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Abstract: Waste lignocellulose materials, such as brewers’ spent grain, can be considered very
promising sources of fillers for the manufacturing of natural fiber composites. Nevertheless, due to
the chemical structure differences between polymer matrices and brewers’ spent grain, filler treatment
should be included. The presented work aimed to investigate the impact of fillers’ reactive extrusion
on the chemical structure and the poly(e-caprolactone)/brewers’ spent grain composites’ mechanical
performance. The chemical structure was analyzed by Fourier-transform infrared spectroscopy,
while the mechanical performance of composites was assessed by static tensile tests and dynamic
mechanical analysis. Depending on the filler pretreatment, composites with different mechanical
properties were obtained. Nevertheless, the increase in pretreatment temperature resulted in the
increased interface surface area of filler, which enhanced composites’ toughness. As a result,
composites were able to withstand a higher amount of stress before failure. The mechanical tests
also indicated a drop in the adhesion factor, pointing to enhanced interfacial interactions for higher
pretreatment temperatures. The presented work showed that reactive extrusion could be considered an
auspicious method for lignocellulose filler modification, which could be tailored to obtain composites
with desired properties.

Keywords:  poly(e-caprolactone); brewers’ spent grain; composites; filler treatment;
mechanical properties

1. Introduction

From an economical and, most of all, the ecological point of view, one of the most beneficial
approaches towards manufacturing natural fiber composites (NFCs) is applying various by-products
or waste materials as reinforcements [1]. They can be obtained during the processing of renewable
raw materials [2]. Among multiple candidates for such materials, it seems very interesting to use
brewers’ spent grain (BSG)—the major by-product of the brewing industry [3]. According to the 2019
European Beer Trends Report conducted by The Brewers of Europe [4], beer’s European production has
been increasing in recent years, currently exceeding 42 billion liters of beer annually. It results in the
generation of over 2.5 million tonnes of BSG. In terms of chemical composition, brewers’ spent grain is
relatively similar to various lignocellulosic fillers used during NFCs’ production [5]. Nevertheless,
it contains noticeably higher amounts of proteins, providing additional properties to polymer
composites [6]. Proteins may act as plasticizers of polymer matrices affecting the mechanical
performance of the material and its processing by increasing the melt flow index [3]. Besides that,
proteins may also participate in Maillard reactions resulting in the generation of melanoidins.
Figure 1 presents a general scheme of Maillard reactions. These compounds are commonly known in
food chemistry because of their antioxidant activity and beneficial impact on food products’ storage
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stability and shelf-life [7]. Potentially, they could also act as antioxidants in NFCs, enhancing their
oxidative resistance. Such an effect was observed by other researchers, e.g., for composites containing
coffee silverskin or spent coffee grounds [8,9]. Nevertheless, the incorporation of BSG into polymer
matrices also shows some limitations. They are associated with relatively high humidity and large
particle size [5]. Regarding the moisture content, BSG is present in the market in dried form. However,
its price is significantly higher than the wet form. Moreover, in dried form, it still requires particle size
reduction to be efficiently applied as a filler for NFCs.
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Figure 1. General scheme of the Maillard reactions leading to the generation of melanoidins.

Another issue related not only to the application of BSG but generally to all types of polymer
composites, including NFCs, is their interfacial compatibility. Its appropriate level is essential
for the satisfactory mechanical performance of composite materials [10,11]. In recent years,
multiple approaches aimed at the enhancement of interfacial interactions were analyzed. They included
modifications of polymer matrices, incorporation of additional compatibilizers, or various filler
treatments [12]. Considering current pro-ecological trends and economic factors, it is very beneficial
to reduce the number of steps required to manufacture polymer composites and simplify the whole
production process. Such an approach could reduce the amount of generated waste and reduce
the use of energy or water. It is also very beneficial to introduce unit processes with continuous
character, instead of periodic character [13]. Considering these issues, properly designed filler treatment
seems to be the most promising solution for the enhancement of interfacial adhesion in composites.
The majority of fillers, especially those used for the manufacturing of NFCs (including analyzed BSG),
require pretreatment to reduce particle size, which is an essential factor influencing the filler’s surface
area [14]. Except for mechanical properties, small particle size may enhance the composite’s barrier
properties, which can have an influence on, e.g., the rate of biodegradation [15]. Proper design of the
grinding process could also result in the desired changes in the filler’s chemical structure due to the
mechanical or thermo-mechanical treatment, promoting the affinity towards various polymer matrices.
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In BSG, such changes could be associated with the above mentioned Maillard reactions and generation
of melanoidins.

