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Abstract

This study aims to utilize the thermosetting behavior of native lignin and the self-assembly of silk in coconut coir (CC) and
regenerated silk (RS) microparticles used as blends and natural binders for construction and demolition waste (CDW) wood and
their effect on the mechanical, thermal, and structural properties of CDW wood/CC, RS/CC, and CDW wood/RS
biomicrocomposites. The obtained biomicrocomposites were prepared by hot-pressing blended microparticles at weight ratios
of 80:20, 60:40, 50:50, 40:60, and 20:80 in the temperature range of 170-180°C. The obtained biomicrocomposites were
characterized by bending strength, water resistance, scanning electron microscopy (SEM), thermogravimetric analysis/
derivative thermogravimetry (TGA/DTG), and attenuated total reflectance Fourier transform infrared spectroscopy (ATR-
FTIR) measurements. Findings showed that the incorporation of RS displayed superior enhancement in the mechanical proper-
ties and water resistance in CDW/RS. The incorporation of CC slightly improved these properties in CDW/CC and RS/CC but
offered greater thermal stability, as shown by thermogravimetric analysis (TGA/DTG). The addition of RS and CC showed good
interfacial adhesion, as revealed by SEM. FTIR data revealed strong reactivity among CC, RS, and CDW wood.

Keywords Lignocellulosic biopolymer - Hot-pressing - Microfibrillated biomass waste - Regenerated silk - Lignin binding

1 Introduction generated from coconut production [1], is attributed to 35% of
the total weight of coconut fruit [2], and only 15-20% utilization

Recently, researchers have focused on the utilization of natural ~ has been estimated [3]. However, in developing countries, natu-

fibers to develop environmentally friendly materials due to envi-
ronmental issues. Cellulosic biowaste results from construction
and demolition waste. Furthermore, recycling fibrous waste gen-
erated during crop cultivation and pruning into value-added ma-
terials is becoming increasingly popular and economically feasi-
ble. For example, high-lignin fibrous waste, such as coir and pith

>4 Mohammed Abdullah Hamad Alharbi
mohammedahalharbi @ gmail.com

Research Center of Environmentally Friendly Materials Engineering,
Muroran Institute of Technology, 27-1 Mizumoto-cho,
Muroran, Hokkaido 050-8585, Japan

Research Institute of Technology for Machinery, Vietnam Engine
and Agricultural Machinery Corporation-Joint stock Company,
Technology and Alloys of Casting Department, No. 25 Vu Ngoc
Phan, Hanoi 100000, Vietnam

ral fibrous waste has not been utilized efficiently and is processed
as waste. Therefore, open burning of agricultural fibrous waste is
typically the standard waste management procedure, which
causes a major environmental issue due to its contribution to
greenhouse emissions [4]. Furthermore, energy production from
natural fibers generates fly ash waste and requires intensive
chemical pretreatment processes that limit energy production ef-
ficiency [5].

CDW wood is used as a filler in wood-plastic composites
to increase the biological content and thermal stability of com-
posites [6] but has a poor effect on mechanical properties due
to the low reactivity between plastics and wood. Utilization of
natural raw fibers as reinforcement materials in composites
has been widely reported in the literature [7—11], while others
have reported the need for the chemical pretreatment of fibers
with/without coupling agents [12—16] by removing lignin and
waxes that hinder adhesion in composites and enhance
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adhesion between natural fibers and the matrix. However,
many recent studies have focused on the lignocellulose bio-
mass valorization of isolated cellulose or lignin. For example,
cellulose is chemically isolated from plant fibers as nanofibers
(CNFs) in biocomposite applications [17-19]. Nevertheless,
the valorization of lignocellulosic fibrous waste to produce
nanofibrillated cellulose requires harsh chemical extraction
to extract cellulose from lignin and other materials.
Therefore, producing nanofibrillated cellulose might only be
environmentally beneficial in natural fibers containing low
lignin contents.

On the other hand, technical lignins, a byproduct of chem-
ical extraction, are used as fillers in composites [20] and PLA-
lignin biocomposites [21-23]. While the incorporation of
technical lignins in small amounts in composites improved
the mechanical properties, ultraviolet (UV) light resistance,
and thermal stability [24], increasing the content of technical
lignin negatively influenced the mechanical properties be-
cause it played a role as a filler; hence, chemical modification
to enhance reactivity using esterification or grafting is often
required [25]. Furthermore, the chemical structure of technical
lignins is greatly altered, leading to severe damage to their
functionality and impurities that limit their use in value-
added products [26-28].

