was limited in all of its degrees of freedom to simulate the reaction forces when the

lever is loaded.

The analysis was defined as static. Then, the solid was meshed with standard quad point elements.
A mesh of 8235 elements, with a mean size of 2.3 ± 0.11 mm, was created before some refining
operations. Almost all of the elements (98.4%) showed aspect ratios below 3.

Tables 1 and 2 show the mechanical properties used to perform the analyses. All the materials
were applied to test the model under normal and misuse conditions. The results were collected in
the shape of von Mises strengths (MPa), percentage displacements (%), net displacement (mm) and
safety factors. The safety factor is defined as the ratio between the yield stress and the working stress.
CF-based composites are not ductile materials, and yield and ultimate stresses are very similar.

Figure 4 shows the output provided by the analysis software for a component made of a
CF-reinforced PP composite with a 50 wt % CF content.

Figure 4. Graphical output obtained after assaying a component made of a 50 wt % CF-reinforced
composite under 20 N loads: (a) Von Mises; (b) Net displacements; (c) Strain; (d) Safety factor.
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The von Mises diagram obtained for all the studies was very similar, with only slight changes,
as shows Table 3. The maximum von Mises stress was located at a zone were the area of the handle
changes. This area coincides with an edge, a known stress raiser. It must be pointed out that the model
submitted to analysis lacked some rounding operations that could mitigate such stress concentration
but ease the meshing. Nonetheless, the maximum stresses were located at the expected areas. Thus,
the analysis was considered accurate. The net displacements changed noticeably form one composite
to the other, as expected due to the different Young’s moduli of such materials. The strains evolved
similar to the displacements, and were always inferior to the stresses at break of the materials; thus no
collapse was previewed. Safety factor diagrams showed a very regular coloring, mostly on the low
safety factor area. This shows that the design is balanced, and no waste of material was done [13,22].

Table 3 shows the results obtained for the models under normal use conditions (20 N).

Table 3. Main outputs of the analysis of the test case under 20 N loads.

Sample Safety Factor
Net Displacement

(mm)
Percentage Displacement

(%)
Von Mises

(MPa)
Mass

(g)

PP 2.9 1.4 0.4 9.6 10.2
PP + 20GFs 5.3 0.4 0.1 9.6 11.7
PP + 30GFs 6.1 0.4 0.1 9.6 12.6
PP + 20GFe 7.0 0.5 0.1 9.6 11.7
PP + 30GFe 8.3 0.3 0.1 9.6 12.6
PP + 20CF 3.8 0.7 0.2 9.6 11.0
PP + 30CF 4.3 0.5 0.1 9.6 11.5
PP + 40CF 4.9 0.4 0.1 9.6 12.0
PP + 50CF 5.6 0.3 0.1 9.6 12.5

Under normal circumstances, the component must be far from its collapse or breaking point. This is
shown by the obtained safety factors, all noticeably above 2. Nonetheless, normal use conditions must
ensure that the deformation of the component does not compete with the developments of its function.
The handle is submitted to a load that tends to deform the element. The maximum deformations
are shown in Table 4 as net displacements. It was found that all the composite materials ensure
deformations below 1mm, and pp matrix deformations around 1.4 mm. Any of these deformations
endangers the handle function deployment, but affects the perceived quality of such component. Thus,
having in account that the original component was made of PP + 20GFs, the net displacement of such
composite was used as a reference. In order to avoid placing a too strict limit, a ±0.1 tolerance was
proposed. Thus, all the materials that ensure net displacements lower that 0.5 mm were accepted as
suitable as replacement materials.

Thus, all the GF-based materials can be used, and also, the CF-based composites, where CF
contents from 30 wt % and above can be also candidates.

Table 4 shows the values obtained after submitting the model to misuse conditions (70 N).

Table 4. Main outputs of the analysis of the test case under 70 N loads.

Sample Safety Factor
Net Displacement

(mm)
Percentage Displacement

(%)
Von Mises

(MPa)

PP 0.8 5.0 1.3 33.7
PP + 20GFs 1.5 1.6 0.4 33.7
PP + 30GFs 1.7 1.3 0.3 33.7
PP + 20GFe 2.0 1.7 0.5 33.7
PP + 30GFe 2.4 1.2 0.3 33.7
PP + 20CF 1.1 2.4 0.7 33.7
PP + 30CF 1.2 1.8 0.5 33.7
PP + 40CF 1.4 1.4 0.4 33.7
PP + 50CF 1.6 1.2 0.3 33.7
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The values increased in consonance with the increased load. All neat deformations were above
1 mm, and the safety factors decreased noticeably. In fact, a car handle made of PP was unable to
endure the loads, and the analysis previews a breakage of the element. The rest of these materials
returned a safety factor above 1. Alike the normal use conditions case, in the misuse hypothesis, the
value obtained for the PP + 20GFs composite was used as a reference. In this case, a component was
ruled suitable if it showed safety factors around 1.5. A similar tolerance to the applied for normal use
conditions was applied to the safety factor, allowing all the components with safety factors above
1.4. Thus, all the GF-based composites fulfill the condition, and CF-based materials with 40 wt % or
50 wt % reinforcement contest returned favorable values.

Two criteria were defined: On the one hand, the components under normal use conditions must
show maximum displacements below 0.5 mm. On the other hand, the handles under misuse conditions
must return safety factors above 1.5. Figure 5 shows the materials that fulfill both condition.

Figure 5. Combined requirements for the normal use and misuse conditions. The ellipse encircles the
suitable materials that fulfill both requirements.

The figure shows how all the GF-based composites (uncoupled and coupled) fulfill the conditions
necessary to be used for a car door handle. On the other hand, only the composites with 40 wt % and
50 wt % contents were able to substitute the original GF-based material.

The mentioned criteria were based on the mechanical properties of the materials. Nonetheless,
other criteria, like lightweighting and environmental impact, must be taken into account.

Table 3 shows the mass of the components. The densities of GF and CF are 2.46 and 1.44 g/cm3,
respectively. These densities are higher than the matrix (0.905 g/cm3); thus, adding reinforcement
contents increased the density of the composites and the mass of the handles. The reference model
shows a mass of 11.7 g. The handle with a 30 wt % of GF shows a 7.7% weight increase. The materials
adding a 40 and 50 wt % of CF increased the weight of the reference models by 2.6% and 7.2%. Thus,
replacing the GF by CF increased the weight of the components and disagreed with the lightweighting
criteria. Notwithstanding, the differences are slight, and the environmental impact criteria must
be considered.

The environmental impact analysis was performed under the following conditions:

• Manufacturing process, injection molding
• The elements are manufactured in Europe, to be consumed in Europe
• The lifespan is of 15 years
• At the end of life only 5% of the total is dumped
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Table 5 shows the results of the preliminary LCA analysis. The analysis was performed only for the
composites suitable to substitute the original PP + 20GFs composite. The analysis does not distinguish
between coupled and uncoupled GF-based materials because the database lacks information on the
environmental impact of the coupling agents. The environmental impacts of a fully PP component
were added as control.

Table 5. LCA analysis of a door car handle made with the considered materials.

Sample
Carbon Footprint

(kg CO2)
Energy Consumption

(MJ)
Atmospheric Acidification

(kg SO2)
Eutrophication

(kg PO4)

PP 0.048 1.10 1.40 × 10−4 1.10 × 10−5

PP + 20GF 0.079 1.34 2.86 × 10−4 2.34 × 10−5

PP + 30GF 0.095 1.46 3.59 × 10−4 2.96 × 10−5

PP + 40CF 0.032 0.67 8.70 × 10−4 7.40 × 10−6

PP + 50CF 0.028 0.56 7.37 × 10−4 6.50 × 10−6

The results show how the impact increases noticeably when the percentage of GF is increased,
but also shows how the same impact decreases fast when the percentage of CF increases. In order to
compare the environmental impacts, Figure 6 shows the percentage increases and decreases against PP.

Figure 6. Percentage differences between the environmental impact of a polypropylene (PP) component
and curauá mechanical pulp (CF)- and glass fiber (GF)-based composites.