The presented work aimed to investigate the impact of filler treatment on its particle size and
chemical structure and the mechanical performance of the poly(e-caprolactone)/brewers’ spent grain
composites. The analyzed filler was subjected to reactive extrusion at various temperatures, based on
the solution described in our patent application [16]. The changes in the chemical structure were
assessed by Fourier-transform infrared spectroscopy (FTIR). The mechanical performance of composites
was investigated by static tensile tests and dynamic mechanical analysis (DMA). The presented work
should complement the current state of knowledge related to the polymer/BSG composites. Despite the
numerous works investigating these materials in recent years [17-23], only the microscopic structure,
mechanical, and thermal properties of the obtained NFCs were investigated. These works pointed to
insufficient interfacial adhesion. However, the only applied modification of filler was alkali treatment
applied by Berthet et al. [23]. Nevertheless, the effect of treatment could not be evaluated. The impact
of melanoidins, generated during the thermo-mechanical treatment of brewers’ spent grain, on the
mechanical performance of the resulting composites, has not been investigated yet.

2. Experimental

2.1. Materials

Brewers’ spent grain, used as a filler for poly(e-caprolactone) (PCL), was acquired from Energetyka
Zloczew Sp. z o0.0. (Lututéw, Poland). It was originally waste from the production of light lager and
consisted solely of barley malts. The supplier already dried the obtained BSG. In Figure 2, there is
shown the appearance of applied BSG. This by-product contains over 50 wt.% carbohydrates—cellulose,
hemicellulose, lignin, and around 20 wt.% proteins.
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Figure 2. Macroscopic (a) and microscopic (b) appearance of applied brewers’ spent grain (BSG) before

extrusion grinding.

The poly (e-caprolactone) (Capa 6800, M,, = 80,000 g'mol~!) was acquired from Perstorp
(Malmo, Sweden). It was selected as a matrix because of its relatively low processing temperature,
which enables the reduction in energy consumption, simultaneously preventing lignocellulosic fillers
from decomposition and reducing potential emissions of volatile organic compounds [3].

2.2. Extrusion Grinding of BSG

Extrusion grinding of BSG was performed with an EHP 2 x 20 Sline co-rotating twin-screw
extruder from Zamak Mercator (Skawina, Poland), following our patent application [16]. The extruder
has eleven heating/cooling zones with a screw diameter of 20 mm and an L/d ratio of 40. The screw
configuration is shown in Figure 3. BSG was dosed into the extruder by a volumetric feeder with a
constant throughput of 3 kg/h. The screw speed was set at 225 rpm; barrel temperature in all zones was
set at 120 °C, 180 °C, or 240 °C. For each set of parameters, extrusion was carried out for at least 60 min
after stabilizing the extruder’s motor load, which indicated the process’s stabilization. Therefore,
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at least 3 kg of each type of modified BSG was obtained. After grinding, samples of BSG were left in
order to cool down to room temperature.
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Figure 3. Screw configuration applied during thermo-mechanical treatment of BSG.

In Figure 4, the presented photographs show the appearance of the prepared materials.
Samples extruded at 120 °C, 180 °C, and 240 °C were characterized with the following values
of density—1.3669 g/cm?, 1.3691 g/cm3, and 1.3741 g/cm?, respectively. The slight increase in density
with the temperature of modification could be associated with the removal of volatiles. In Figure 5,
there is presented particle size distribution of modified brewers’ spent grain. It can be seen that the
increase in processing temperature resulted in a slight decrease in particle size. Samples extruded at
120 °C, 180 °C, and 240 °C were characterized with the following average particle diameters—223 um,
164 um, and 157 um, respectively.

Figure 4. Appearance of BSG extruded at (a) 120 °C, (b) 180 °C, and (c) 240 °C.
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Figure 5. Plots showing (a) share of particles with a given diameter, and (b) cumulative particle size
distribution of modified BSG.

2.3. Preparation of Polymer Composites

Composites filled with modified BSG were prepared in an EHP 2 X 20 Sline co-rotating twin-screw
extruder from Zamak Mercator (Skawina, Poland) at 100 °C and a rotor speed of 100 rpm. Filler content
in each sample was 20 wt.%, 30 wt.%, or 40 wt.%. At least 1 kg of each type of material was extruded.
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Next, they were compression molded at 100 °C and 4.9 MPa for 2 min and then kept under pressure at
room temperature for another 5 min to solidify the material. Materials were molded into ready-to-test
samples for tensile tests (sample 1BA according to ISO 527 standard) and dynamic mechanical analysis
(40 x 10 x 2 mm). Obtained samples were coded as X/Y, where X stands for the temperature of BSG
modification and Y for its content in composite. For comparison, the sample of unfilled PCL was also
prepared and was named PCL.