The exploitation of native lignin condensation in natural fi-
bers produces binderless particleboards prepared by hot-press-
ing, as reported in many studies [29-36]. Furthermore,
binderless high-performance particleboards prepared by hot-
pressing milled coconut husk fibers/pith without any pretreat-
ment have been reported in Ref. [1]. The findings showed that
superior physical properties were attributed to efficiently achieve
good lignin condensation due to the microfibrillation—ball mill-
ing—of the high-lignin lignocellulose fibers that preserve the
lignin chemical structure responsible for its intrinsic thermoset-
ting behavior. In addition, binderless compact wood has also
been prepared by steam hot-pressing milled Japanese cedar/
cypress wood [37, 38], where 20 wt% (<53 um) microparticles
were attributed to superior bending strength.

Recently, we reported high-strength lignocellulosic bio-
polymers (flexural strength of ~122+14 MPa) prepared by
hot-pressing microfibrillated raw and alkaline-pretreated palm
biomass microparticles (<53, <53-75, and <106 pm) [39, 40].
The findings revealed a direct correlation between the chem-
ical composition and particle size of lignocellulosic biomass
in achieving optimum lignin binding and their effect on me-
chanical and thermal properties. Moreover, the higher the ratio
of structural materials (cellulose and lignin) to nonstructural
materials (hemicellulose, extractives, and ash) (C+L)/(H+E+
A) and the smaller the particle size are, the higher the mechan-
ical and thermal properties. This was attributed to the disrup-
tion of crystalline regions in cellulose by microfibrillation—
ball milling—which exposed more lignin to the surface while
preserving its thermosetting behavior, allowing for better
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adhesion. Furthermore, the mechanical and thermal properties
of mildly alkaline-pretreated (1 wt% NaOH, 3 wt% NaOH)
plant fibers were improved by removing nonstructural mate-
rials without altering the chemical structure of lignin.
Additionally, protein-based biopolymers prepared by ther-
mal processing have been reported in commercial silk micro-
particles with 20 wt% added water using spark-plasma
sintering (SPS) [41], Bombyx mori and Eri nondegummed
silk-based resin was prepared from milled microparticles
(~70 wm) [42], regenerated silk-based thermoplastics were
prepared from nanoparticles [43], and regenerated silk (sericin
free)-based thermoplastics were prepared from hot-pressing
followed by the subsequent hot rolling of boiling water-
pretreated resins [44]. Findings showed that many factors
influencing the binding behavior and mechanical properties
of protein-based biopolymers and thermoplastics are attribut-
ed to the self-assembly and rearrangement of the molecules of
silk in the presence of bound water, which is governed by the
amino acid composition (the ratio of hydrophilic to hydropho-
bic amino acids), size, and orientation of particles.
Lignocellulosic- and silk-based biopolymers prepared by
hot-pressing individually exhibited good bending strength
and thermal properties. However, incorporating regenerated
silk microparticles into PBAT/PLA composites [45] results
in poor mechanical properties due to weak adhesion and poor
dispersion. Furthermore, cellulose/protein or lignin/protein
blends [46—49] are blended using solvent systems such as
ionic liquids to dissolve, and then, proteins, cellulose, and
lignin are blended to prepare hybrid composites.
Nevertheless, this will also destroy an essential feature of na-
tive lignin, whose chemical structure is responsible for the
thermosetting behavior. When hot-pressing lignocellulosic
microparticles, lignin undergoes a glass “thermosetting” tran-
sition from 140 to 180°C, which enables the formation of
covalent bonds by condensation between lignin and other
constituents and interunit linkages and double bonds between
lignin units [50-52]. Similarly, amorphous silk nanoparticles
and microparticles undergo a structural “thermoplastic” tran-
sition during similar hot-pressing conditions, which allows for
the formation of more crystalline 3-sheet structures [42—44].
Therefore, we hypothesize that utilizing native lignin’s
ability to bind and self-assemble (thermal fusion phase) silk
found in abundant sources, such as coconut coir and regener-
ated silk, can produce natural binders for use in hybrid
biomicrocomposites, resulting in superior mechanical and
thermal properties. Furthermore, these natural binders are bet-
ter than traditional solvent systems, polypropylene (PP), and
urea phenol-formaldehyde, which are typically used in
lignocellulosic/protein-blended composites, wood-plastic
composites, and conventional particleboards, respectively.
To the best of our knowledge, no studies have reported utiliz-
ing coconut coir and regenerated silk microparticles as green
binders of cellulosic waste, such as construction and
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demolition waste (CDW) wood or protein/lignocellulosic hy-
brid biomicrocomposites, at the macroscopic (micrometer)
level.

