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Abstract: The preparation and the thermal and mechanical characteristics of lignin-containing polymer
biocomposites were studied. Bisphenol A glycerolate (1 glycerol/phenol) diacrylate (BPA.GDA) was
used as the main monomer, and butyl acrylate (BA), 2-ethylhexyl acrylate (EHA) or styrene (St) was
used as the reactive diluent. Unmodified lignin (L) or lignin modified with methacryloyl chloride (L-M)
was applied as an ecofriendly component. The influences of the lignin, its modification, and of the type
of reactive diluent on the properties of the composites were investigated. In the biocomposites with
unmodified lignin, the lignin mainly acted as a filler, and it seemed that interactions occurred between
the hydroxyl groups of the lignin and the carbonyl groups of the acrylates. When methacrylated
lignin was applied, it seemed to take part in the creation of a polymer network. When styrene was
added as a reactive diluent, the biocomposites had a more homogeneous structure, and their thermal
resistance was higher than those with acrylate monomers. The use of lignin and its methacrylic
derivative as a component in polymer composites promotes sustainability in the plastics industry
and can have a positive influence on environmental problems related to waste generation.
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1. Introduction

Epoxy resins are among the most important materials in the modern polymer industry [1-10].
They can be further reacted to form thermoset polymers with a strong adherence to many substrates,
a great thermal resistance, good electrical and mechanical properties, a low order of shrinkage on
cure, a high degree of chemical and solvent resistance, and a moderate cost [11-14]. They are used for
protective coatings and finishes, adhesives, automobile parts, metal jar lids, food-contact surface lacquer
coatings for cans, as a coating for PVC pipes and in aerospace applications [15]. To synthesize the
thermoset through a free-radical mechanism, the epoxy resins must contain unsaturated groups. Insome
cases, epoxy resins can be esterified with acrylic acid to produce diacrylate esters, also called vinyl ester
resins (e.g., bisphenol A glycerolate (1 glycerol/phenol) diacrylate). Difunctional acrylates are used as
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UV-curable cross-linking components of varnishes, inks, coatings, and lacquers. They are characterized
by a high viscosity, and they must be diluted with a low molecular weight co-monomer (e.g., styrene and
acrylate monomers). Curing occurs through free radical chain-growth copolymerization between the
unsaturated vinylene molecules and the co-monomer, where the co-monomer acts as an agent to link
the adjacent vinylester chains [16-18].

To promote the sustainability of thermoset polymers and of the plastic industry in general,
renewable materials may be incorporated as fillers or substitutes for synthetic ones [19]. Various natural
polymers have been used or tested as fillers in composite materials in recent years [20-24].
The unquestionable advantages of natural organic fillers are their renewability, availability, and relatively
low cost, all of which contribute to a low price for the final product [25]. The use of renewable eco-fillers
in composite materials, especially from the agricultural or forest industries, is therefore of great interest.

One of the most promising natural materials with a great potential for improving the properties
of polymer composites is lignin [26]. It is one of the main components of wood and the second most
abundant polymer in nature. Its aromatic nature and functionality make it a desirable component in
many polymeric formulations. Industrial lignins are by-products of pulping processes and bio-ethanol
production [27], and this makes them a cheap and widely available biopolymer.

The chemical structure of native lignin has been thoroughly investigated by spectroscopic
and chemical methods [28-31]. It is a complex polyphenolic material containing various polar
(alcoholic and phenolic hydroxyl, ether, and methoxyl) functionalities. It has an amorphous structure,
which arises from the enzyme-initiated dehydrogenative polymerization of the phenylpropane units
coniferyl, p-coumaryl, and sinapyl alcohols [32,33]. The exact chemical structure of lignin remains
undefined, because its chemical composition depends on the source and on the employed isolation
method [30,34-37].