2.4. Measurements

The particle size distribution of modified BSG samples was determined by sieve analysis.
Samples were separated using a LPzE-2e siever from MULTISERW-Morek Jan Morek (BrzeZnica,
Poland) with sieves characterized by the following openings—2.0, 1.0, 0.8, 0.6, 0.4, 0.2, 0.1, 0.075, 0.053,
and 0.025 mm. The total sieve time was set at 10 min, while the amplitude of pulsing was 2 Hz.

The chemical structure of BSG samples and biocomposites were determined using Fourier
transform infrared spectroscopy (FTIR) analysis performed by a Nicolet Spectrometer IR200 from
Thermo Scientific (Waltham, MA, USA). The device had an attenuated total reflectance (ATR) attachment
with a diamond crystal. Measurements were performed with 1 cm™! resolution in the range from 4000
to 400 cm™! and 64 scans.

The density of modified BSG samples and biocomposites was determined using an Ultrapyc
5000 Foam gas pycnometer from Anton Paar (Graz, Austria). The following measurement settings
were applied: gas—helium; target pressure—10.0 psi; flow direction—sample first; temperature
control—on; target temperature—20.0 °C; flow mode—fine powder; cell size—small, 10 cm3;
preparation mode—pulse; the number of runs—>5.

The tensile strength, elongation at break, and elastic modulus were estimated following the
PN-EN ISO 527 standard, using the Instron 4465 H 1937 tensile testing machine with elongation head
and an extensometer. Sample type 1BA was used. Tensile tests were performed at a constant speed of
1 mm/min (for elastic modulus) and 20 mm/min (tensile strength and elongation at break). Five samples
were analyzed for each specimen.

The dynamic mechanical analysis was conducted on a DMA Q800 TA Instruments apparatus.
Samples with dimensions of 40 X 10 X 2 mm were loaded with variable sinusoidal deformation forces
in the single cantilever bending mode at the frequency of 1 Hz under the temperature rising rate of
4 °C/min, ranging the temperature from —100 °C to 100 °C.

3. Results and Discussion

3.1. Spectroscopic Analysis

In Figure 6, there are presented FTIR spectra of selected composites samples and applied raw
materials. It can be seen that in qualitative terms, all types of modified BSG showed similar composition.
Their spectra differed only by the intensity of particular signals, but generally, they were typical for
lignocellulose materials. Moreover, obtained FTIR spectra are very similar to spectra obtained by other
researchers for isolated melanoidins [24], which suggests that melanoidins were generated during
modification of BSG. Broad peaks in the range of 3280-3340 cm~! were attributed to O-H and N-H
bonds’ stretching vibrations. The presence of these groups is typical for the lignocellulose materials
and their components. Hydroxyl groups are commonly present in the structure of cellulose, lignin,
but also starch, whose residue may be present in BSG. Amine groups are part of proteins present in BSG
in substantial amounts (~20 wt.%). With the increasing temperature of BSG processing, peaks were
shifted towards higher wavenumbers, suggesting the generation of amide groups during Maillard
reactions, which results in signals above 3300 cm~! [25]. For PCL, no such peaks were noted. In the
range of 2850-2950 cm™!, there are observed signals associated with the symmetric and asymmetric
stretching vibrations of C-H bonds in methyl and methylene groups. They are present in the polymer

-1

matrix, as well as carbohydrate structures of BSG. At 1722 cm™ was noticed a signal that is typical
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for C=0 ester bonds in poly(e-caprolactone) [26]. For BSG samples, absorption bands in the range
of 1620-1700 cm™! were related to the stretching vibrations of unconjugated C=0 and C=C bonds
in polysaccharides. Moreover, the presence of amide bonds and the amide I vibrations (stretching
vibrations of C=0 and C-N bonds in amide groups) might have also contributed to these bands [27].
Oracz and Zyzelewicz [24] noted such an effect. Other signals associated with the presence of amide
bonds generated during Maillard reactions were noted in the range of 1515-1550 cm™! and were
attributed to the amide II vibrations—the combination of N-H bending and C-N stretching vibrations
of amide groups. These signals were not observed for PCL. For all raw materials, multiple bands were
noted in the range of 1030-1460 cm~!. They were associated with stretching vibrations of C-O and
C=0 bonds present in structures of polysaccharides [28].
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Figure 6. FTIR spectra of poly(e-caprolactone) (PCL) and (a) modified BSG samples, (b) composites filled
with varying content of BSG modified at 240 °C, and (c) composites filled with 30 wt% BSG modified at
different temperatures.