This work reports three types of hybrid biomicrocomposites
fabricated by hot-pressing blended microparticles of CDW
wood/coconut coir, regenerated silk/coconut coir, and regener-
ated silk/CDW wood at weight ratios of 80:20, 60:40, 50:50,
40:60, and 20:80. Furthermore, it compares the mass ratio and
binding effect of coconut coir- and regenerated silk-based mi-
croparticles in terms of mechanical, physical, thermal, and
structural properties. The findings of this work can provide
insights into the potential of utilizing lignocellulosic and protein
fibrous waste as blends or natural binders, replacing the need
for petrochemical-based adhesives. Furthermore, there are dif-
ferences between lignocellulosic- and protein-based binders,
and the properties needed for the intended applications can
be tailored by manipulating their mass ratio in hybrid
biomicrocomposites.

2 Materials and methods
2.1 Materials

Raw coconut coir microparticles (particle size <53 um, mois-
ture content of 9.1%) were obtained by ball milling and then
sieving mature coconut coir that was originally harvested in
Malaysia and purchased from a commercial supplier. The
chemical composition of coconut coir microparticles (46 +
0.5% o-cellulose, 28 + 0.5% lignin, 16 + 0.5% hemicellulose,
10+£2% extractives, 2.34% ash) and preparation process were
previously described in our work [39]. Construction and de-
molition waste (CDW) wood powder (mean particle size ~114
pum, moisture content of 5.97%, ash content of 7.59%) was
donated by Air Water ECOROCA Inc. (Japan). Commercially
available degummed B. mori silk (sericin-free) microparticles
(average particle size =<7 pwm, moisture content 8.18%, ash
content 0.02%) were purchased from KB Seiren, Ltd.
(Japan). The amino acid composition of regenerated silk mi-
croparticles (0.53% proline, 42.75% glycine, 10.51% serine,
1.35% glutamine, 1.82% asparagine, 0.11% cysteine, 0.98%
threonine, 0.28% lysine, 0.19% histidine, 0.52% arginine,
30.61% alanine, 0.04% methionine, 2.35% valine, 0.76% phe-
nylalanine, 0.68% isoleucine, 0.54% leucine, and 5.68% tyro-
sine) was reported in Ref. [44].

2.2 Biomicrocomposite preparation

First, 0.9 g of blended microparticles was adjusted to obtain
CDW wood/coconut coir, regenerated silk/coconut coir, and
regenerated silk/CDW wood at mass ratios of 80:20, 60:40,
50:50, 40:60, and 20:80 and then mixed manually using an
agate mortar and pestle. A schematic of sample preparation is

presented in Fig. 1. The samples were placed in stainless steel
?20-mm cylindrical molds and positioned in a hot press
(H300-05, AS One, Japan) wherein the top and bottom plates
were set at 170°C and wrapped by a heating belt at 180°C
used to accelerate heat transfer to the mold. The processing
pressure was maintained at 20 MPa, and then, samples were
extracted when the optimum temperature reached 170°C for
the CDW/CC and CDW/RS wood biomicrocomposites and
180°C for the RS/CC biomicrocomposites. Subsequently, the
disc-shaped biomicrocomposite specimens shown in Fig. 2
were gradually cooled at room temperature and dried in a
vacuum oven at 100°C between 24 and 48 h to avoid influ-
ence of moisture content before testing. The prepared samples,
their corresponding labels, and their composition are denoted
in Table 1.

2.3 Determination of apparent density

Density was characterized by an analytical balance (AUX120,
SHIMADZU, Co., Japan) using Archimedes’ principle.

2.4 Bending strength

The three-point bending strength, elastic modulus, and strain
at break were evaluated using a tensile tester with a 1 kN
maximum loading capacity (Autograph AGS-X, Japan) ac-
cording to the Japanese standard for testing flexural proper-
ties, JIS-K-7171 [53]. Small plate-shaped samples were cut
from each sample to obtain 3-mm-wide x 20-mm-long x 2-
mm-thick test pieces. The crosshead speed and support span
length were set to 1 mm/min and 14 mm, respectively.