One of the possible applications of lignin is its incorporation into polymeric materials. Since each
monomeric lignin unit usually has more than two hydroxyl groups, lignin-based materials such as
polycaprolactone derivatives, polyurethane derivatives, and epoxy resins can be obtained by using the
hydroxyl group as the reaction site [38,39]. Lignin can be applied as a reinforcing filler, although its
naturally variable composition and irregular structure can lead to a reduced toughness, while its
phenolic moieties can introduce heat instability [26,40]. It nevertheless has benefits, such as cost
reduction, sustainability, and improved stiffness. Kosikova et al. [41] examined lignin’s stabilizing
effect on the thermal degradation of a natural rubber that had sulfur-free lignin as a natural filler.
They showed that, when used as a filler, lignin increased the resistance of natural rubber vulcanizates
to thermo-oxidative degradation in air. Strzemiecka et al. [42] prepared and characterized lignin-5iO,
hybrid fillers as potential binders for phenolic resins. Sun et al. [43] prepared novel lignin epoxy
composites via the covalent incorporation of depolymerized lignin epoxide as a submicron filler in
an epoxy matrix and showed that the composites had better mechanical properties than neat epoxy.
Goliszek et al. [44] investigated the accelerated aging of lignin-containing polymer composites of
styrene and methyl methacrylate. Wood et al. [45] used lignin as a compatibilizer in hemp-epoxy
composite samples and showed that the addition of lignin improved the structural properties of the
obtained composites.

The thermal behavior of lignin is important for making processable lignin-containing materials with
good final properties. According to Sen et al. [46], lignin can act as a thermosetting and a thermoplastic
material. It is thermoplastic because of its chemical structure and inter- and intra-molecular hydrogen
bonds. Lignin can also act as a thermosetting material because it forms cross-linked structures
at elevated temperatures, and its molecular weight dramatically increases due to radical-initiated
self-polymerization. Hajirahimkhan et al. [47] prepared UV-cured coatings with up to 31 wt % of
methacrylated lignin in formulations. These coatings showed a high thermal stability/char formation
and a high hydrophobicity.

In the present work, biocomposites with lignin and a vinylester resin based on bisphenol A
were prepared and characterized. This epoxy resin was chosen as the matrix because it is used in
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various industrial applications and therefore possesses industrially relevant properties. Lignin was
selected as the reinforcement because of its cost effectiveness, natural origin, and availability. Lignin,
unmodified or esterified with methacryloyl chloride, was polymerized with a bifunctional matrix
to create a polymer network. The thermal properties of the biocomposites, as well as their volatile
decomposition products, were investigated in detail.

2. Materials and Methods

2.1. Chemicals

Bisphenol A glycerolate (1 glycerol/phenol) diacrylate, butyl acrylate, 2-ethylhexyl acrylate,
styrene, kraft lignin, «,«’-Azoiso-bis-butyronitrile (AIBN), and 2,2-dimethoxy-2-phenylacetophenone
were obtained from Sigma-Aldrich. Modified lignin was obtained according to the procedure described
in [48]. Briefly, the lignin sample and methylene chloride were placed in an ice bath with triethylamine
and stirred. Methacryloyl chloride was then added dropwise, and the reaction was allowed to proceed
for 1 h at 5 °C and for an additional hour at room temperature. The obtained material was filtered
off, washed three times with water to remove trimethylamine hydrochloride, and extracted with
methylene chloride.

2.2. Preparation of Biocomposites

The appropriate amount of bisphenol A glycerolate (1 glycerol/phenol) diacrylate (BPA.GDA) was
weighed into a glass vessel. Butyl acrylate (BA), 2-ethylhexyl acrylate (EHA), or styrene (St) was then
added dropwise while stirring. The ratio of BPA.GDA to BA/EHA/St was 10:3. An adequate amount of
unmodified (L) or methacrylated (L-M) lignin (5 or 10 wt %) was then added, and stirring was continued
to obtain a homogeneously dispersed mixture. Finally, 4 wt % of 2,2-dimethoxy-2-phenylacetophenone
(IQ) as a photoinitiator was added, and, after stirring, the mixture was placed in a glass vessel and
cured under a UV lamp for 0.5 h [49]. For comparison, composites without lignin were also synthesized.
For the dynamic mechanical analyzer (DMA) and mechanical tests, when a thick sample (more than
3 mm) was needed, the preparation was modified and an additional thermal initiator (AIBN 1 wt %)
was used. After the initial irradiation process (30 min), the composites were transferred to an oven and
heated for 3 h at 80 °C for additional crosslinking reactions. The parameters of the syntheses are listed
in Table 1.

2.3. Characterization Methods

The attenuated total reflection (ATR) was recorded using infrared Fourier transform spectroscopy
on a TENSOR 27 Bruker spectrometer equipped with a diamond crystal (Ettlingen, Germany).
The spectra were recorded in the range of 600-4000 cm~! with 32 scans per spectrum at a resolution of
4em™L
The calorimetric measurements were carried out with a DSC 204 Netzsch calorimeter (Selb,
Germany) operated in a dynamic mode. The dynamic scans were performed at a heating rate of
10 °C-min~!, the first scan being from 20 °C to a maximum of 110 °C to remove adsorbed moisture and
the second being from 25 to 550 °C in a nitrogen atmosphere (30 cm?®-min~!). The mass of the sample
was between 5 and 10 mg. An empty aluminum crucible was used as reference.