They showed relatively similar FTIR spectra, independently of type and content of modified
BSG filler, regarding PCL-based composites. Such an effect was associated with the presence of
similar chemical bonds in both components of composites. Compared to neat poly(e-caprolactone),
the introduction of applied fillers resulted in the appearance of a small signal around 3280-3340 cm™~!,
associated with the presence of hydroxyl and amide groups in modified BSG. Moreover, the most
significant peak at 1722 cm ™! was slightly broadened, and the intensity of peaks at 1030-1120 cm™!
was increased. Nevertheless, no significant changes, which would indicate the chemical bonding at
the matrixfiller interface, were noted. Therefore, FTIR analysis suggested only physical interactions,

such as hydrogen bonding in the analyzed composites.

3.2. Physico-Mechanical Properties

In Table 1, there are presented the physical and mechanical properties of the prepared samples.
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Table 1. Physical and mechanical properties of neat PCL and analyzed PCL/BSG composites.

7 of 17

Parameter PCL 120/20 120/30 120/40 180/20 180/30 180/40 240/20 240/30 240/40
Theoretical density, g/cm3 1.151 1.189 1.208 1.229 1.189 1.209 1.229 1.190 1.210 1.231
Experimental density, g/cm3 1.151 1.182 1.199 1.214 1.185 1.201 1.217 1.183 1.203 1.223
Porosity, % 0.000 0.542 0.782 1.207 0.364 0.634 0.979 0.574 0.545 0.687
Filler volume fraction, % 0.00 17.39 26.52 35.95 17.37 26.49 35.92 17.31 26.42 35.83
Average particle distance, pm - 99 57 30 73 42 22 70 40 21
Interface surface area, nm™! - 4.7 7.1 9.7 6.4 9.7 13.1 6.6 10.1 13.7
Tensile strength, MPa 346 +15 111+ 0.1 105+ 0.3 9.8+0.2 12.8 +0.3 109 +0.7 10.8 £ 0.3 11.8 +0.7 99+0.7 91+04
Elongation at break, % 1061 + 82 332+97 135+ 1.8 59+0.2 335+18 129 + 4.5 6.1+1.0 37.2+9.7 13.2+0.8 9.0+0.4
Young’s modulus, MPa 289 + 18 469 + 6 502 + 40 615 + 27 512 + 11 599 + 63 677 + 44 536 + 63 640 + 35 735 + 39
Toughness, ]/cm3 25215 + 3359 283 + 81 95 +16 44 +1 317 £ 27 106 + 18 49 + 10 342 + 38 125+ 14 58+6
Brittleness, 1010 %-Pa 0.0180 0.3932 0.8741 1.6562 0.3678 0.9309 1.5404 0.3435 0.7907 1.1125
E" at 25 °C, MPa 523.7 766.2 847.0 1021.1 812.2 835.4 1058.2 782.8 958.1 1002.1
E’ at =90 °C, MPa 3372.6 3917.8 3846.4 4468.2 3990.0 3915.8 4522.0 3843.1 4110.0 4060.8
C factor 1.00 0.79 0.71 0.68 0.76 0.73 0.66 0.76 0.67 0.63
E’ rule of mixture, MPa - 614.8 662.6 712.0 614.6 662.4 711.8 614.4 662.0 711.3
E’ Einstein model, MPa - 751.4 870.9 994.4 751.1 870.5 993.9 750.4 869.5 992.8
E’ Kerner model, MPa - 7814 965.5 1211.0 781.0 964.8 1209.9 780.1 963.2 1207 .4
E’ Guth model, MPa - 860.8 1216.5 1713.5 860.1 1215.1 1711.3 858.4 1211.8 1706.3
tan 6 at 25 °C 0.0360 0.0494 0.0551 0.0596 0.0466 0.0490 0.0522 0.0414 0.0455 0.0481
tan & at Tg 0.1027 0.0932 0.0904 0.0885 0.0921 0.0902 0.0863 0.0906 0.0872 0.0838
Tg, °C —41.42 —-41.12 -40.41 —40.02 —-41.31 —40.15 -39.24 -41.41 -41.38 —40.52
Area under tan 6 peak, °C 6.136 6.318 6.742 7.515 6.396 6.992 7.573 6.270 6.702 7.547
Adhesion factor - 0.658 1.079 1.582 0.565 0.849 1.258 0.390 0.716 1.081
Constrained chain volume, % 0.00 7.17 9.33 10.83 8.01 9.47 12.55 9.19 11.87 14.58
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To determine the porosity of prepared composites, theoretical values of their density were
calculated according to the simple rule of mixture, expressed by the following Equation (1):

Pc=pm-(1—@)+ps- @ 1)

where: p.—density of the composite, g/cm3 ; Pm—density of the matrix, g/cm3 ; pr—density of the filler,
g/(:m3 ; @—volume fraction of the filler, %vol.
Using obtained values of the density, the composite’s porosity was calculated (2):

pP= (Ptheo — pexp)/ptheo -100% )

where: p—porosity of the material, %; pmeo—theoretical value of density, g/cm3 ; and pexp—the
experimental value of density of composite, g/cm?.