The figure clearly shows the impact of adding glass fibers to a composite. Adding 20 wt % and
30 wt % of GF increases 65% and 97% the carbon footprint of a PP-based component. On the other
hand, including curauá fibers decreases the carbon footprint. This behavior is similar for all the other
considered impacts. Thus, though CF-based composites do not lightweight the door handle, they do
contribute noticeably to decrease its environmental impact. As cited in the introduction, alternative
materials must show technical, economic and environmental performances [2]. Curauá-reinforced
PP composites showed technical performance equal to GF-reinforced PP composites, and better
environmental behavior. The economic performance is out of the scope of the article, and further
research is needed to compare the costs between CF- and GF-reinforced materials. Nonetheless, if these
natural fibers-based composites are adopted by the automotive industry, surely industrial partners
that will produce such composite pellets will provide such materials. Although the mixing equipment
used to produce the composites is an industrial scale equipment, other processes like twin extruders
can be used, and this can affect the costs, the properties of the materials (due to the morphology of the
fibers) and the environmental impact.
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4. Conclusions

Coupled Curauá fiber-reinforced polypropylene materials were formulated, mixed and textile
tested. The linear evolution of the tensile strength and the Young’s modulus of the composites against
reinforcement content indicated a good dispersion of the reinforcements and the presence of chemical
interactions in the interphase. The composites added 20 wt % to 50 wt % reinforcement contents.

The tensile properties of the curauà-based composites were similar to uncoupled glass fiber-based
composites with 20 wt % less reinforcement contents.

A car interior door handle was proposed as the test case to assess the possibility to change form a
glass fiber-reinforced polypropylene composite to a curauá fiber-reinforced material. Normal use and
misuse conditions were defined, and a finite element analysis of the test case was performed. The results
showed that it was possible to replace an uncoupled 20 wt % glass fiber-reinforced polypropylene by a
40 wt % or 50 wt % curauà-reinforced material.

Curauá-based materials able to replace glass fiber showed higher densities. Thus, it was not
possible to lightweight the component by changing from GF to CF.

The environmental impact of CF-based composites was noticeably lower than GF-based materials.
From an environmental point of view, changing from mineral reinforcements to curauá fibers makes
sense. Nonetheless, a more accurate life cycle analysis is needed to explore the sensitivity of the
environmental impact to all the possible variables.

A micromechanics analysis of the interphase is needed to assess the strength of such interphases.
From this information it is possible to identify whether or not it is also possible to further increase the
mechanical properties of curauá fibers-reinforced materials.

More research is needed to evaluate the effects of water absorption on the mechanical properties
of the composites.
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Abstract: A quaternized cotton linter fiber (QCLF) based adsorbent for removal of phosphate was
prepared by grafting glycidyl methacrylate onto cotton linter and subsequent ring-opening reaction
of epoxy groups and further quaternization. The adsorption behavior of the QCLF for phosphate
was evaluated in a batch and column experiment. The batch experiment demonstrated that the
adsorption process followed pseudo-second-order kinetics with an R2 value of 0.9967, and the
Langmuir model with R2 value of 0.9952. The theoretical maximum adsorption capacity reached
152.44 mg/g. The experimental data of the fixed-bed column were well fitted with the Thomas and
Yoon–Nelson models, and the adsorption capacity of phosphate at 100 mg/L and flow rate 1 mL/min
reached 141.58 mg/g. The saturated QCLF could be regenerated by eluting with 1 M HCl.

Keywords: radiation grafting; cotton linter; phosphate adsorption; dynamic studies

1. Introduction

Eutrophication means the enrichment of water in nutrients by nitrogen and phosphorus
compounds, which cause an accelerated growth of algae and superior forms of vegetable life,
thus leading to degradation of the aquatic ecosystem [1]. In most cases, the concentration of phosphorus
is the key factor in eutrophication control. To protect eutrophication from phosphorus, regulations and
guidelines of many countries have set limitations on phosphorus concentrations in discharging waters.
For example, the US has recommended that the average phosphorus concentration should not surpass
0.05 mg/L in streams discharging into lakes or reservoirs [2]. Therefore, it is very important to remove
low-concentration phosphorus from waters. Many physical, chemical and biological technologies were
investigated for phosphate removal. Adsorption is considered an efficient technique for removing
low-concentration contamination from wastewater. The advantages of adsorption are simple in design
and operation, cheap to implement and effective at low concentrations [3,4].

Inorganic adsorbents (activated carbon, metal oxides, silicates, Ca and Mg carbonates), organic
adsorbents (anion exchange resins) and industrial by-products (red mud, slags, fly ash) were used for
phosphate removal [2]. However, these particle-based adsorbents have several disadvantages such as
high cost, fragile, post-usage disposal difficulty and lower adsorption capacity [5]. The fiber-shaped
adsorbents can overcome the brittleness weakness due to the radial expansion at swollen state, and have
larger surface area and huge interspaces than particle adsorbents, which can improve the adsorption

181



Materials 2019, 12, 3393

performance [6,7]. In recent years, the natural fibers were recognized as an efficient, cost-effective
and environmentally friendly adsorbents for contamination removal purposes. Many kinds of native
cellulose fiber such as wool fiber [8], cotton linter [9], protein fibers and jute fibers [10] and kapok
fiber [11] have been modified by various functional groups to remove oil [12], heavy metal ions [10,13],
dyes [14], Au(III) [15], fluoride and arsenic [16–18] and humic acid [9] from aqueous solution. Cotton
linter, the relatively short fuzz left on cotton seed after the cotton ginning process, has a high cellulose
content which makes it very suitable to be an adsorbent due to its biodegradability, biocompatibility
and non-toxicity. However, few reports have been studied on the removal of phosphate by modified
cotton linter.

Amine groups were mostly used for anion ions adsorption through electrostatic interaction [15,17].
Pentaethylene hexamine was selected as the monomer for cotton linter modification due to its abundant
amino groups and excellent thermal stability. Radiation-induced graft polymerization (RIGP) has
been widely used to modify various fibers with the aim to introduce various functional groups onto
the cellulose substrate [19–21]. The adsorbents prepared by RIGP had a high adsorption velocity
because the functional groups were mainly concentrated on the surface of the substrates. In this paper,
a quaternary ammonium group functionalized cotton linter was prepared by RIGP and its adsorption
performance to phosphate was investigated. The newly cotton linter based adsorbent prepared by
RIGP are expected to have good application prospects in phosphate adsorption.

2. Experimental

2.1. Materials

Cotton linter was supplied by Jinhanjiang refined cotton Co., Ltd., (Jingmen, China). NaH2PO4,
Pentaethylene hexamine (PEHA) was bought from Aladdin Chemical Co., Ltd. (Shanghai, China).
HCl, NaOH, N, N-Dimethylformamide (DMF) and 1-Bromohexane were purchased from Macklin
reagent Co., Ltd. (Shanghai, China).

2.2. Preparation of Quaternized Cotton Linter Fiber (QCLF)

The QCLF was prepared by electron beam (EB) pre-irradiation grafting technology, and the
procedure is illustrated in Figure 1.

The mixture composed of 30 mL GMA, 3 mL Tween 20 and 67 mL deionized water was nitrogen
flowed to get rid of oxygen. Dry cotton linter fibers (2 g) were sealed in PE bags and vacuum pumped,
then the cotton linter fiber were irradiated at the dose from 10 to 50 kGy (dose rate: 10 kGy/pass)
with energy of 1 MeV by an EB accelerator manufactured by Wasik Associates INC, MA, USA.
After irradiation, the sample was immersed into the GMA emulsion solution for grafting reaction at
50 ◦C for 3 h. Then the grafted cotton linter fiber were washed and dried.

The degree of grafting (DOG) was determined by Equation (1):

DOG = (
W2 −W1

W1
) × 100% (1)

where W1 and W2 were the weights of cotton linters before and after grafting, respectively.
CLF-g-GMA samples (2.0 g) with DOG 255% were immersed into 20 mL 50% PEHA with DMF

solution for ring-opening reaction with the reaction condition of 80 ◦C and 24 h. Then, the samples
were immersed into 50% 1-bromohexane with DMF solution for quaternization with the reaction
condition of 70 ◦C and 24 h. Finally the quarterized cotton linter were washed and dried, thus QCLF
was obtained.
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Figure 1. Synthesis route of quaternized cotton linter fiber (QCLF) adsorbent.

2.3. Characterization

The FTIR analysis was performed in the transmittance mode on Nicolet 6700 spectrophotometer
(Thermo, Waltham, MA, USA). Surface morphologies were observed by Tescan Vega3, Brno, Czech at
the accelerate voltage 10 kV. Thermogravimetric Analysis (TGA) was performed by TG290F3 of Netzsch
(Selb, Germany) with the temperature from room temperature to 800 ◦C.

2.4. Batch Adsorption Experiments

QCLF (0.05 g) were added into 50 mL phosphate solution shaken at 25 ◦C. The pH was adjusted
with 0.1 mol/L HCl or 0.1 mol/L NaOH. In the adsorption kinetics study, the concentration of phosphate
was 20 mg/L and the adsorption time was 2, 5, 10, 20, 30, 45, 60, 90 and 120 min. In the adsorption
isotherm experiment, the concentration of phosphate was ranging from 100 to 500 mg/L with the
variation intervals of 50 mg/L.