2.5 Water absorption and thickness swelling

The water absorption (WA) and thickness swelling (TS) of the
samples were calculated according to sections 7.10 and 7.11
of the Japanese industrial standard for water absorption and
thickness swelling, JIS-A-5905, respectively [54]. Samples
were completely dried to a constant weight in a vacuum oven
at 105°C. The samples were then cooled to a constant weight,
and sample weight and thickness were measured before the
samples were immersed for 24 h in a flask containing 50 mL
of distilled water. The immersed samples were wiped with a
dry cloth, and water absorption and thickness swelling were
determined by weighing the samples and using Eq. 1 and Eq.
2, respectively, as follows:

My—M
Water absorption (%) = (MaM,) x 100, (1)
(M)
T,-T
Thickness swelling (%) = (27"71) x 100, (2)
1

where M, and T, are the weight and thickness of the sample
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Fig. 1 Flow process diagram of the preparation process of biomicrocomposites

Fig. 2 The appearance of obtained neat biopolymers and their hybrid biomicrocomposites
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Table 1 The prepared samples, their labels, and compositions (wt%)
Sample code Composition (wt%)

Coconut coir CDW wood Regenerated silk
CcC 100 - -
CDW - 100 -
RS - - 100
CDW80/CC20 20 30 -
CDW60/CC40 40 60 -
CDW50/CC50 50 50 -
CDW40/CC60 60 40 -
CDW20/CC80 80 20 -
CDW280/RS20 - 80 20
CDW60/RS40 - 60 40
CDW350/RS50 - 50 50
CDW40/RS60 - 40 60
CDW20/RS80 - 20 80
RS80/CC20 20 - 80
RS60/CC40 40 - 60
RS50/CC50 50 - 50
RS40/CC60 40 - 60
RS20/CC80 20 - 80

immersed for 24 h, respectively, and M; and T are the initial
sample mass and thickness, respectively.

2.6 Statistical analysis

The results were statistically analyzed using analysis of vari-
ance (ANOVA) carried out by data analysis software
(OriginPro, Version 2020b, OriginLab Co., USA) to calculate
the mean results (= SE). Mean comparison at the 0.05 level of
significance (p < 0.05) was performed according to Tukey’s
comparison. Three samples or more were used to determine
the apparent density, bending strength, water absorption, and
thickness swelling.

2.7 Scanning electron microscopy

Scanning electron microscopy (SEM) micrographs captured
using a JSM-6510 system (JEOL, Ltd., Japan) were used to
investigate the starting material shape and size and compare
the morphologies of neat biopolymers and their
biomicrocomposites. First, the samples were fixed onto an
aluminum tray with conductive tape and coated with a thin
layer of carbon fiber using a carbon coating system (Carbon
Coating System CC-40F, Meiwafosis, Osaka, Japan). Then,
the samples were placed in an SEM chamber, and the starting
materials were recorded at x120 and x190 magnification,

while neat biopolymers and biomicrocomposites at specified
mass ratios were captured at X190 magnification.

2.8 Thermogravimetric analysis/derivative
thermogravimetry

Thermogravimetric analysis (TGA) and derivative
thermogravimetry (DTG) were performed using a thermogra-
vimetric analyzer (EXSTAR TG/DTA 6300, Seiko
Instruments, Inc., Japan) to analyze the thermal behavior of
the prepared hybrid biomicrocomposites. Samples weighing
21-30 mg were heated at 10°C/min in the range of 30-700°C
in air. The samples were dried in an oven to avoid the influ-
ence of moisture content before testing, and measurements
were conducted under an oxidative atmosphere to ensure com-
plete decomposition. Mass loss percentage (%) was deter-
mined from TGA curves, where the onset temperature
(Tonser) Was defined as the temperature at which 1% mass loss
was observed from the TGA curves, and the endset weight
(%) was determined at 700°C; the major degradation peaks
were identified and selected from the DTG curves.
Furthermore, the moisture and ash contents of the starting
materials of samples weighing 5-12 mg were obtained from
the weight loss (%) measured at 130 and 700°C in accordance
with the method reported previously in Ref. [39] and are
shown in the supplementary material (Fig. S1, Table. S1).

2.9 Attenuated total reflectance Fourier transform
infrared spectroscopy (ATR-FTIR)

FTIR spectra (JASCO FT/IR-6600, JASCO Co., Japan) were
generated by performing 45 scans per sample for
biomicrocomposites and their corresponding biopolymers
using the attenuated total reflectance (ATR) method for
wavenumbers in the range of 7004000 cm ' at 4 cm ! reso-
lution to identify functional groups and the chemical compo-
sition based on the functional groups in the “fingerprint” re-
gion according to the method described in Ref. [39, 55], which
was slightly modified to determine the cellulose, lignin, and
hemicellulose contents in CDW/CCs and the 3-sheet, cellu-
lose, and hemicellulose contents in RS/CC and CDW/RS
biomicrocomposites, as well as in their neat biopolymers.
First, the spectra of biomicrocomposites were grouped with
their corresponding biopolymers and normalized to values of
[0,1]. Second, peaks and peak areas associated with cellulose
(Agoss Ar160s A1312, A1370, and Ajao), lignin (Ayse7 and
A1595), hemicellulose (A1735 and A1745), and B-sheets (A1620
and A;497) were identified by second derivative integration
from a straight baseline, 20-point adjacent averaging, used
as a smoothing method, and 10% threshold height peak filter-
ing in the “fingerprint” region according to specified wave-
number ranges shown in Table 2. The peak area summation
associated with cellulose, lignin, hemicellulose, and 3-sheets
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Table 2