It can be seen that prepared samples were characterized with very low values of porosity. This was
associated with a low moisture content of applied polymer and fillers due to their drying before
processing and the relatively high temperature of processing (100 °C) compared to PCL’s melting
temperature, enabling efficient polymer melt flow.

Values of the average particle distance were calculated according to the following Equation (3) [29]:

D=r-((4-m/3- @) -2) ®)

where: D—the average distance between particles, um; r—average radius of filler particles, pm.

Average particle distance decreased with the rise in filler content; a similar effect was noted by
other researchers [30]. Considering its values for 40 wt.%, filler content (21-30 pm) may facilitate the
unfavorable agglomeration of filler particles with the average particle size of 157-223 um. Moreover,
the average particle distance was decreasing with the average particle size. For a similar level of
volume fraction of filler, such an effect is associated with the increasing number of particles dispersed
in the matrix. This was also noted by Hong et al. [29], who incorporated nanometric (49 nm) and
micrometric (40 um) particles into the low-density polyethylene matrix. The same interparticle distance
was noted for 14 vol.% loading of nanosized filler and 30 vol.% loading of micrometric filler.

In Table 1, there are also presented values of interface surface area for each composite sample.
They were calculated according to the following Equation (4) presented by Nelson and Hu [31]:

Sa=0G-@)r (4)

where: S,—interface surface area, um_l.

Although the interface surface area’s calculation assumed the spherical shape of filler particles,
it can be clearly seen that it increases with the decrease in the average particle size of filler and its
loading. Nelson and Hu [31] noted a similar effect. For the same loading of nanosized (23 nm) and
micrometric (1.5 um) filler, surface areas were equal to 7.8 km?/m? and 0.11 km?/m?, respectively.

Generally, the interface surface area is an essential parameter for the mechanical performance
of composite materials. It is responsible for the phenomenon of nanocomposites, which require
significantly lower filler loadings due to the much larger (even three orders of magnitude) specific surface
area of nanofillers compared to micrometric fillers [30]. In the case of nanocomposites, especially at
lower loadings, the increase in specific surface area is very beneficial in its impact on composite
materials’ tensile strength. In the presented case, when waste-based lignocellulosic fillers were
introduced into relatively strong poly(e-caprolactone) matrix, a reinforcing effect, considering tensile
strength, was not observed. Such an effect was confirmed by other researchers and our previous
works [3,32].

The tensile performance of composites also varied depending on the temperature of BSG extrusion
grinding. Such an effect can be associated with the changes in the filler’s chemical structure, related to
non-enzymatic browning reactions, including Maillard reactions and caramelization. Maillard reactions
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can take place at lower temperatures than caramelization. They involve reactions of reducing sugars,
which can be present in BSG in the amount of ~15 wt.% [33]. Except for typical reducing of sugars,
and also other BSG compounds, lignin may show some reducing potential due to the presence
of aldehyde groups, hence its ability to take part in Maillard reactions [34]. Products of Maillard
reactions are commonly known as melanoidins. They are higher-molecular weight oligomeric
and polymeric compounds containing various functional groups in their structure [35]. Therefore,
their presence may be considered beneficial because they can provide additional hydrogen bonding at
the matrixfiller interface.

The second group of reactions involves mono- and disaccharides and occurs at 160 °C or higher,
except fructose (110 °C) [3]. Therefore, caramelization is especially pronounced for BSG processed
at 240 °C, impacting the color of filler (see Figure 3). Caramelization results in the generation of
high-molecular-weight compounds with multiple functional groups, e.g., caramelans (Cp4Hz34013),
caramelens (C3sHs500;5), and caramelins (Cip5H1830g0) [36]. These compounds could improve
the interfacial adhesion due to multiple possibilities for hydrogen interaction. Nevertheless,
during caramelization, the decomposition of sugars also occurs, resulting in the generation
of lower-molecular weight compounds, which do not evaporate during processing, such as
2,5-bis(hydroxymethyl)furan (boiling point of 275 °C) [37]. These lower-molecular weight compounds
may act as plasticizers of the polymer matrix, causing deterioration of the tensile strength and increasing
elongation at break. Such an effect is observed when comparing samples containing BSG processed at
180 °C and 240 °C.