The adsorbed amount (Qt) of total phosphate onto QCLF was determined using Equation (2):

Qt =
(C0−Ct) ×V

m
(2)

where C0 and Ct were the phosphate concentration before and after adsorption at certain time, V was
the volume of the phosphate solution and m was the mass of QCLF.

The phosphate concentration (PO4
−, HPO4

− and H2PO4
−) were determined using Ion

chromatograph (MagIC Net 883, Metrohm, Switzerland).

2.5. Column Experiments

The column experiments were conducted with a 3 mL organic glass at a bed height of 50 mm and
the inner diameter 9 mm which was fitted with QCLF (1.45 g). The inlet concentrations of phosphate
passed through the column were 50 and 100 mg/L and the space velocities (SVs) were 20 to 100 h−1,
which corresponded to flow rate 1 to 5 mL/min. After saturated adsorption, 1 mol/L HCl was used to
regenerate the QCLF at flow rate 0.25 mL/min.
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3. Results and Discussion

3.1. Synthesis of the QCLF

GMA was grafted onto cotton linter by radiation grafting technology. Figure 2 shows the effect of
radiation dose on the DOG in 30 wt% GMA solution. The DOG was firstly increased with dose up to
maximum value of 255% at 30 kGy, and then maintained at a high platform. This phenomena can be
explained by the decay mechanism of the trapped radicals. The grafting of GMA onto cotton linter by
EB pe-irradiation graft polymerization was mainly initiated by the free radical mechanism. A high
adsorbed dose can initiate more amounts of free radicals and induce high DOG. However, a higher
absorbed dose may also result in the decomposition of cellulose substrate. So in this study, the grafted
fibers with the DOG of 255% at 30 kGy were used for further experiments.

The grafted cotton linter fiber (CLF-g-GMA) with DOG 255% was immersed into PEHA solution
for epoxy ring-opening reaction. The conversion rate calculated by the mass increase was 45%.
The quaternization rate in the quaternization reaction was 48% calculated by mass increase.
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Figure 2. Effect of radiation dose on the degree of grafting (DOG).

3.2. Characterization

3.2.1. FT-IR Analysis

Figure 3 shows the FT-IR spectra of the original cotton linter (a), CLF-g-GMA (b),
CLF-g-GMA-PEHA (c), and QCLF (d). The bands of cellulose observed in curve (a) included
O–H, C–H, H–O–H, C–O, C–O–C bonding at 3345, 2920, 1635, 1060 and 898 cm−1, respectively [22].
The grafting of GMA was confirmed by the adsorption bands at 1726 cm–1 and 908 cm−1 which
was assigned to the stretching of the carbonyl and epoxy group of GMA. After the ring-opening
reaction, the bands at 1564 cm−1 and 1465 cm−1 can be assigned to N–H and C–H bands of PEHA [23].
After the quaternization reaction, the peaks at 1656 cm−1 and 3415 cm−1 attributed to the appearance
of quaternary nitrogen and then the intensity of N–H peaks sharply decreased, meaning that tertiary
amines were converted to quaternary ammonium [24,25]. The bands at 2960 cm−1 were assigned to
C–H antisymmetric and symmetric stretching of –CH2–, indicating successful introduction of alkyl
chain from 1-bromohexane.
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Figure 3. FT-IR spectra of original cotton linter (a), grafted cotton linter fiber (CLF-g-GMA) (b),
CLF-g-GMA-Pentaethylene hexamine (PEHA) (c) and QCLF (d).

3.2.2. SEM Photographs

The surface morphologies of cotton linter (a), CLF-g-GMA (b), CLF-g-GMA-PEHA (c) and QCLF
(d) are shown in Figure 4. The diameters of these fiber sample increased after grafting and further
modification, which might be due to the large DOG of GMA on the cotton linter.

  
(a) (b) 

  
(c) (d) 

Figure 4. SEM photographs of original cotton linter (a), CLF-g-GMA (b), CLF-g-GMA-PEHA (c) and
QCLF (d).
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3.2.3. TG Analysis

Figure 5 shows the thermal stability of cotton linter, CLF-g-GMA, CLF-g-GMA-PEHA and QCLF.
The weight loss below 100 ◦C was due to the loss of water in the samples. The weight loss of the
origin cotton linter happened in the range from 340 to 420 ◦C, which showed a one-step weight loss.
The weight loss of CLF-g-GMA occurred at 220 ◦C and terminated at 420 ◦C, which was due to the
complex thermal decomposition of the cotton linter and grafted epoxy groups and ester in GMA.
The decrease of the degradation temperature for cellulose after grafting of GMA also happened in
reference [26]. But for CLF-g-GMA-PEHA and QCLF samples, the thermal degradation curves have
two districts. The main decomposition temperature occurred between 220 and 450 ◦C, the second loss
weight took place at 450 ◦C, which might be due to the residual mass of solid carbon. It suggested that
the adsorbents have good thermal resistance for application in phosphate removal.
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Figure 5. TG analysis for cotton-linter, CLF-g-GMA, CLF-g-GMA-PEHA and QCLF.

3.3. Phosphate Adsorption in Batch Experiments

3.3.1. pH Study

The adsorption of phosphate onto QCLF at different initial pH values are shown in Figure 6.
The adsorption capacity was little affected at pH ranging from 4 to 8. The adsorption capacity of
QCLF for phosphate was very low at pH < 4 because the dominant phosphate species at lower
pH were transformed to neutron H3PO4, which had lower affinity to the adsorption sites of the
QCLF [27,28]. At pH between 4 and 8, the dominant species was transformed into H2PO4

− and
HPO4

2−. The adsorption capacity of QCLF for phosphate was dropped significantly at pH > 8 because
there would be a competition adsorption between OH− and phosphate. It was reported that the pH
value in the eutrophic lake was in the range 7.5 to 8.5 [2]. So QCLF was very suitable for phosphate
removal in eutrophic lakes. The phosphate concentration at pH 7 without pH adjustment was used for
further batch and column adsorption tests.
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Figure 6. Effect of pH on phosphate adsorption by QCLF adsorbents (initial phosphate concentration
20 mg/L, volume 50 mL, mass 0.05 g, adsorption time 24 h).

3.3.2. Effect of Adsorbent Dosage

Adsorption dosage was a vital parameter influencing the adsorption performance. Figure 7 shows
the removal efficiency and adsorption capacity of phosphate at different adsorbent dosages. It was
evident that Qe decreases while the removal % increases significantly when the amount of QCLF
increases. This can be explained by the fact that more adsorption sites of adsorbent were worked for
electrostatic attractive forces between QCLF and phosphate. The removal efficiency reached 90% at 1
and 92% at 1.4 g/L, which was a smaller change compared to when the dosage was greater than 1 g/L.
Therefore, the effectiveness decreased with an increase of adsorbent beyond 1 g/L. So the adsorbent
dosage of 1 g/L (0.05 g QCLF in 50 mL solution) was regarded as the optimal dosage for further batch
experiment condition.
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Figure 7. Effect of adsorbent dosage on the removal efficiency and adsorption capacity of phosphate by
QCLF adsorbent (initial concentration 20 mg/L, volume 50 mL, pH 7, adsorption time 24 h).

3.3.3. Adsorption Kinetics

The adsorption equilibrium time is of great importance for studying the affinity of the adsorbents
to phosphate. The experimental data was fitted by three kinetics models. The pseudo-first-order,
pseudo-second-order and intra-particle diffusion kinetic equations were expressed by Equations (3)–(5),
respectively [29].
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ln(qe − qt) = ln qe − k1t (3)

t
qt

=
1

k2q2
e
+

t
qe

(4)

qt = kidt1/2 + I (5)

where qt (mg/g) was the adsorption capacity of phosphate at time t (min) and qe was the adsorption
capacity at equilibrium time. k1 and k2 were the rate constant. Kid parameter was the reaction rate
constant (mg/g·min1/2) and I was the intercept.

The adsorption capacity at different adsorption times is shown in Figure 8a. It can be seen that the
adsorption capacity increased rapidly and reached equilibrium within 120 min. The pseudo-first-order
and pseudo-second-order were used to analyze the experimental data. The parameters qe, k1 and k2

were calculated and are listed in Table 1. Figure 8b shows the plots of pseudo-second-order kinetic
model. The higher correlation coefficient R2 (0.9998) indicated that pseudo-second-order kinetic model
can describe the adsorption kinetics well, which indicated the adsorption of phosphate onto QCLF
was a monolayer adsorption and chemical adsorption.