Thermal analysis was conducted using an STA 449 Jupiter F1, Netzsch (Selb, Germany).
The samples were heated from 30 to 800 °C at a rate of 10 °C'min~! in a dynamic atmosphere
of helium (25 cm®-min~'). An S TG-DSC type sensor thermocouple of was used with an empty Al,O3
crucible as a reference. The volatile decomposition products were detected and identified using a TGA
585 FTIR spectrometer (Bruker, Germany), the FTIR spectra being recorded from 600 to 4000 min~"

with a resolution of 4 min~!.
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Table 1. Parameters of the syntheses. BPA.GDA: bisphenol A glycerolate (1 glycerol/phenol)
diacrylate; BA: butyl acrylate; EHA: 2-ethylhexyl acrylate; St: styrene; L: unmodified lignin; L-M:
methacrylated lignin.

. BPA.GDA BA/EHA/St L/L-M L/L-M
Composite () 8 (Wt %) (g
BA 4.652 1.396 0 0
BA + 5% L-M 4421 1.326 5 0.287
BA +5%L 4.365 1.310 5 0.284
BA + 10% L-M 4.287 1.286 10 0.557
BA +10% L 4.438 1.331 10 0.577
EHA 4.588 1.376 0 0
EHA + 5% L-M 4.498 1.349 5 0.292
EHA + 5% L 4.423 1.327 5 0.287
EHA + 10% L-M 4.364 1.309 10 0.567
EHA + 10% L 4.219 1.266 10 0.548
St 4.579 1.374 0 0
St + 5% L-M 4.387 1.316 5 0.285
St+5%L 4.441 1.332 5 0.289
St + 10% L-M 4.497 1.349 10 0.585
St+10% L 4.499 1.350 10 0.585

The hardness of the materials was measured by the Shore D method using a 7206/H04 analog
hardness testing apparatus, Zwick (Ulm, Germany) at 23 °C. Readings were taken after 15 s.

Thermomechanical properties were determined using the DMA Q800 from TA Instruments
equipped with a double-cantilever device. Samples with dimensions of 60 mm X 10 mm X 2 mm
were tested. The temperature scanning was carried out from 0 to 200 °C with a constant heating
rate of 3 °C-min~! at a sinusoidal distortion of 10 um amplitude and a frequency of 1 Hz frequency.
The glass-transition temperature, damping factor, storage modulus, and loss modulus were determined.

Specimens of the materials were subjected to uniaxial tensile strength (ISO 527, ASTM D-1798
standard) and three-point bending tests (ISO 170, ASTM D-790 standards). The tests were carried
out using a Zwick/Roell Z010 universal tensile-testing machine (Ulm, Germany) with a test speed of
50 mm/min at 23 °C. Specimens were cut from a pressed sheet that was 2 mm thick, 10 mm wide,
and 60 mm long.

3. Results and Discussion

When a mixture of BPA.GDA, reactive diluent (either BA, or EHA, or St), and unmodified lignin
was subjected to UV radiation in the presence of photoinitiator, composites of various thickness could
easily be prepared despite the well-known radical scavenging and UV-inhibiting properties of the
phenolic groups in lignin [50-56] (Figure 1d—f).

When methacrylated lignin, in which most of the phenolic groups are substituted by vinyl groups,
was used as a component of the system, UV-initiated polymerization readily occurred on the surface
of the composite, leaving the core unreacted. This phenomenon was observed for a wide quantity
range of the photoinitiator. It seems that the polymerized surface layer prevented the penetration of
UV radiation into the bulk of the composite and thus inhibited complete curing. Only thin films could
thus be produced by the photopolymerization of systems containing methacrylated lignin. To be able
to produce the thicker samples needed for the mechanical testing, an additional thermal cross-linking
step in the presence of AIBN (1 wt %) was performed. The obtained samples are shown in Figure la—c.
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Figure 1. Photographs of the composites: (a) EHA + 10% L-M; (b) BA + 10% L-M; (c) St + 10% L-M;
(d) EHA + 10% L; (e) BA + 10% L; and (f) St + 10% L.