A drop in tensile strength and elongation at break with the increasing filler loading was
associated with insufficient interfacial adhesion, despite the increasing calculated interface surface area.
Another aspect is overly small average particle distance, which considers the particle diameter and
facilitates the agglomeration of filler. A similar effect, described as the critical particle—particle distance,
was also described by other researchers [30,38]. As a result, composites were able to absorb a lower
amount of energy before failure, which was expressed by the decrease in the toughness, obtained by
integrating the area under stress—strain curves.

On the other hand, the enhancement of composites’ modulus was noted, and it is correlated with
the increase in the interface surface area. Similar effects were noted by other researchers investigating
PCL-based biocomposites [32,39]. Figure 7 presents a plot showing an almost linear correlation between
these prepared composites’ parameters.
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Figure 7. Young’s modulus as a function of interface surface area for prepared composites.

In Table 1, there are also presented results of dynamic mechanical analysis of prepared composites.
Such analysis is often applied for a more comprehensive investigation of composite materials’
mechanical performance, additionally to the conventional static mechanical tests, e.g., tensile,
compression, or impact tests. DMA analysis provides critical insights related to materials’ viscoelastic
properties, such as storage modulus, loss modulus, or loss tangent.
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According to literature data [30], the storage modulus of composite materials could be predicted
by the rule of mixture, according to the following Equation (5):

Ee=Fn-(1+9) ©)

where: E’—storage modulus, MPa; subscripts ¢ and m—composite and matrix.

Einstein, in his work [40], modified this equation with the adhesion parameter. His model was
developed to analyze the interfacial adhesion between spherical particles and incompressible polymer
matrix. It is described by the following Equation (6):

Ee=FEm-(1+25¢) (6)

Nevertheless, Einstein’s equation implied that the composite modulus linearly depends on the
filler volume fraction, and interfacial adhesion is not affected by, e.g., the particle size of the filler.
It assumes the perfect adhesion and dispersion of filler.

A relatively similar approach was proposed by Kerner [41], who also connected the modulus with
filler volume fraction, but also included the effect of the matrix Poisson ratio. Moreover, his approach
assumed that the filler’s stiffness is significantly higher than the polymer matrix’s stiffness. He proposed
the following Equation (7):

E'e=FEm- -1+ (/1 -¢)) (A5 (1 = vm))/(8 =10 - vm))) @)

where: vi,—matrix Poisson ratio (assumed to be 0.442 for PCL, based on the literature data [42]).
Another modification of Einstein’s model was developed by Guth [43], who considered the higher
degree of interfacial interactions between the filler and the polymer matrix. He proposed the following
Equation (8):
Ee=FEm-1+125 ¢ +14.1-¢?) 8)

Table 1 presents values of storage modulus calculated for prepared composites using the equations
mentioned above and compared to the value obtained from the dynamic mechanical analysis. It can be
seen that for almost all samples, experimental values are between the results obtained by Einstein’s and
Kerner’s models. For better visualization, obtained data was presented in Figure 8. Experimental data
noticeably exceeded the values predicted by the rule of mixture, pointing to the interfacial adhesion
between matrix and filler. On the other hand, values predicted by the Guth model were significantly
higher. Such an effect was related to the assumptions of this model regarding a higher level of
interfacial interactions.

1750 74— ~
0 ,’
o 120 OC Guth model .~
15004 @ 180°C N7
240 °C o=
1250 - -
= L Kerner model -
o e \_--""
s . -7 2
o 1000
“/ » —::/‘__—o’ 7Einstei>|model
7504z -0C0
--------------- Rule of mixture
500 )

T T T T T T
015 0.18 0.21 024 027 030 033 036 039
Volume fraction of filler, vol%

Figure 8. Experimental and predicted values of storage modulus for prepared composites.
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To determine the efficiency of fillers on the modulus of prepared composites, in Table 1 there are
presented values of C factor, which was introduced by Chua [44], and is expressed by the following
Equation (9):

C= ((E’g /E'r c)/(E,g m/E’r m)) 9)

where: E’g—storage modulus in the glassy state, MPa; E'r—storage modulus in the rubbery state, MPa.

The lower values of the C factor point to the higher efficiency of filler on the composite modulus.
It can be seen that the C factor is decreasing with the rise in filler loading, which is associated with
the increasing interface surface area and stiffening of material. Simultaneously, a drop in C factor
was noted for the increasing temperature of BSG modification, which was related to the changes in
the filler’s chemical structure mentioned above. Therefore, additional possibilities for the hydrogen
bonding were provided after the treatment of BSG at higher temperatures, which increased the stiffness
of composites.