−

−1

–

Figure 8. Adsorption kinetics of phosphate removal onto QCLF in 50 mL, 20 mg/L, 0.05 g, pH: 7,
(a) effect of adsorption time; (b) pseudo-second-order kinetic model; (c) intra-particle diffusion model.

Intra-particle diffusion model was also used to study the transportation of phosphate to QCLF.
Figure 8c shows the plot of intra-particle diffusion model. The plot were divided into two distinct
regions. The first region was a fast adsorption and the second region corresponded to a slow equilibrium
adsorption. And the fitted plot did not pass through the origin, indicating that intra-particle diffusion
was not the only rate-controlling step [29]. The parameters of the intra-particle kinetic model are listed
in Table 1.
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Table 1. Kinetic parameters obtained from pseudo-first-order, pseudo-second-order kinetic and
intra-particle diffusion model.

Model Parameters 20 mg/L HPO4
2−

pseudo-first-order kinetics
k1 (h−1) 0.0305

qe (mg/g) 15.314
R2 0.9872

pseudo-second-order kinetics
k2 (g/(mg·min)) 0.0047

qe (mg/g) 19.409
R2 0.9967

Weber–Morris

Kid1 1.8415
I1 1.3091
R2 0.97891

Kid2 0.4543
I2 9.9282
R2 0.9973

3.3.4. Adsorption Isotherms

The adsorption isotherm of QCLF was conducted at 25 ◦C with the phosphate concentration
of 100–500 mg/L. Figure 9a shows the equilibrium adsorption capacity at different equilibrium
concentrations after adsorption. The equilibrium adsorption capacity increased and finally attained
the maximum value.

The Langmuir model was applicable to adsorption on homogeneous surface, which was expressed
by Equation (6). Equilibrium parameter (RL) reflected the nature of the dominant adsorption
mechanisms in the studied system. The favorability of the adsorption was given by the dimensionless
separation faction RL, which were calculated from Equation (7):

Ce
qe

=
Ce
qm

+
1

KLqm
(6)

RL = 1/(1 + KLC0) (7)

where Ce (mg/L) was the phosphate concentration after adsorption, qe and qm (mg/g) were the
equilibrium and theoretical maximum adsorption capacity. KL (L/mg) was the Langmuir constant
related to the adsorption affinity [30].

The Freundlich model assumed a heterogeneous surface and its linear form was expressed by
Equation (8).

ln qe = ln KF +
1
n

ln Ce (8)

where, KF was the Freundlich constant related to adsorption capacity (mmol/g) and 1/n represent the
adsorption intensity of adsorbate on adsorbent [30].

The linear equation for Temkin model was given as Equation (9) [31].

qe = Bt ln(Kt) + Bt ln(Ce) (9)

where Bt was related to the heat of sorption and Kt (L/mg) was the equilibrium binding constant.
The linear fitted plot of Langmuir, Freundlich isotherm and Temkin model are shown in Figure 9b–d,

whose key parameters are summarized in Table 2. Comparatively, the Langmuir isotherm model with
high R2 value (0.9952) was a better fit for the adsorption of phosphate on QCLF, which denoted the
monolayer adsorption of phosphate onto QCLF. The adsorption capacity Qm were calculated to be
152.44 mg/g, which was higher than other literature reports regarding adsorbents, especially at pH
6–7 (see Table 3). The calculated RL in this study were between 0 and 1, which reflected the favorable
adsorption of phosphate [31,32].
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Figure 9. Equilibrium studies of phosphate adsorption: relation of the adsorption capacity with
the equilibrium concentration (a); Langmuir isotherm model (b); Freundlich isotherm model (c) and
Tekmin isotherm model (d).

Table 2. Langmuir, Freundlich, Tekmin isotherm model parameters and correlation coefficients for the
adsorption of phosphate.

Adsorbent
Langmuir Freundlich Temkin

Qm (mg/g) KL R2 KF (mg·L−1) n R2 BT KT R2

QCL 152.44 0.0139 0.9952 15.52 2.720 0.9899 26.9827 0.2799 0.9476

Table 3. Comparison of adsorption capacity of QCLF with other available different adsorbents.

Adsorbent The max Adsorption Capacity (mg/g) pH Reference

carbonized sludge adsorbent 4.792 7 [32]
diethylamine modified Cellulose 22.88 6.8 [33]

humic acid coated magnetite nanoparticles 28.9 6.6 [34]
quaternized pectin 31.07 7 [30]

wheat straw anion exchanger 52.80 - [35]
amine-crosslinked Shaddock Peel 59.89 3 [27]

Zirconium (IV)
loaded cross-linked chitosan particles 71.68 3 [36]

modified sugarcane bagasse fibers-Fe 152 3 [37]

quaternized cotton linter fiber 152.44 7 This
paper

3.4. Column Experiments

Adsorption was an accumulation process of the adsorbate species on the absorption sites of the
adsorbent. In the fixed-bed column test, the solution flows continuously through a column of adsorbent.
The adsorbent near the column inlet will be saturated first, then the adsorption zone is moved further
toward the exit of the bed. When all the adsorbents are saturated, the value of leakage concentration is
increased and finally reaches the influent concentration. A plot of leakage concentration of the outlet
as a function of proceed time was known as the breakthrough curve. In this study, column tests were
carried out in a fixed-bed column by varying different initial concentrations and flow rate. The aim of
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this experiment was to find the optimal flow rate and influent phosphate concentration to maximize
the productivity and efficiency.

3.4.1. Effect of Influent Concentration

The effect of different phosphate concentration on breakthrough performance is shown in
Figure 10a,b. The mass of the adsorbent and flow rate were kept constant. The efficiency of phosphate
removal was described by the percent of (Ct/C0). Ct/C0 in all cases was increased with the time
increased, until it reached 1.0. The breakthrough point and the saturated time of phosphate adsorption
depended on various influent phosphate concentration. At higher influent concentration, an earlier
breakthrough point was observed. Breakthrough point was decreased from 2610 to 1260 min with the
influent concentration increased from 50 to 100 mg/L. At higher influent concentration, the function
groups were rapidly combined with phosphate which resulted in a decrease in breakthrough time.
The driving force increased with the influent concentration increased, then the adsorption points were
saturated faster with higher influent concentration.
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Figure 10. Breakthrough curves with concentration 50 mg/L at flow rate 1 mL/min (a), with concentration
100 mg/L at flow rate 1 mL/min (b), and with concentration 100 mg/L at flow rate 5 mL/min (c).

3.4.2. Effect of Flow Rate

The effect of flow rate at the same influent concentration is compared in Figure 10b,c. It can be
seen that the breakthrough points happened at 1260 and 200 min at flow rate of 1 and 5 mL/min,
respectively. Their saturation adsorption was reached at 3200 and 500 min at flow rate of 1 and
5 mL/min, respectively, which showed that a high flow rate will saturate the fixed column faster.
The difference in the slope of the breakthrough curve and adsorption capacity between the two plots
may be explained on the basis of mass transfer fundamentals. At a higher flow rate, phosphate has
a short diffusion time and interacts predominately with the functional groups on QCLF which have the
highest availability. In regard to a lower flow rate of influent, phosphate had more time to contact with
larger numbers of function groups, and this resulted in the higher removal of phosphate in the column.

3.4.3. Estimation of Breakthrough Curve

Bohart–Adams, Thomas and Yoon–Nelson models were used for describing and analyzing the
laboratory-scale column, which linear forms were presented in the following Equations (10)–(12),
respectively [4,38,39].

ln(
Ct

C0
) = kABC0t− kABN0

Z
F

(10)
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ln(
Ct

C0
− 1) =

KTHq0m
v

−KTHC0t (11)

ln(
Ct

C0−Ct
) = kYNt− τkYN (12)

where C0 was the influent and Ct was the leakage concentration (mg/L) at time t; kAB, kTH and kYN

were the model constants; t was the processing time; q0 was the adsorption capacity; v was the flow
rate; m was the adsorbent mass; N0 is the saturation concentration; Z was the bed depth of column and
F was the superficial velocity defined as the ratio of the volumetric flow rate Q to the cross-sectional
area of the bed A. τ was the time for 50% adsorbent saturated. The key parameters of the three models
are fitted, calculated and given in Table 4. From the value of the linear fitting correlation coefficient
R2 in Table 4, both the Thomas and Yoon–Nelson models can be shown to have better predicted the
adsorption performance for adsorption of phosphate in a fixed-bed column [38].