3.1. Structural Characterization

The ATR/FT-IR spectra of the composites are shown in Figure Sla—c (Supplementary Material).
The broad absorption band with a maximum at 3453 cm™! in all the spectra indicated the presence of -OH
groups in the organic filler [20] and of hydroxyl groups in the structure of BPA.GDA [57]. The intensity of
this band increased with increasing content of lignin in the biocomposite and was highest for the materials
with 10 wt % of unmodified lignin (L). As expected, it was lower for the biocomposites with modified
lignin, where hydroxyl groups had reacted with methacryloyl chloride [48]. The observed peaks at 2961
and 2873 cm™! were due to C-H stretching in the methyl and methylene groups [58]. Their intensities
usually increased with the increasing content of lignin, indicating that these groups, present in the
lignin structure, were incorporated into the biocomposites. These signals were also more intense for the
composites with EHA than for those containing BA, and they were less intense for the composites with
St. The signal at 1726 cm™! corresponded to C=O stretching in ester groups [57]. The intensity of this
signal also increased with increasing lignin content, and it was more intense in the biocomposites with
methacrylated lignin (L-M) [48] and in the materials where acrylate monomers were used as reactive
diluents (Figure Sla-b, Supplementary Materials) [59]. The peaks at 1607 and 1509 cm~! were due to the
stretching vibrations of -C=C in benzene rings and aromatic skeletal vibrations [20]. They increased in
intensity, showing that the aromatic systems of lignin were incorporated into the biocomposites. The signal
at 1461 cm™! corresponded to the C-H asymmetrical deformations in the -CHj and ~CH,— groups.
The bands at 1235 and 1181 cm™~! were due to C-O stretching vibrations in acrylates [60] and were more
intense for the biocomposites with L-M. The signal at 1040 cm™! was due to the C-O-C stretching in
ethers, whereas the peak at 829 cm™! was characteristic of 1,4-substituted aromatic rings [61]. Among the
biocomposites with styrene (Figure Slc, Supplementary Materials), a band at 701 cm™" due to the bending
of the aromatic carbon-hydrogen bonds of styrene was also observed [62].

3.2. Thermal Stability

To study the thermal behavior of lignin-containing materials, DSC analysis was carried out.
The DSC curves for the biocomposites are shown in Figure 2a-c. Two endothermic peaks were evident
in the 350460 °C range for the composites with acrylate monomers (Figure 2a-b), and one endothermic
peak in the 390450 °C range was evident for the composites with styrene (Figure 2c). These peaks
are associated with the total thermal degradation of materials. Among the composites with acrylate
monomers, which are less reactive than those with a styrene monomer, homopolymerization and
cyclization processes can take place [44] and can thus result in an increase in material heterogeneity.
An exothermic signal was visible at 250 °C for all the materials containing 10% modified lignin
(BA + 10% L-M and EHA + 10% L-M), and it could be assigned to the further polymerization processes
of unreacted L-M. It was most visible in the biocomposites with acrylates, and the peak was much
smaller in St + 10% L-M. Among biocomposites with 5% L-M, no such effect was observed. When 5%
of modified lignin was used, it could take part in the creation of a polymer network and thus prevent
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the homopolymerization of the monomers. The addition of 5% L-M led to a slight increase in the
total thermal degradation temperature, when the L-M was increased to 10%, the polymerization of
the unreacted L-M occurred. In biocomposites with L, interactions may have occurred between the
hydroxyl groups of lignin and the carbonyl groups of acrylates. The curves for styrene-containing
materials were more sharp than those for the materials containing acrylate. These observations
also suggested that the styrene monomer was the most reactive, resulting in more crosslinked and
homogeneous materials.

Calorimetric measurements were also carried out in the temperature range from —20 to 200 °C, before
and after the polymerization process, for the samples with the highest proportion of lignin (10 wt %).
The curves are presented in Figure S2a—c. For the mixture of monomers (BA/EHA/St + 10% L-Myq.),
a single well-shaped exothermic effect in the temperature range of 70-130 °C was clearly visible (Figure S2a,
Supplementary Materials). It was related to the process of polymerization. Among the tested polymers
(Figure S2b—c, Supplementary Materials), only small exothermic effects were observed at ca 70 °C. For the
polymers containing L-M (Figure S2¢, Supplementary Materials), wide exothermic effects were also
observed around 250 °C; these were related to further post-polymerization reactions, what could indicate
that the polymerization process was hindered by L-M.