Moreover, the results of the DMA analysis, together with the values of elongation at break,
were used to calculate the brittleness of the material, according to the Equation (10) presented by
Brostow et al. [45]:

B =1/((ep - E) (10)

where: B—brittleness, 100 %.-Pa; ep—elongation at break, %; E'—storage modulus at 25 °C, MPa.

Considering the equation mentioned above, brittleness can be considered as the antagonist
of toughness. Material characterized by low brittleness should be characterized by its ability to
withstand high forces over what is possibly the most comprehensive range of deformations. In the
case of toughness, tensile strength is taken into account, while for brittleness, the storage modulus
is considered.

Brostow et al. [46] related brittleness and toughness of multiple polymeric materials. They developed
the Equation (11), which linked these to parameters:

T=(b+c B)1+a-B) (11)

where: T—toughness, J/em?3; a, b, c—constants.
In our previous work [47], we presented this relationship using the power function in the form of
the following Equation (12):
T=d-B°® (12)

where: d, e—constants.

For data presented by Brostow et al. [46], d and e are 178.380, and —0.984, respectively.
For PCL-based composites, values of constants were determined as 82.568 and —1.408, respectively.
For better visualization, Figure 9 presents the relationship between toughness and brittleness for
the prepared composites. It can be seen that obtained experimental data points lie below the curve
proposed by Brostow et al. [46]. Such an effect is related to the insufficient interfacial adhesion between
the PCL matrix and BSG fillers. The literature curve was developed for significantly more homogenous
materials—homopolymers, copolymers, and metals. Therefore, no impact of interfacial adhesion was
taken into account. On the other hand, in our previous work [48] related to PCL blends with reclaimed
rubber, experimental data points lay over the literature curve. Nevertheless, the compatibility of
these materials was significantly higher than for analyzed composites. It is mostly associated with
composites’ tensile performance, which directly affects the value of their toughness.
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Figure 9. The plot of toughness vs. brittleness for prepared composites and literature data.

Except for the data related to the material’s stiffness, the dynamic mechanical analysis provides
the information related to the glass transition temperature (Tg) and damping properties of materials.
These properties are related to the loss tangent (tan 8) of material. The loss tangent is often called
the damping factor because it expresses the material’s ability to dissipate the mechanical energy.
Moreover, the peak of tan 6 provides the information on glass transition temperature, which is related
to the changes in the movement of small groups and chains of polymer macromolecules. Values of
Tg for prepared materials are presented in Table 1, while temperature plots of tan & for samples
containing BSG modified at 120 °C are presented in Figure 10. For higher temperatures of modification,
similar plots and dependences were noted. It can be seen that the introduction of BSG particles caused
the shift of Ty towards higher temperatures, which can be related to the decreased mobility of polymer
chains [49]. Such an effect is caused by the incorporation of filler particles and the reduction in the
interparticle distance.

0.15

0.12 +

0.09 +

tan 8

0.06

0.03 +

00+ T T T T T
-100 -85 -70 -85 -40 -256 -10 5 20 35 50

Temperature, °C

Figure 10. Temperature plot of tan & for composites filled with BSG modified at 120 °C.
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Except for the temperature position of the tan 4 peak, another important issue is its magnitude.
It depends on the molecular motions occurring inside the composite and the material’s ability to
dissipate the energy. Generally, the drop in tan 6 peak value indicates the enhancement of the
interfacial interactions and reduced polymer chain mobility inside composites [50]. A decrease
in the peak’s magnitude was noted for all analyzed samples. However, it was not substantial.
Nevertheless, a noticeable broadening of peaks was noted, which resulted in the slight increase in area
under tan § peaks. Such an effect suggests the increase in the constrained chain volume in polymer
composites [30]. Their volume can be determined, based upon the information presented by various
researchers [50], using the following Equation (13):

Cv =1-(((1 = Cp) - W)/Wo) (13)

where Cy—volume fraction of the immobilized polymer chains, %; Cyp—volume fraction of the
immobilized chains in pure polycaprolactone (taken to be 0), %; W and Wy—energy loss fractions for
an analyzed sample and pure PCL, respectively.

Energy loss fraction W can be calculated from the tan 5 by the following Equation (14):

W = (- tan §)/((rt - tan 6) + 1) (14)

The values of constrained chain volume are increasing with filler loading (see Figure 11a). Such an
effect is caused by the larger number of particles able to interact with the polymer matrix. Moreover,
for the similar volume fractions of modified BSG, higher constrained chain volumes were noted for
the increasing temperature of BSG processing. As shown in Figure 11b, it was related to the higher
interface surface area resulting from the extruder’s thermo-mechanical treatment. As a result, the rise in
treatment temperature strengthened the interfacial adhesion between matrix and filler, resulting from
the changes in fillers’ chemical structure, especially the hydrogen bonding between phases.