The Bohart–Adams model was established by assuming that the adsorption equilibrium is
not instantaneous and that the rate of adsorption is proportional to both the residual capacity of
the adsorbent and the concentration of the adsorbate species. It can be seen from Table 4 that the
kinetic constant kAB decreased as the phosphate concentration increased but increased as the flow
rate increased. The saturation concentration (N0) of the column also increased as the phosphate
concentration increased but decreased as the flow rate increased. Because higher N0 and lower kAB

means less adsorption resistance, the optimal performance of column experiment were then obtained
at higher initial phosphate concentrations and lower flow rate [39].

According to the Thomas model, at the same flow rate of 1 mL/min, the adsorption capacity of
phosphate reached 120.61 and 141.58 mg/g at 50 and 100 mg/L, respectively. The results demonstrate that
the maximum adsorption capacity was increased with the increasing of the phosphate concentration.
This was mainly because the adsorption force increased when the concentration of phosphate increased.
On the other hand, the value of Thomas constant KTH was high at lower influent concentration.
The adsorption capacity also decreased significantly when the flow rate increased from 1 to 5 mL/min.
Furthermore, the adsorption capacity (q0 = 141.58 mg/g) was slightly smaller than that of theoretical
maximum capacity in batch experiment (Qm = 152.44 mg/g), which showed the column test condition
(100 mg/L, 1 mL/min) was suitable to practical use. According to the Yoon–Nelson model, the time τ for
penetration to reach 50% decreased significantly with the influent concentration from 50 to 100 mg/L at
the same flow rate or with the flow rate from 1 to 5 mL/min at the same concentration of 100 mg/L.
All three τ values were very close to the experimental results. So it can be concluded that a higher
maximum adsorption capacity can be obtained with a high concentration and low flow rate from both
the Thomas and Yoon–Nelson model.

Table 4. Parameters obtained from three dynamic adsorption models.

C0

(mg/L)

v
(mL/min)

Thomas Model Bohart-Adams Model Yoon-Nelson Model

kTH q0 R2 kBA N0 R2 kYN τ R2

50 1 0.0738 120.61 0.9889 0.0462 61.1088 0.8930 0.0037 3497.81 0.9889
100 1 0.0376 141.58 0.9352 0.0102 89.229545 0.8009 0.0038 2123.74 0.9352
100 5 0.3458 22.419 0.9399 0.1363 14.4303 0.9399 0.0346 336.63 0.9368

3.4.4. Elution Experiment

After the saturated adsorption at concentration 100 mg/L and flow rate 1 mL/min, the phosphate
loaded QCLF was regenerated to realize repeated use. Figure 11 shows the elution curves with 1 M
HCl at flow rate 0.25 mL/min, the elution process was almost completed within 60 min, which showed
that QCLF can be effectively regenerated and for further reuse.
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Figure 11. The elution curve at flow rate 0.25 mL/min.

4. Conclusions

A QCLF adsorbent was successfully synthesized by radiation induced grafting technique.
The adsorption kinetics of QCLF for phosphate reached equilibrium within 120 min and the kinetics
was well obeyed pseudo-second-order mode. The adsorption isotherms were well obeyed Langmuir
model with the maximum adsorption capacity 152.44 mg/g. Column experiments showed that the
breakthrough curves were dependent on initial phosphate concentration and flow rate. The saturated
adsorbents could be efficiently generated by eluting with 1 mol/L HCl. The Thomas and Yoon–Nelson
models were both successfully used to predict the breakthrough curves. The adsorption capacity of
phosphate at 100 mg/L and flow rate 1 mL/min reached 141.58 mg/g according to the Thomas model.
The results showed that the modified cotton linter fibers can be used for phosphate removal. On the
other hand, the performance of the fibers after repeated use or magnified use need further investigation
in the future.
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Abstract: This work investigates the impact of lignin origin and structural characteristics, such as
molecular weight and functionality, on the properties of corresponding porous biopolymeric
microspheres obtained through suspension-emulsion polymerization of lignin with styrene (St)
and/or divinylbenzene (DVB). Two types of kraft lignin, which are softwood (Picea abies L.) and
hardwood (Eucalyptus grandis), fractionated by common industrial solvents, and related methacrylates,
were used in the synthesis. The presence of the appropriate functional groups in the lignins and in
the corresponding microspheres were investigated by attenuated total reflectance Fourier transform
infrared spectroscopy (ATR/FT-IR), while the thermal properties were studied by differential scanning
calorimetry (DSC). The texture of the microspheres was characterized using low-temperature nitrogen
adsorption. The swelling studies were performed in typical organic solvents and distilled water.
The shapes of the microspheres were confirmed with an optical microscope. The introduction of
lignin into a St and/or DVB polymeric system made it possible to obtain highly porous functionalized
microspheres that increase their sorption potential. Lignin methacrylates created a polymer network
with St and DVB, whereas the unmodified lignin acted mainly as an eco-friendly filler in the pores of
St-DVB or DVB microspheres. The incorporation of biopolymer into the microspheres could be a
promising alternative to a modification of synthetic materials and a better utilization of lignin.

Keywords: lignin; microspheres; composites; polymeric material; fractionation; porosity

1. Introduction

Interest in producing bio-polymer-based materials from renewable resources has increased
recently as a step toward sustainable development, by utilizing technologies that are safe for the
environment [1–5]. In response to the increasing environmental concern and diminishing resources of
petrochemicals, the use of polymers from renewable resources is a promising alternative [6,7].

Lignocellulosic biomass contains one of the most abundant renewable forms of carbon and is, thus,
regarded as a logical feedstock to replace traditional fossil resources [8,9]. Biopolymers derived from
lignocellulosic biomass, agricultural crops, or wood are currently considered to be the main resource for
developing biodegradable and renewable polymeric materials [10,11]. Lignin as a phenolic component
of biomass is the most abundant natural substance composed of aromatic moieties and the second
most abundant naturally occurring terrestrial polymer after cellulose [12,13]. It is a linker between
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cellulose bundles, giving rigidity and strength to the cell walls and resistance toward an attack by
microorganisms, which provides a route for the transport of water in plant stems. Structurally, lignin is
an amorphous macromolecule formed from three phenylpropanoid units: p-coumaryl alcohol, sinapyl
alcohol, and coniferyl alcohol connected by ether and carbon-carbon bonds [14], while the functional
groups present in lignin (namely hydroxyl, methoxyl, carbonyl, and carboxylic groups) [15] make it
possible to be functionalized through various chemical modifications [16–20]. Large quantities of lignin
are released by the kraft process during the production of pulp and paper from wood. Lignin has been
mainly regarded as a cheap fuel for the process, but recent concerns for more efficient utilization of
natural resources have drawn attention to its further valorization [14,21–29]. However, more effort is
needed for the engineering of lignin-based value-added materials to make them financially competitive.

To overcome the above-mentioned limitations of using natural polymers, they can be used in
composites and blends with synthetic polymers, which is an effective way to obtain a desirable
combination of properties that are absent in the individual components [30,31]. In the last few decades,
lignin has been added to various polymers and the materials obtained have sometimes been called
blends, and, in other cases, composites, but it is not always clear whether lignin forms a blend or acts as a
filler in the composite material [32]. For example, Yin et al. [33] prepared a cross-linked biomass-polymer
composite by mixing lignin with an epoxy resin and polyamine using a hot press molding process.
They showed that the epoxy resin could be cured by lignin, and that a good interfacial combination
was formed between the components. Jesionowski et al. [34] obtained advanced multifunctional
silica/lignin composite materials. The composite powders obtained were blended with multiwalled
carbon nanotubes. The electrochemical activity assessed by cyclic voltammetry revealed the presence
of a redox system assigned to a lignin-derived quinone/hydroquinone couple. He et al. [35] prepared a
polyaniline-lignin composite and demonstrated its good adsorption of silver ions, which indicates that
the lignin unit could play a vital role in the chelation of silver ions, while the polyaniline unit was
important for electrical conduction. Ballner et al. [36] obtained lignocellulose nanofiber-reinforced
polystyrene from composite microspheres produced by suspension polymerization. They reported
superior impact toughness and improved bending strength for the composite in comparison with
unreinforced polystyrene.