l —BA
——BA+5% L-M
endo ——BA+5% L
—— BA+10% L-M

0.4 4

——BA+10% L

Heat Flow (mW/mg)

-0.6

. r . r r .
100 200 300 400 500
Temperature (°C)

(@)
— EHA
Ly —— EHA+5% L-M
endo ——EHA+5% L
—— EHA+10% L-M
—— EHA+10% L

Heat Flow (mW/mg)

0.6 . . . i s
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Figure 2. Cont.
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Figure 2. DSC curves of: (a) biocomposites with BA, (b) biocomposites with EHA, and (c) biocomposites
with St.

The thermal behavior of the biocomposites with the largest content of lignin (10%) and of the
corresponding composites without lignin was studied by thermogravimetric analysis, as shown in
Figures S3-55 (Supplementary Materials). Table 2 presents the temperatures of 5% and 50% mass
loss (T'59, and T5g9,, respectively), as well as the temperature of maximum mass loss (Tmax) with the
mass losses (11]055) in each decomposition stage and the residual masses (RM). Up to a temperature of
ca. 300 °C, all the composites without lignin were thermally stable in an inert atmosphere of helium.
Further heating led to their decomposition in a single step. A separate peak was observed in the DTG
curves, showing the total thermal degradation of the polymer networks.

Table 2. TG/DTG data for composites without lignin (BA, EHA and St) and with 10% lignin (L-M/L).
Ts59, and T5gp9,: temperatures of 5% and 50% mass loss, respectively; mjqsq1: first mass loss; mjpgsp:
second mass loss; RM: residual mass.

Ts9, T50% Tmax1 Tmax2 ™Miossi Mioss2 RM

Composite CO O €O €O (%) (%) (%)
BA 349 418 - 418 - 92.81 7.19

BA + 10% L-M 182 413 176 418 8.01 83.14 8.85
BA +10% L 290 409 - 410 - 85.21 14.79
EHA 362 425 425 - 93.65 6.35

EHA +10% L-M 178 411 191 417 1147 8026 827
EHA +10% L 185 406 186 411 8.64 78.08 13.28

St 344 418 - 422 - 96.20  3.80
St + 10% L-M 220 415 164 423 587 86.60 7.53
St +10% L 269 414 - 419 - 90.18  9.82

Among the lignin-containing materials, the decomposition of BA + 10% L-M took place in two
stages. The first 8.01% mass loss (111]pss1) at 182 °C (Tnax1) was assigned to the thermal decomposition
of unreacted monomers and unreacted methacrylated lignin. The second 83.14% mass loss (1)ss2) at
418 °C (Tnax2) Was probably related to the total decomposition of the polymer network. The thermal
decomposition of BA + 10% L took place in a single step, but Ty,x2 was lower (410 °C), probably because
lignin acted as a filler and was a part of the polymer network.

A similar situation was observed for the biocomposites with EHA. The decomposition of
EHA + 10% L took place in two stages—the first stage at Tinax1 186 °C and mjess1 8.64% probably
being related to the decomposition of small lignin molecules. In the case of EHA + 10% L-M, the first
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decomposition stage was at Tiax1 191 °C and mgsq1 11.47%. The Thyaxo temperatures were 417 and
411 °C for EHA + 10% L-M and EHA + 10% L, respectively, which were slightly lower than the T,y
of the composite without lignin (425 °C).

St + 10% L degraded in a single step, and the small effect at 78 °C was assigned to the evaporation
of residual moisture and not to the degradation of the composite. The thermal decomposition of
St + 10% L-M took place in two steps, but the first step at Tinax1 164 °C was related to 1551 5.87%,
which was much lower than the mjy value for the corresponding biocomposite with acrylate
monomers. When styrene was used as a reactive diluent, more modified lignin could be built into the
polymer network. The T2 values for the St + 10% L-M and for the composite without lignin were
very similar (423 and 422 °C, respectively), and the Ty« for the St + 10% L was only slightly lower
(419 °C). The higher thermal resistance of biocomposites with St could be assigned to the aromatic
chemical structure of this monomer.

The final residue (RM) evaluated at 800 °C for the reference composites without lignin was the
highest for BA and the lowest for St. After the addition of lignin, the highest increase in the RM value
was observed in the St-system. The differences in RM values between systems with L and L-M were
due to differences in the chemical structures of the used lignin samples.