Peak finding ranges associated with the functional groups of cellulose, lignin, hemicellulose, and (3-sheet in biocomposites, as determined for

the associated peak areas’ summation according to the method described in Ref. [39, 55] with slight modification

Assignment Peak area Peak range Ref

[3-Glycosidic linkage (amorphous cellulose) Agos 880-915 [56, 57]
C-O-C antisymmetric stretching (cellulose) Al160* 1140-1185 [55]

CH, symmetric bending (cellulose) Az 1300-1330 [56, 57]
COH in-plane bending (cellulose) Ay370 1345-1385 [56, 57]
CH, symmetric bending (cellulose) Ala0 1400-1440 [57, 58]
C=C aromatic skeletal vibration (lignin) Aqs07* 1490-1530 [55, 59]
C=0 aromatic skeletal vibration (lignin) Aqs95* 1580-1710 [55, 59]
Carbonyl C=0 stretching (hemicellulose) Ai735, Aj7as 1710-1750 [60]

C=0 stretching in amide I (3-sheet) Ais20 1616-1622 [61, 62]
C=0 stretching in amide I (3-sheet) A7 1697-1701 [61, 62]

*Excluded from peak area summation in biomicrocomposites containing regenerated silk due to peak overlapping among regenerated silk secondary

structures and cellulose and lignin in plant fibers

was used to note the differences in the chemical compositions
of the obtained biomicrocomposites. However, peak areas as-
sociated with the C-O-C antisymmetric stretching of cellulose
(A1160) and aromatic vibration of phenol groups associated
with lignin (A;sp7, and A;sq;) excluded peak summations in
RS/CC and CDW/RS biomicrocomposites due to either over-
lapping or combined peaks found in the secondary structure of
regenerated silk (amide III, amide II, and amide I).

The results were statistically analyzed using ANOVA to
calculate the means and statistical errors (= SE) from two
samples for each biopolymer and bio microcomposite.
Operations were conducted using graphing and data analysis
software (OriginPro, Version 2020b, OriginLab Co., USA).

3 Results and discussion
3.1 Mechanical and physical properties

As shown in Table 3, CC exhibited higher bending strength,
Young’s modulus, and apparent density than regenerated silk
(RS)-based biopolymers, whereas RS exhibited the lowest wa-
ter absorption (~9 + 0.43%) and thickness swelling (~7 +

0.54%) of all other samples. Moreover, CDW reported a similar
density as RS but exhibited the lowest bending strength and
highest strain at break, Young’s modulus, water absorption
(~67 = 3.67%), and thickness swelling (~47 + 4.33%) among
the other samples. Furthermore, CC and RS showed statistically
significant differences in the means of bending strength and
apparent densities, while all the mechanical and physical prop-
erties of CDW were significantly different from those of CC
and RS, except the density of RS.

Furthermore, CC has better mechanical and physical prop-
erties than CDW, which is attributed to its chemical composi-
tion, particularly its higher ratio of cellulose (reinforcing mate-
rial) and native lignin (binding agent) to hemicellulose, extrac-
tives, and ash contents (nonstructural materials). In addition, a
smaller microparticle size allows for more lignin trapped be-
tween microfibrils to be exposed to the surface, thereby activat-
ing efficient lignin binding [39]. On the other hand, the superior
mechanical properties of silk-based biopolymers were attribut-
ed to the structural transition from a highly random coil/cc-helix
structure (amorphous structure) to a [3-sheet (crystalline struc-
ture) by hot-pressing. This structural transition to [3-sheets is
governed by particle size (microparticles or nanoparticles) and
the presence of bound water or water uptake due to the higher

Table 3  Means of the mechanical and physical properties (+ SE) of obtained neat biopolymers

Sample  Bending strength (MPa)  Strain at break Young’s modulus (GPa)  Density Water absorption (%) Thickness swelling (%)
(%) (g/em’)

CcC 114 +1.8° 1.70 + 0.06* 642 +0.17* 1.45+0.00° 12 +0.82* 9 +0.85"