One of the main issues in the commercial production of value-added lignin products is the
heterogeneous nature of lignin, which makes it difficult to standardize the qualities and properties of
the products from lignin. Increased attention has recently been given to the fractionation into more
homogeneous preparations using organic solvents, ionic liquids, or ultrafiltration [37–45]. For example,
Li et al. [38] investigated sequential solvent fractionation of heterogeneous bamboo organosolv lignin.
The starting lignin and obtained fractions were compared in terms of functional groups and molecular
weight distribution. It was concluded that sequential solvent fractionation can be a useful method to
prepare homogeneous lignin with desirable functional groups for further processing. Jääskeläinen et
al. [40] have reported a precipitation fractionation method for kraft lignin based on aqueous organic
solvents. In this approach, moisture containing lignin can be subjected to fractionation directly
without initial drying, which is a great advantage for large-scale applications. It was shown that the
molar mass and functionalities of the precipitated lignin fractions depended on the ratio between
solvent and water in the precipitation step. Tagami et al. [41] compared the impact of sequential
solvent fractionation on the molecular weight, composition, and contents of functional groups of
industrial softwood and hardwood kraft lignins. In this work, it was demonstrated that the antioxidant
activity, chemical structure, heating values, and thermal and adsorption properties of lignin can
be tuned by such processing. The results obtained provide useful information for targeted uses of
lignin raw material. Toledano et al. [43] investigated ultrafiltration and selective precipitation as two
different methods for lignin fractionation and confirmed that both fractionation processes influence
the properties of the obtained lignin. Lauberts et al. [45] investigated fractionation of technical lignin
using ionic liquids for further application as antioxidants. It was shown that fractionated lignins with
improved polydispersity resulted in higher antioxidant activity as compared to non-fractionated lignins.
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Sevastyanova et al. [46] produced a wide range of lignin fractions by ultrafiltration of black liquor
using ceramic membranes with a different Mw cut-off. Investigation of the thermal properties of such
fractions revealed the possibility to tailor certain parameters by choice of membrane. Lignin fractions
with well-defined characteristics could be a predictive tool for the development of high-performance
lignin-based systems [47–49].

Polymer porous microspheres obtained by a suspension-polymerization method have great
potential in the sorption processes [17]. The addition of lignin into the polymeric system results in more
eco-friendly materials [31,50]. In our previous work [50] on the synthesis of microspheres, we used a
commercial kraft lignin and low molecular weight kraft lignin obtained by ultrafiltration of industrial
black liquor using a ceramic membrane with Mw cut-off of 5 kD. The specific surface area of these
materials decreased with increasing lignin content. The main aim of this work is to investigate the
impact of lignin fractionation on the properties of the biopolymeric microspheres obtained.

2. Materials and Methods

2.1. Chemicals and Materials

Softwood (Picea abies L.) and hardwood (Eucalyptus grandis) lignins were obtained by the kraft
process and purified according to the LignoBoost technology protocol [51]. The moisture content was
6.4% and 5.1%, respectively, and ash content was 0.6% and 1.2%, respectively. Methacryloyl chloride,
styrene, bis(2-ethylhexyl)sulfosuccinate sodium salt, methylene chloride, trimethylamine, magnesium
sulfate, and benzyl alcohol were purchased from Sigma-Aldrich. α,α’-bis-isobutyronitrile (AIBN) and
divinylbenzene (DVB) were obtained from Merck (Darmstadt, Germany) (62.2% of 1,4-divinylbenzene,
0.2% of 1,2-divinylbenzene, and ethylvinylbenzene were washed with 3% aqueous sodium hydroxide
solution before use). Ethyl acetate (reagent grade) and ethanol (absolute) for the lignin fractionation
were purchased from Sigma-Aldrich (Stockholm, Sweden), while methanol (analytical grade) was
purchased from VWR (Stockholm, Sweden). Acetone, methanol, tetrahydrofuran (THF), chloroform,
toluene, decan-1-ol, and acetonitrile for swelling studies were purchased from Avantor Performance
Materials (Gliwice, Poland).

2.2. Lignin Fractionation, Modification, and Characterization

Lignins were fractionated with ethyl acetate, ethanol, or methanol by a two-step solvent
fractionation, as described in Reference [52]. Additionally, 20 g of lignin (95% dryness) was added to
200 mL of corresponding solvent and stirred for 2 h at room temperature. After that, the insoluble fraction
was separated with filter paper, dried overnight in a vacuum oven VACUCELL, MMM Medcenter
EINRICHTUNGEN GmbH (Planegg, Germany) at 40 ◦C, and subjected to the treatment with the next
solvent. Hardwood lignin was fractionated by ethyl acetate followed by ethanol, while softwood
lignin extraction with ethyl acetate was followed by methanol. The lignin fraction dissolved in the
corresponding solvent was recovered by concentrating the solution on a rotary evaporator IKA TV10
basic, VWR (Stockholm, Sweden) substituting the solvent with water by subsequent freeze-drying of
the aqueous suspension.

The molecular weight characteristics of lignin samples were carried out using a size exclusion
chromatography (SEC) using a Waters instrument consisting of a 515 HPLC pump, 2707 autosampler,
and 2998 photodiode array detector (Waters Sverige AB, Sollentuna, Sweden).

The contents of functional groups were calculated by the 31P NMR method using Bruker Avance
400 MHz spectrometer, as described in References [41,52].

Lignin fractions were modified with methacryloyl chloride, as described in Reference [53].
The lignin sample and methylene chloride were placed with triethylamine in an ice bath and stirred.
Then, methacryloyl chloride was added dropwise and a reaction proceeded for 1 h at 5 ◦C and for an
additional hour at room temperature. The obtained material was filtered off, washed three times with
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water to remove trimethylamine hydrochloride, extracted with methylene chloride, and purified using
a chromatographic column.

The successful chemical modification was confirmed using the Fourier transform spectroscopy
with attenuated total reflection (ATR/FT-IR). ATR/FT-IR spectra were recorded using a Bruker TENSOR
27 spectrometer containing a diamond crystal (Ettlingen, Germany). The spectra were recorded in the
range of 600–4000 cm−1 with 32 scans per spectrum at a resolution of 4 cm−1.

2.3. Synthesis of Microspheres

Styrene (St) and/or divinylbenzene (DVB) were copolymerized in an aqueous medium
with different solvent fractions of lignin: Spruce-ethyl acetate (SL-ea), Spruce-methanol (SL-m),
Eucalyptus-ethyl acetate (EL-ea), and Eucalyptus-ethanol (EL-e) using a suspension-emulsion
polymerization method, which has previously been described in detail [50]. Unmodified lignin
(L) and lignin modified with methacryloyl chloride (L-Met) were used in the synthesis of microspheres.
Experimental parameters are presented in Table 1. A constant amount of benzyl alcohol as pore-forming
diluent (14 mL) and DVB as a crosslinking agent (5 g) were used in every synthesis.

Table 1. Experimental parameters of the syntheses.

Polymer
Monomers (g)

L 1 L-Met 2 St 3

SL-ea-Met+St+DVB 0 2 4
SL-ea +St+DVB 2 0 4

1SL-ea-Met+DVB 0 1 0
2SL-ea-Met+DVB 0 2 0
3SL-ea-Met+DVB 0 3 0

2SL-ea+DVB 2 0 0

SL-m-Met+St+DVB 0 2 4
SL-m +St+DVB 2 0 4

1SL-m-Met+DVB 0 1 0
2SL-m-Met+DVB 0 2 0
3SL-m-Met+DVB 0 3 0

EL-ea-Met+St+DVB 0 2 4
EL-ea +St+DVB 2 0 4

1EL-ea-Met+DVB 0 1 0
2EL-ea-Met+DVB 0 2 0
3EL-ea-Met+DVB 0 3 0

2EL-ea+DVB 2 0 0

EL-e-Met+St+DVB 0 2 4
EL-e +St+DVB 2 0 4

1EL-e-Met+DVB 0 1 4
2EL-e-Met+DVB 0 2 0
3EL-e-Met+DVB 0 3 0

2EL-e+DVB 2 0 0
1 unmodified lignin, 2 modified lignin, and 3 styrene.

2.4. Characterization Methods of Microspheres

The ATR/FT-IR spectra were obtained as described in Section 2.2.
The calorimetric measurements were carried out in a Netzsch DSC 204 calorimeter (Selb, Germany)

operated in a dynamic mode. The dynamic scans were performed at a heating rate of 10 ◦C min−1,
the first scan being from 20 ◦C to a maximum of 110 ◦C to remove any adsorbed moisture, and the
second from 25 ◦C to 550 ◦C in a nitrogen atmosphere (30 cm3 min−1). The mass of the sample was
about 5–10 mg. An empty aluminum crucible was used as a reference.

Characterization of the porous structure was performed using Micrometrics Inc., ASAP 2405
adsorption analyzer (Norcross, GA, USA). Before the analysis, all the materials were degassed at
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120 ◦C. The specific surface area was calculated according to the Brunauer-Emmett-Teller (BET) method,
by assuming that the area of a single nitrogen molecule is 16.2 Å2. The pore volumes and pore size
distributions were determined by the Barrett-Joyner-Halenda (BJH) method.