In order to conduct a deeper analysis of the thermal degradation of the biocomposites containing
methacrylated lignin, the FTIR spectra of the gases evolved from BA + 10% L-M, EHA + 10% L-M,
and St + 10% L-M during Tmax1 and Taxe were detected and are shown in Figure 3a—c.

In the first decomposition stage of BA + 10% L-M (Figure 3a), bands at 2360-2310 cm !, attributed to
asymmetric stretching vibrations, and at 668 cm™~!, associated with the degenerate bending vibrations
of carbon dioxide, were mainly visible [63,64]. A small signal at 2190 cm™! suggested a small amount of
carbon monoxide, and the band at 968 cm™~! was related to the out-of-plane C-H deformation vibrations
of the vinyl groups. Bands at 1250 and 1180 cm™! were related to the stretching vibrations of C-O groups
located in ester type gases [65]. They suggested the initial decomposition of ester functionalities in
unreacted L-M. More gaseous products were released in the second step, where the mass loss was 85%.
In this stage, the same bands were visible, but their intensity was much higher. At this temperature,
the cross-linked parts of the biocomposites decomposed, and there was a significant evolution of
carbon dioxide, with bands at ca. 2300 and 668 cm™!. Absorption bands at 1770 and 1732 cm™!
were assigned to carbonyl compounds such as esters, acids, aldehydes, and anhydrides. The signals
at 1605 and 1510 cm™! were specific for aromatic derivatives such as phenol, benzene, and toluene,
resulting from the degradation of BA.GDA and lignin moieties. Bands at 1460-1300 cm™! were
attributed to deformation vibrations, and bands at 3000-2850 cm™~! were attributed to the stretching
vibrations of CH, CH,, and CHj3 groups in the chemical structures of unsaturated and saturated
aliphatic hydrocarbons or aromatic compounds. The signals located between 3700 and 3200 cm~! were
assigned to water vapors and alcohols, which can appear during the thermal degradation of esters,
secondary hydroxyls, or ether groups [66].

In the first decomposition stage of EHA + 10% L-M (Figure 3b) and St + 10% L-M, the signals were
similar to those given by BA + 10% L-M, suggesting the initial thermal decomposition of unreacted L-M.
For St + 10% L-M (Figure 3c) the signal intensity was lower, apart from the absorption band at 682 cm™!,
which was related to the decomposition of the unreacted styrene [16]. In the second decomposition
stage of EHA + 10% L-M, the increase in signal intensity of -OH stretching vibrations may have been
related to differences in chemical structure between EHA and BA. The second decomposition stage of
St + 10% L-M contained signals in the 3100-3000 cm™~! range along with a stronger signal from styrene
at 682 cm™! [16] and a new signal at 769 cm~! from the C-H deformation vibrations of aromatic rings.
There were no bands in the 3000-2850 cm™! region. These observations suggested the formation of
aromatic compounds and their derivatives, rather than the formation of aliphatic compounds.
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Figure 3. FTIR spectra of the volatile decomposition products of (a) BA +10% L-M, (b) EHA + 10% L-M,
and (c) St + 10% L-M.
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Schemes of the polymeric network fragments with the possible thermal decomposition products
of the composites are proposed in Figure 4a—c. Fragments of lignin and possible thermal decomposition
products are described in [61].

3.3. Mechanical and Thermomechanical Characterization

The Shore hardness values of the composites are presented in Table 3. The composites containing
St had the highest Shore hardness values. The values with acrylates (BA and EHA) were lower and
similar. In all cases, the addition of lignin increased the hardness, the highest values being obtained for
the biocomposites with 5% lignin, where lignin could participate in the polymer network. When its
role was solely as a filler, the hardness value was lower. The results were in a good agreement with
those from previous analyses (DSC and TG/DTG).

Table 3. Shore hardness of the composites.

. Shore Hardness Mean
Composite

(°Sh)
BA 66.3 +2.1
BA + 5% L-M 80.3 £4.5
BA +5% L 77.3 +3.8
BA + 10% L-M 74.0+59
BA +10% L 69.2 £5.1
EHA 68.7 +2.0
EHA + 5% L-M 81.0+4.2
EHA + 5% L 755 +35
EHA + 10% L-M 772 +4.8
EHA + 10% L 70.0 +4.0
St 781+1.0
St + 5% L-M 973 +22
St+5%L 90.5 £ 3.1
St +10% L-M 88.4 + 3.8
St+10% L 80.2 + 3.3
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Figure 4. Proposed schemes of polymeric network fragments and possible thermal decomposition
products of (a) biocomposites with BA, (b) biocomposites with EHA, and (c) biocomposites with St.