CDW  34£23° 2.73£0.37° 2.01 +0.24° 1.35£0.01° 67+3.67° 47+433°

RS 95 +5.2¢ 1.57£0.14* 5.56 +0.44* 1.36+£0.01°  9+0.43° 7 +0.54*

*Values with different letters in the same column indicate that the difference of means is significant at the 0.05 level (p <0.05) among CC, CDW, and RS

biopolymers.
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ratio of hydrophilic to hydrophobic amino acids [42—44].
Therefore, regenerated silk-based biopolymers reported bend-
ing properties equivalent to those of regenerated silk resin in
Ref. [44] and slightly lower bending properties than
nondegummed B. mori silk-based resins (bending strength of
122 MPa) [42] but inferior to those of regenerated silk
nanoparticle-based thermoplastics (flexural stress of 160 MPa,
flexural strain of 2.5%), as reported in Ref. [43].

As shown in Table 4, incorporating CC exhibited an over-
all gradual increase in the mechanical and physical properties
of CDW/CC biomicrocomposites, exhibiting the best proper-
ties at 80 wt% CC (CDW20/CC80). Furthermore, CDW/CC
biomicrocomposites at < 40 wt% CC loading showed overall
statistically significant differences in mechanical and physical
properties, except density. This is because native lignin, which
is the binding agent, accounts for only 28 wt% of the chemical
composition of coconut coir, as reported in Ref. [39].
Therefore, efficient lignin-based adhesion might be noticeable
only in coconut-rich biomicrocomposites due to an increase in
the ratio of cellulose and lignin to hemicellulose, extractives,
and ash [39]. The gradual increase in the water resistance of
CDW/CC biomicrocomposites is also correlated with efficient
lignin binding by increasing coconut coir content and decreas-
ing contents of hydrophilic constituents that contain hydroxyl
group sites that are reactive with water, such as cellulose [63].
It is possible that, during hot-pressing, efficient wettability of
higher lignin content in CDW/CC biomicrocomposites en-
abling it form covalent bonds by condensation [51], carbon-
oxygen (C-0), and carbon-carbon (C—C) bonds through lig-
nin’s interunit linkages [52] and intermolecular hydrogen
bonds between hydroxyl groups of amorphous regions in cel-
lulose and that aromatic skeletal vibration occur due to the
phenol and hydroxyl groups in lignin [63].

Furthermore, RS/CC biomicrocomposites show the highest
mechanical properties due to strong adhesion, good disper-
sion, and compatibility between regenerated silk and lignocel-
lulose after hot-pressing, as shown in Table 5. Furthermore,
RS/CC biomicrocomposites inherit the superior properties of

their neat biopolymers and show slight differences in mechan-
ical and physical properties according to their mass ratio; how-
ever, the water resistance is slightly lower in
biomicrocomposites than in neat RS and CC. The mean bend-
ing strength, strain, and Young’s modulus of RS/CC
biomicrocomposites, except for the bending strength of
RS20/CC80, show no significant differences from those of
RS. Nevertheless, there were significant differences in the
densities of the RS/CC biomicrocomposites with coconut coir
loading amounts < 50 wt% from those of RS. Additionally,
there were statistically significant differences in water absorp-
tion and thickness swelling from those RS, but water absorp-
tion with a CC loading amount of 20 wt% and thickness
swelling with CC loading amounts of 20—40 wt% were not
significantly different from those of RS.

On the other hand, Table 6 shows that the mechanical
properties of the CDW/RS biomicrocomposites decrease
gradually in regenerated silk-rich samples, exhibiting maxi-
mum bending strength, strain, and Young’s modulus when
prepared with 20 wt% regenerated silk (CDW80/RS20).
This was also observed for blended films prepared from silk
fibroin/cellulose [48] and wool/cellulose [47], where the
highest mechanical, physical, and thermal properties were
achieved with protein blending (20-25 wt%). CDW/RS
biomicrocomposites show statistically significant differences
in all mechanical and physical properties from those of CDW.
Additional statistical analysis is provided in the supplementa-
ry data as a bar chart (Fig. S2), showing significant differences
in the mechanical and physical properties of each
biomicrocomposite at different mass ratios and their corre-
sponding biopolymers. Although CDW/RS
biomicrocomposites show superior water resistance to
CDW/CCs, they exhibit adverse effects by showing a slight
decrease in the water resistance of the regenerated silk-rich
samples, perhaps due to CDW wood having poor dispersion
and cracks caused by moisture escaping during drying.