The swelling coefficients (B) were determined from the equilibrium swelling in chosen organic
solvents and distilled water, which are calculated using the equation below.

B =
Vs −Vd

Vd
·100% (1)

where Vs is the volume after swelling and Vd is the volume of the dry sample.
The appearances and morphologies of the microspheres were studied using a Malvern,

MORPHOLOGI G3 optical microscope (Malvern, UK).

3. Results and Discussion

By using a fractionation protocol as described in Reference [52], the kraft lignin fractions of
different molecular weight but with very similar content of functional groups were produced for
hardwood and softwood lignins (SL-ea vs. EL-ea and SL-m vs. EL-e) (Table 2). Generally, for each type
of lignin, the fractions with higher molecular weight, SL-m and EL-e, had a higher content of aliphatic
-OH groups. Hardwood lignin fractions, EL-ea and EL-e, had half as many condensed guaiacyl Ph-OH
groups as corresponding softwood lignin fractions, SL-ea and SL-m, which is in accordance with
previously reported results [29]. Gordobil et al. [29] concluded that this structural feature most likely
affects the chemical reactivity of lignin as a higher content of vinyl groups per lignin phenylpropanoid
unit was introduced on methacrylation for lignin samples that have a lower degree of condensation.

Table 2. Molecular weight characteristics and content of functional groups in lignin solvent fractions.

Lignin Fraction Mn 1

(g/mol)
Mw 2

(g/mol)
Đ 3

Aliphatic-OH
(mmol/g)

Carboxyl-OH
(mmol/g)

Phenolic-OH (mmol/g)

Condensed G 4 Non-Condensed
(G+S 5)

Total

Spruce-ethyl acetate (SL-ea) 720 1160 1.6 0.7 0.7 1.8 3.2 5.0
Spruce-methanol (SL-m) 1400 2900 2.1 1.8 0.4 2.0 2.5 4.5
Eucalyptus-ethyl acetate (EL-ea) 630 940 1.5 0.6 0.3 0.8 4.1 4.9
Eucalyptus-ethanol (EL-e) 870 1420 1.6 1.4 0.4 0.9 3.5 4.4

1 Number average molecular weight, 2 weight average molecular weight, 3 and polydispersity index. 4 Guaiacyl,
5 syringyl.

Four solvent fractions of lignin were successfully modified with methacryloyl chloride, as shown
in their ATR/FT-IR spectra (Figure 1a–d). After modification, a reduction in the signal intensity
of hydroxyl groups at 3391–3393 cm−1 [54] was observed, and new strong signals from stretching
vibrations of carbonyl groups at 1726–1737 cm−1 were clearly visible. The new signal at 1636 cm−1

corresponding to C=C bonds [29] indicates the presence of methacrylate units in the lignin molecule,
particularly in the SL-ea-Met lignin. The signals at 1120–1125 cm−1 and 1032–1041 cm−1 are attributed
to C-O and C-O-C stretching vibrations in acrylates. The bands at 946 cm−1 can be attributed to a
terminal C=CH2 bending vibration from the methacrylate groups in the lignin samples [55].

ATR/FT-IR spectra of the materials are presented in Figure 2a–d. The spectroscopic evaluation
proved that the synthesis of lignin-containing microspheres had been successful, manifested by the
presence of characteristic bands of appropriate functional groups. The increasing lignin content
reflected in the increasing intensity of these bands agreed entirely with the expectations. In the spectra
of the materials containing styrene, a signal was visible at 3010 cm−1, which can be attributed to
stretching and deformation vibrations of C-H and confirm that styrene has been incorporated into
the structure of the microspheres. Bands at 2920 and 2850 cm−1 can be assigned to the asymmetric
and symmetric stretching vibrations of C-H in -CH2- groups [56] present in lignin, as well as in DVB
and/or St. For the materials with St, signals between 3000–2780 cm−1 assigned to C(sp3)-H bonds are
more intense due to the formation of a polymer backbone [57]. Signals at 1740 cm−1 attributed to
stretching vibrations of carbonyl groups were observed for the materials containing modified lignin.
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The absorption peaks at 1596 and 1510 cm−1 can be assigned to C = C of aromatic skeletal vibrations
from lignin, DVB, and/or St. The slight increase in intensity of these signals with increased lignin
content indicate the incorporation of aromatic moieties from lignin into the synthesized materials.
An additional increase in intensity of these signals indicate the presence of St in the polymer system.
The signals ranging from 1200 to 1000 cm−1 are due to C-O-C stretching vibrations in acrylates. Their
intensity increased with increasing content of modified lignin in the materials. The bands visible at
around 830 cm−1 on all the presented spectra are attributed to aromatic C-H out-of-plane deformation
vibrations, which are present in all the components used.

 

−

−

−

−

−

−

−

Figure 1. ATR/FTIR spectra of lignins: (a) SL-ea, (b) SL-m, (c) EL-ea, and (d) EL-e, before and after
modification with methacryloyl chloride.

Thermal properties of the lignin-containing materials were studied by means of differential
scanning calorimetry (DSC). The DSC curves are presented in Figure 3 and the maximum decomposition
values (Td) and enthalpy of decomposition (∆Hd) are given in Table 3. In general, the synthesized
materials are characterized by good thermal resistance. The DSC analysis showed that the thermal
behavior of the materials obtained is similar, with a well-shaped calorimetric profile containing a single
endothermic peak. A small exothermic effect at around 170 ◦C associated with the post-crosslinking
process was also observed, particularly for the DVB-based materials containing SL-ea and EL-ea lignin,
even though it was invisible for those with EL-e lignin, which can suggest that microspheres with EL-e
lignin had the highest degree of crosslinking. The maximum decomposition temperatures for pure
DVB and St-DVB microspheres are 447.2 ◦C and 426.9◦, correspondingly, as shown in our previous
paper [50]. The use of methacrylated lignin resulted in a slight deterioration of the thermal properties of
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the materials and, with increasing lignin content, the maximum decomposition temperature decreased.
These values differed slightly (±5–6 ◦C) among microspheres with different lignin types and different
fractions. Among the materials with the highest content of lignin (3 g), the highest maximum
decomposition temperature was observed for the microspheres containing EL-ea-Met lignin. The use
of lignin in St-DVB microspheres resulted in the improvement of thermal stability, especially when
samples with molecular weight above 1000 g/mol were used [50]. The enthalpy of decomposition
(∆Hd) depends on the amount of lignin in the materials and decreases with increasing lignin content.

 

 

Δ

Δ

Figure 2. ATR/FTIR spectra of polymers with (a) SL-ea, (b) SL-m, (c) EL-ea, and (d) EL-e.

The surface area and porosity results are presented in Table 4. The addition of a lignin component
slightly decreased the porosity of the DVB-containing or St-DVB-containing microspheres [50]. On the
other hand, lignin additive enables the incorporation of various functionalities, which is essential for
sorption processes. Among the materials containing DVB and modified lignin, the higher molecular
weight of initial lignin fraction resulted in more developed porosity of corresponding microspheres
within a series (SL-ea vs. SL-m and EL-ea vs. EL-e). The highest SBET values were obtained for the
materials with 2 g of modified lignin irrespective of lignin origin. Polymer microspheres with EL-e-Met
lignin had the highest specific surface area and the largest pore volume among all studied materials,
which can be related to a formation of a highly cross-linked network. EL-e lignin fraction had a less
condensed macromolecular structure with a high content of phenolic and aliphatic hydroxyl groups
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in phenylpropanoid units, as shown in Table 1. The higher percentage of these groups as compared
to softwood lignin fraction could react with methacryloyl chloride [29], and this could give a more
homogeneous distribution of methacrylic groups in the lignin macromolecules and a more crosslinked
network in the final microspheres. The inclusion of styrene, however, led to a decrease in porosity.
Figure 4 shows the pore size distribution of the materials, which reveals more information about the
porosity. All the materials are mesoporous. The pore size distributions are bimodal with a narrow
peak with a maximum at 3 nm and a broader peak with a maximum at 12–50 nm. The presence
of modified lignin in the structure of microspheres results in a shift of the second peak toward a
lower value suggesting the creation of narrower, deeper, and more uniform pores in the material.
The larger the amount of modified lignin used, the narrower and deeper the pores are in the materials.
The fractionated lignin results in a greater porosity of the synthesized materials than in the microspheres
where commercially available and low molecular weight lignin was applied [50].

 

 

Δ

Figure 3. DSC curves of polymers containing (a) SL-ea, (b) SL-m, (c) EL-ea, (d) EL-e.