The results of mechanical tests on the materials without lignin and with 10% lignin (L/L-M)
are presented in Table 4. As expected, the results of uniaxial stretching tests showed that in all
cases, the addition of unmodified lignin caused a decrease in the elastic modulus (Young’s modulus).
The smallest change was observed in the St material. Comparing St and St + 10% L, the ultimate stress
decreased by approximately 50%. The largest change in Young's modulus from 1620 to 599 MPa and
in the ultimate stress from 31.8 to 9.7 MPa was shown by the addition of 10% L to the EHA sample.
Such a great decrease may mean that products made of this material showed too little resistance to
external forces. The three-point bending test confirmed that lignin reduced the ultimate strength of the
sample. The bending strength decreased by approximately 45% when lignin was added, and the EHA
samples again showed the greatest decrease from 62.5 to 32.2 MPa. The data presented here showed
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that mechanical properties of the studied copolymers were changed accordingly to the active diluents
used [67]. The strongest copolymers were those containing aromatic styrene, and the weakest were
those with aliphatic, branched EHA as the active diluent.

Table 4. Results of mechanical tests on composites without lignin (BA, EHA and St) and with 10%
lignin (L-M and L).

Composite Stress at Break Relative Elongation =~ Young’s Modulus
(MPa) at Break (%) (MPa)
Tensile tests
St 46.2 3.1 1890
St +10% L 21.1 1.7 1590
St +10% L-M 7.1 0.8 964
EHA 31.8 3.2 1620
EHA +10% L 9.7 1.3 599
EHA +10% L-M 8.3 1 1120
BA 49.9 2.8 2160
BA +10% L 18.5 1.9 1300
BA +10% L-M 9.2 12 1215
Bending tests
St 78.2 1.7 4210
St +10% L 51.3 2.1 3680
St +10% L-M 20.1 15 1430
EHA 62.5 2.2 2590
EHA +10% L 32.2 2.2 1520
EHA +10% L-M 26.2 1.8 1488
BA 83.2 2.7 2901
BA +10% L 53.9 1.9 2840
BA +10% L-M 29.9 1.8 1544

Among the composites with L-M, those with styrene in the cross-section had a layered structure
with two layers in the upper and lower regions with greater strength and stiffness, as well as a clear core
with a coherent structure and defined flexibility. This was due to the fact that samples with modified
lignin (L-M) did not fully polymerize over the entire cross-section. The copolymers of styrene and
modified lignin polymerized only in thin layers, and the addition of a thermal initiator did not improve
this process, as indicated by the results of tests under uniaxial tensile conditions, where the stress at
break was 7.1-9.2 MPa. In bending, however, the strength was greater, in the range of 20.1-29.9 MPa.

In order to conduct a deeper analysis, additional DMA tests were carried out on materials
without lignin and with 10% unmodified lignin with straining at different temperatures to reveal
their viscoelastic properties. These results are shown in Figure 5 and Table 5. The storage modulus
determined in the glassy region was higher in the materials without lignin then in the systems
loaded with filler. Despite the use of a compound containing two unsaturated bonds (BPA.GDA) and
reactive diluents enabling the formation of a polymer network (BA, EHA, and St)), no plateau in the
rubbery region characteristic of a cross-linked materials was observed. In fact, after passing through a
minimum value in this region, the storage modulus increased slightly with increasing temperature,
particularly in systems containing filler. This suggested that the unmodified lignin hindered the
polymerization process, an idea supported by the DSC results that showed exothermic effects associated
with post-crosslinking. They were greater for composites with unmodified lignin. The influence of the
filler on the degree of polymerization was also evident in the values of the loss modulus (E”). The glass
transition temperature (Tg) derived from the maximum loss modulus was highest with St and lowest
with EHA. Among the composites with unmodified lignin, the EHA system showed the greatest drop
in glass transition temperature at 32.3 °C. The effect depended on the type of active diluent used,
which copolymerized in different ways with BPA.GDA. In the case of EHA + 10% L, the difference may
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have been due to the two-stage glassy transition observed in the two maxima in tan delta. A similar
effect was observed in the system with St, but two tan delta maxima could not be distinguished due to
the overlap of the glass transitions. The wide tan delta in the case of BA + 10% L may also have been

associated with the overlap of two glass transitions, but in this case, the difference was smaller.
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Table 5. Dynamic mechanical analyzer (DMA) data for composites without lignin (BA, EHA, and St)
and with 10% lignin (L-M/L).