As shown in Tables 4, 5, and 6, adding coconut coir and
regenerated silk had a positive effect on the mechanical and

Table 4 Means of the mechanical and physical properties (+ SE) of obtained CDW and CC biopolymers and their hybrid biomicrocomposites

Sample Bending strength Strain at break Young’s modulus Density Water absorption Thickness swelling
(MPa) (%) (GPa) (g/em’) (%) (%)

CDW 34+£23° 273+ 037° 2.01 +0.24° 135+001° 67 +3.67° 47 £433
CDW80/CC20 45 +2.0° 224 +025° 295+037° 136 £0.01*  51+3.10° 40+ 157
CDW60/CC40 56 + 1.6° 1.79 +0.12° 4.13+022° 136 +£0.01°  41+1.58° 31+1.23°
CDW50/CC50 54 +2.6° 139+ 0.09° 445+037° 135+001*  39+333° 27+ 1.11°
CDW40/CC60 65 = 3.0° 1.60 +0.18° 4.66 = 0.47° 137£001*  35+093° 23 + 1.00°
CDW20/CC80 85 +2.8° 1.28 +0.04° 6.61+0.19° 1.43+0.01°  30+1.19° 19+0.87°

cc 114 +1.8° 1.70 + 0.06° 6.42 +0.17° 1.45+0.00° 12+0.82° 9+0.85"

*Values with the letter (°) in the same column indicate that the difference of means is significant at the 0.05 level (p < 0.05) from those of CDW.
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Table 5 Means of the mechanical and physical properties (+ SE) of the obtained RS and CC biopolymers and their hybrid biomicrocomposites
Sample Bending strength (MPa) Strain at break (%) Young’s modulus (GPa) Density Water absorption (%) Thickness swelling (%)
(gfem’)

RS 95+52°% 1.57 £0.14° 5.56 +0.44° 1.36 +£0.01° 9+043* 7 +0.54*
RS80/CC20 95+1.8* 1.49 +0.03% 5.98 +0.09° 1.37+0.01* 13+1.12° 9 +0.44*
RS60/CC40 104 +1.8* 1.62 +0.04* 591+0.21° 1.39+0.01*  15+0.59° 10 +0.98*
RS50/CC50 105 +2.3* 1.54 +0.04° 6.33 £0.14° 1.39+0.01° 16+0.95° 11+047°
RS40/CC60 104 + 1.5 1.61 +£0.02° 5.95+0.14° 1.41£0.01° 16+1.22° 12+0.78°
RS20/CC80 109 +3.1° 1.79 £ 0.04* 5.65+0.13" 1.42+£0.01° 18+0.79° 12+£142°

CC 114+1.8° 1.70 + 0.06* 642£0.17* 1.45+£0.00° 12 +0.82° 9 +0.85°

*Values with the letter (*) in the same column indicate that the difference of means is significant at the 0.05 level (p < 0.05) from those of RS.

physical properties of the CDW/CC and CDW/RS
biomicrocomposites. Additionally, RS/CC blends reported
higher mean bending strengths, strains, and Young’s moduli
than the CDW/CC and CDW/RS biomicrocomposites.

RS/CC biomicrocomposites showed an overall better water
resistance than CDW/RS biomicrocomposites. Generally, the
water resistance of the obtained biomicrocomposites is attrib-
uted to the type of adhesion and its efficiency. Therefore, both
[3-sheet-enriched crystalline and activated lignin-based adhe-
sion were attributed to the better water resistance in RS/CC
biomicrocomposites than lignin-based adhesion in CDW/CC
or silk-based adhesion in CDW/RS. The obtained CDW/RS
and RS/CC biomicrocomposites showed water resistance
comparable to that of previously reported raw and alkaline-
pretreated coconut coir-based biopolymers. In contrast, all
biomicrocomposites showed better water resistance than raw
and alkaline-pretreated date fiber- and leaf-based biopolymers
[39] and binderless particleboards reported in the literature
[31, 64—67]. These findings suggest that incorporating coco-
nut coir- and regenerated silk-based materials as binders or
blends positively influences water resistance when used in
biomicrocomposites.

Utilizing coconut coir as a natural binder is highly depen-
dent on more native lignin (chemically unaltered) and its

efficient binding, while regenerated silk is highly dependent
on its ability to form more crystalline-enriched 3-sheets from
amorphous microparticles. Regenerated silk-based micropar-
ticles showed more significant binding for CDW wood be-
cause they solely function as a binding agent, unlike 28 wt%
of coconut coir-based microparticles. Therefore, it is highly
possible that cross-linking occurs among CDW wood, coco-
nut coir, and regenerated silk microparticles during hot-
pressing via hydroxyl groups, lignin interunit linkages, lignin
phenol groups, and the secondary structure of protein
(explained in detail in Section 3.4).