The results of swelling studies of the polymer materials are presented in Table 5. The lowest
swellability coefficients were obtained for the polymers with EL-e lignin, which can be related to
its crosslinking ability. Ethyl acetate fractions of lignin (SL-ea and EL-ea) had a higher swellability
coefficient than EL-e and SL-m. Except for the materials with EL-e lignin, the greatest swelling tendency
was observed in the materials with styrene and unmodified lignin. An increase in lignin content
usually led to an increased swelling. In general, crosslinked materials have a low tendency to swell,
but the presence of functional groups from lignin caused networks to interact with the solvents. None
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of the microspheres swelled in distilled water. The highest swelling coefficients were obtained in
acetone and chloroform.

Table 3. DSC data.

Polymer Td 1 (◦C) ∆Hd 2 (J/g)

SL-ea-Met + St + DVB 430.2 539.8
SL-ea + St + DVB 432.7 595.1

1SL-ea-Met + DVB 441.6 321.0
2SL-ea-Met + DVB 440.6 378.0
3SL-ea-Met + DVB 434.3 296.8

2SL-ea + DVB 444.1 428.3

SL-m-Met + St + DVB 432.2 568.9
SL-m + St + DVB 434.3 529.9

1SL-m-Met + DVB 444.4 409.3
2SL-m-Met + DVB 442.0 420.5
3SL-m-Met + DVB 439.5 251

EL-ea-Met + St + DVB 425.3 558.7
EL-ea + St + DVB 428.6 556.3

1EL-ea-Met + DVB 445.1 407.7
2EL-ea-Met + DVB 438.3 318.9
3EL-ea-Met + DVB 443.7 315.2

2EL-ea + DVB 444.2 326.7

EL-e-Met + St + DVB 431.5 505.1
EL-e + St + DVB 430.5 579.6

1EL-e-Met + DVB 443.6 446.9
2EL-e-Met + DVB 439.4 377.2
3EL-e-Met + DVB 435.2 281.6

2EL-e + DVB 444.7 479.0
1 Temperature of maximum decomposition, and 2 enthalpy of decomposition.

Table 4. Pore structure parameters of the polymers.

Polymer SBET
1 (m2/g) VTOT

2 (cm3/g) DA
3 (nm)

SL-ea-Met + St + DVB 51 0.104 8.2
SL-ea + St + DVB 139 0.597 17.1

1SL-ea-Met + DVB 103 0.126 4.9
2SL-ea-Met + DVB 396 0.700 7.1
3SL-ea-Met + DVB 314 0.542 6.9

2SL-ea + DVB 416 0.996 9.6

SL-m-Met + St + DVB 291 0.983 13.5
SL-m + St + DVB 23 0.077 13.2

1SL-m-Met + DVB 474 1.405 11.9
2SL-m-Met + DVB 442 0.969 8.8
3SL-m-Met + DVB 462 0.803 6.9

EL-ea-Met + St + DVB 229 0.517 9.0
EL-ea + St + DVB 30 0.080 10.6

1EL-ea-Met + DVB 384 0.937 9.7
2EL-ea-Met + DVB 434 0.953 8.8
3EL-ea-Met + DVB 62 0.083 5.4

2EL-ea + DVB 212 0.802 15.1

EL-e-Met + St + DVB 410 0.938 9.1
EL-e + St + DVB 195 0.785 16.1

1EL-e-Met + DVB 394 0.996 10.1
2EL-e-Met + DVB 506 1.342 10.6
3EL-e-Met + DVB 483 0.981 8.1

2EL-e + DVB 299 1.135 15.2
1 specific surface area, 2 total pore volume, 3 and average pore diameter.
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Figure 4. Pore size distribution curves of polymers containing (a) SL-ea, (b) SL-m, (c) EL-ea, and (d) EL-e.

Table 5. Swelling studies.

Polymer
Swellability Coefficient, B (%)

Acetone THF 1 ChloroformACN 2 MethanolToluene Aqua dest.

SL-ea-Met + St + DVB 122 122 122 122 100 100 0
SL-ea + St + DVB 100 30 91 67 58 100 0

1SL-ea-Met + DVB 113 78 75 63 63 63 0
2SL-ea-Met + DVB 67 46 85 82 64 75 0
3SL-ea-Met + DVB 58 83 45 55 80 45 0

2SL-ea + DVB 73 47 67 67 60 83 0

SL-m-Met + St + DVB 0 0 0 10 0 0 0
SL-m + St + DVB 100 60 120 100 80 209 0

1SL-m-Met + DVB 8 8 8 15 0 0 0
2SL-m-Met + DVB 0 0 0 0 0 11 0
3SL-m-Met + DVB 22 10 11 11 11 10 0

EL-ea-Met + St + DVB 23 25 55 36 27 55 0
EL-ea + St + DVB 109 120 136 91 118 127 0

1EL-ea-Met + DVB 7 13 7 7 7 22 0
2EL-ea-Met + DVB 20 27 6 8 15 7 0
3EL-ea-Met + DVB 40 40 80 70 40 70 0

2EL-ea + DVB 0 6 0 0 0 6 0

EL-e-Met + St + DVB 22 10 11 0 0 0 0
EL-e + St + DVB 0 9 0 0 0 0 0

1EL-e-Met + DVB 6 0 0 10 0 0 0
2EL-e-Met + DVB 22 0 0 11 0 0 0
3EL-e-Met + DVB 25 0 13 13 13 14 0

2EL-e + DVB 0 0 0 0 0 0 0
1 Tetrahydrofuran, and 2 acetronitrile.

The spherical shape of the obtained materials was confirmed by photomicrographs, as shown in
Figure 5. All the samples contain microspheres of different sizes. Materials with unmodified lignin
had much smaller diameters (9–21 µm) than those with modified lignin (35–63 µm). Materials with
modified lignin and DVB had the largest diameters in the range of 45–63 µm, and the microspheres
with modified lignin from hardwood (EL-ea-Met and EL-e-Met) had larger diameters (49–63 µm) than
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those with modified lignin from softwood (SL-ea-Met and SL-m-Met). The diameters ranged from
45 to 52 µm. All the synthesized microspheres had a tendency to agglomerate. The most homogeneous
size distribution was obtained for the materials using EL-e-Met lignin and DVB.

 

 

Figure 5. Photomicrographs of the microspheres. 1-SL-ea-Met + St + DVB, 2-SL-ea + St + DVB,
3-1SL-ea-Met + DVB, 4-2SL-ea-Met + DVB, 5-3SL-ea-Met + DVB, 6-SL-ea + DVB, 7-SL-m-Met +
St + DVB, 8-SL-m + St + DVB, 9-1SL-m-Met + DVB, 10-2SL-m-Met + DVB, 11-3SL-m-Met + DVB,
12-EL-ea-Met + St + DVB, 13-EL-ea + St + DVB, 14-1EL-ea-Met + DVB, 15-2EL-ea-Met + DVB,
16-3EL-ea-Met + DVB, 17-EL-ea + DVB, 18-EL-e-Met + St + DVB, 19-EL-e + St + DVB, 20-1EL-e-Met +
DVB, 21-2EL-e-Met + DVB, 22-3EL-e-Met + DVB, 23-EL-e + DVB. The scale bar (see sample 1) is the
same for all images.

4. Conclusions

Two types of kraft lignin, including softwood (SL) and hardwood (EL) fractionated in common
industrial solvents, were successfully modified with methacryloyl chloride. The modified and
unmodified lignins were then used for the synthesis of polymeric microspheres with St and/or DVB.
The structural characteristics of the lignin fractions, such as degree of condensation, number and
type of various hydroxyl groups, and molecular weight, influenced the modification process and the
properties of the materials. Thermal properties of materials were studied by DSC and the materials
were found to have a high thermal resistance. The incorporation of methacrylated lignin into the
microspheres resulted in the greatest specific surface area and porosity. The largest specific surface area
and the largest total pore volumes were found in the materials with SL-m and EL-e fractions, which had
a higher molecular weight than the corresponding ethyl acetate fractions SL-ea and EL-ea. SL-m and
EL-e fractions had a higher content of aliphatic hydroxyl groups than the ethyl acetate fractions.
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These groups can also react with methacryloyl chloride, and, thus, can give a more homogeneous
distribution of methacrylic groups in the lignin macromolecules and, therefore, better characteristics of
the final products. The microspheres swelled most in acetone and chloroform. They did not swell at all
in distilled water. Materials with EL-e had the lowest swellability coefficients, which may be related
to their high degree of crosslinking. The most homogeneous size distribution of microspheres was
obtained with EL-e-Met lignin and DVB.
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