Composites
Properties BA + BA + EHA + EHA + St+ St +
BA  jo%r  10%LM FHA qor 10%Lm St 10%L 10%L-M
E'(25°C)/GPa  2.82 2.65 1.77 2.49 1.70 1.45 3.39 3.00 1.0
T,/°C? 70.3 55.6 443 65.2 32,5 323 78.0 61.9 24.5/62.2

a Determined from loss modulus max.

Due to the difficulty in the polymerization of the compounds with modified lignin, the composites
showed slightly lower parameters from the DMA data (Figure 5a’—’). Only in the case of the
EHA-based material did the addition of methacrylated lignin not cause a significant change in the
storage modulus (E’) and in the glass transition temperatures (Tg). Aromatic styrene had a very low
tendency to UV polymerization, which occurred only in the outer layers reached by the UV radiation.
The deeper layers were not cured, even in the presence of a thermal initiator.

Based on the structural, thermal, and mechanical properties of the obtained composites, we believe
that the unmodified lignin mainly acted as filler in the composite without any significant effect on the
UV-polymerization of the polymeric matrix (Figure 6A). In contrast, the methacrylated lignin took part
in the UV-curing process and was chemically integrated into the biocomposite structure, as illustrated

in Figure 6B.
B
CH,
- 0
H.C o H,CS CH
= H vLo/\/\cH3 /\(\/\ :
BA St AEH CH;
HsC_ CH,
\ L el DL R
— HXCI N0 ~CH,
/\/\ BPA.GDA OH O

. = methacrylated lignin . = lignin

Figure 6. Proposed scheme of composite structure.

4. Conclusions

Lignin-containing polymer biocomposites were obtained by a UV-curing process with bisphenol
A glycerolate (1 glycerol/phenol) diacrylate (BPA.GDA) as the main monomer and butyl acrylate (BA),
2-ethylhexyl acrylate (EHA) or styrene (St) as the reactive diluent.

When 5 wt % L-M was added, it participated in the creation of a polymer network with improved
thermal properties, but when the amount of L-M was increased to 10 wt %, the unreacted lignin
derivative resulted in exothermic effects in the DSC curves, indicating a continuing polymerization
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process. In the biocomposites with unmodified lignin (L), the lignin mainly acted as a filler and
interactions between the hydroxyl groups of the lignin and the carbonyl groups of acrylates seemed
to occur. When St was added as a reactive diluent, the biocomposites had a more homogeneous
structure than those to which acrylate monomers were added. Among the composites with acrylate
monomers, which were less reactive than those with the styrene monomer, homopolymerization
and cyclization processes could take place, and this resulted in a greater material heterogeneity.
St-containing composites were characterized by higher thermal resistance that could have been related
to the aromatic structure of this monomer.

The addition of lignin increased the Shore D hardness value, especially when 5% of lignin was
added to the composite material. The increase was more significant when L-M was used and for
St-containing materials. The highest mechanical strength was observed in the copolymers of aromatic
styrene, and the lowest mechanical strength was observed when the active diluent was aliphatic,
branched EHA. The DMA analysis showed that the use of lignin as a filler influenced the polymerization
process. Complete UV-curing was possible only in thin layers, which may indicate the potential
application of UV-curing coatings.

The incorporation of lignin and its methacrylic derivatives into polymer composites can promote
the sustainability of the plastics industry and contribute to the better utilization of lignin.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4360/12/5/1159/s1,
Figure S1: ATR/FT-IR spectra of: (a) biocomposites with BA, (b) biocomposites with EHA, (c) biocomposites with
St, Figure S2: DSC curves of: (a) BA/EHA/St and 10% L-M before polymerization (polymerization takes place
during the analysis), (b) BA/EHA/St biocomposites with 10% L, (c) BA/EHA/St biocomposites with 10% L-M,
Figure S3: (a) TG and (b) DTG curves of BA, BA+10% L-M and BA + 10% L composites, Figure S4: (a) TG and (b)
DTG curves of EHA, EHA + 10% L-M and EHA + 10% L composites, Figure S5: (a) TG and (b) DTG curves of St,
St + 10% L-M and St + 10% L composites.
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