18 16
(@) ][ & 120 (b) :
2 14 ® 180°C < 141
< 240°C - @ e
£ 12{|---.R*=0.9384 5 12
2 10d|----R*=0.9542 g':’ e s -
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g 6 227 8 ///,’/’ o
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Filler volume fraction, % Interface surface area, nm”’

Figure 11. Constrained chain volume of prepared composites as a function of (a) filler volume fraction,
and (b) interface surface area.

For a more detailed analysis of the interfacial adhesion in presented composites and its dependence
on applied fillers’ type and content, in Table 1, there are also presented values of the adhesion factor.
The concept was proposed by Kubat et al. [51]. It is based on the assumption that composite materials’
mechanical properties are determined by matrix, filler, and interface performance. Therefore, the loss
tangent of the composite can be given by the following Equation (15):

tan 6. = @y - tan &¢ + @; - tan &; + @ - tan Oy, (15)

where: ¢, {, i, and m—subscripts related to composite, filler, interface, and matrix, respectively.
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Kubat et al. [51] also presented the simplifications of this model related to the relatively low
damping of fillers and low volume fraction of the interface compared to the matrix and filler.
After simplifications, the equation mentioned above can be rearranged into Equation (16):

A =(1/(1 = @) - (tan d¢/tan dm) — 1 (16)

where: A—adhesion factor.

Low values of the adhesion factor indicate strong interfacial adhesion between the matrix and
filler. The increase in filler loading resulted in the drop in adhesion factor for the investigated materials,
indicating the system'’s relatively poor compatibility. Moreover, lower values of A were noted for higher
temperatures of BSG processing. This confirms the suggestions mentioned above that caramelization
and Maillard reactions during filler treatment enhance the system’s compatibility.

4. Conclusions

The presented research paper aimed to investigate the impact of the pretreatment of brewers’
spent grain filler on the static and dynamic mechanical performance of poly(e-caprolactone)-based
composites. Due to the insufficient interfacial interactions with polymer matrices, modifications
of lignocellulose materials are often essential to provide a satisfactory mechanical properties level.
Moreover, waste lignocellulose materials, such as BSG, often could not be introduced into polymer
matrices in crudo because they require at least a reduction in particle size. Therefore, the investigated
muodification process, which included simultaneous grinding of filler and thermo-mechanical treatment
resulting in the chemical structure changes, should be considered very promising. Analyzed PCL/BSG
composites showed different mechanical performance depending on the filler’s content and its
pretreatment parameters. Increasing the modification temperature reduced the average particle size
from 223 to 157 pum, respectively, for 120 and 240 °C. It caused an increase of over 40% in the interface
surface area. As a result, composites’ toughness was even 30% higher for the filler loadings of 30 and
40 wt%. The increase in the energy that could be withstood by the composites before failure was also
associated with the 30-40% drop in the adhesion factor and the 27-35% increase in constrained chain
volume. These parameters are used to describe the interfacial interactions in polymer composites in
qualitative and quantitative terms. Their changes directly indicate that the increase in pretreatment
temperature caused the enhancement of composites’ compatibility.

The presented work showed that the reactive extrusion could be applied as a method for modifying
lignocellulose fillers, and the adjustment of its parameters could be used to tailor the mechanical
performance of natural fiber composites. Waste lignocellulose fillers often must require particle size
reduction before the manufacturing of polymer composites, and it was included in the proposed
pretreatment process. Moreover, due to the reactive extrusion application, the proposed pretreatment
is very flexible and allows the introduction of additional chemical compounds, which could further
enhance the compatibility of composites or provide them with additional properties. In the case of BSG,
treatment may result in the changes in chemical structure related to the generation of melanoidins,
which, as proven, may affect the compatibility with the polymer matrix and mechanical performance
of composites. Moreover, applications of BSG and other natural materials, including wastes and
by-products from different branches of industry, may be applied to exploit their additional properties,
e.g., antioxidant activity. For example, coffee industry by-products have been repeatedly proven
as efficient antioxidants. Therefore, similar investigations may be conducted for BSG. Based on the
current state of knowledge, BSG could improve the oxidative stability of polymeric materials. Such an
approach would be the topic of further studies. Generally, the presented results should provide
interesting and valuable insight into the engineering and preparation of natural fiber composites.
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