These results suggest that coconut coir- and regenerated
silk-based microparticles are suitable candidates for use as
natural binders for cellulosic waste, such as CDW wood or
as protein/lignocellulose blends. Additionally, the influence of
the particle size of CDW wood and coconut coir on the me-
chanical properties of CDW/CC and RS/CC
biomicrocomposites was validated in the supplementary data
(Table S2—S3), where biomicrocomposites prepared from
smaller particles achieved better mechanical properties than
those prepared from larger particles. In addition, Table S4
shows the positive effect of blending raw and mildly
alkaline-pretreated bagasse- and coconut coir-based micropar-
ticles on the mechanical properties of lignocellulosic

Table 6 Means of the mechanical and physical properties (+ SE) of obtained CDW and RS biopolymers and their hybrid biomicrocomposites

Biopolymer  Bending strength Strain at break Young’s modulus Density Water absorption Thickness swelling
(MPa) (%) (GPa) (g/em’) (%) (%)

CDW 34+23° 273+ 037 2.01 +0.24° 135+001°  67+3.67" 47 £433*
CDW80/RS20 93 +2.6° 1.81 +0.08° 534+031° 139+0.00° 17+1.52° 12+1.16°
CDWG60/RS40 90 = 1.4° 1.50 £ 0.07° 6.55+0.25° 139+0.00°  16+0.65° 13 + 1.00°
CDW50/RS50 83 +2.9° 1.42 +0.05° 6.02 £ 0.29° 138+0.00°  14+147° 12 +0.54°
CDW40/RS60 69 = 2.4° 1.18 +0.03° 6.19 +0.25° 138£000° 24+1.18° 13 +0.85°
CDW20/RS80 62+ 3.6° 1.08 +0.04° 6.38 £0.13° 138+0.00°  21+1.06° 12 +£0.55°

RS 95+52b 1.57 +0.14° 5.56 + 0.44° 136+0.01* 9+043° 7 +0.54°

*Values with the letter (°) in the same column indicate that the difference of means is significant at the 0.05 level (p < 0.05) from those of CDW.
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biomicrocomposites, regardless of the mass ratio, and better
mechanical properties than blends of CDW wood- or untreat-
ed lignocellulosic-based microparticles were achieved. These
results suggest that raw high-lignin or mildly alkaline
pretreated plant fiber sources such as coconut coir or bagasse
are suitable candidates for fabricating high-performance
biomicrocomposites or serving as binders for CDW wood.
These findings may be evidence that suggests a potential shift
from synthetic binder-based adhesion in WPC composites and
particle boards to native lignin- or protein-based adhesion,
which does not lead to a degradation in mechanical properties.
For example, incorporating 10-30 wt% silk fibroin micropar-
ticles in PBAT/polylactide PLA blends, as performed in ref.
[45], exhibited no change or decrease in flexural strength (38—
32 MPa) compared to that of neat PBAT/polylactide PLA
blends (39-42 MPa). In addition, mixing microparticles using
melt blending by hot-pressing does not require the use of the
chemicals used in extraction or solvent systems for “solution
blending,” such as technical lignins [23, 68].

3.2 SEM morphologies

SEM micrographs of the starting materials exhibited in Fig. 3
confirm the particle size, shape, and orientation of the starting
materials, thereby helping explain the adhesion behavior of
the obtained biopolymers and biomicrocomposites.
Regenerated silk microparticles show uniform and smaller
microparticles, while the coconut coir microparticles are irreg-
ular and slightly larger and exhibit microfibers. On the other
hand, the SEM micrographs of the CDW wood exhibited
larger fibers and signs of degradation caused during the pro-
cessing of CDW waste.

Biopolymers and their corresponding hybrid
biomicrocomposite microstructures were observed at x190
magnification (Fig. 4) and x120 magnification (Fig. S3). As
shown in the SEM micrographs (Fig. 4), CC and RS both
showed denser microstructures and smoother surfaces than
CDW, which was attributed to the thermosetting behavior of
lignin and the self-assembly of regenerated silk, respectively.
The morphologies of coconut coir-based biopolymers, hot-
pressed CDW wood, and regenerated silk-based biopolymers
were examined in Ref. [39, 42], where lignin condensation
and [3-sheet-enriched crystalline transitional phases were at-
tributed to binding. Although CC and RS morphologies differ
due to their binding behavior and microparticle size, CC ex-
hibits a slightly rougher morphology than RS, possibly due to
nonstructural materials and cellulose nanofibers in addition to
lignin and their random distribution. RS shows a homogenous
microstructure, which is attributed to its smaller particle size
and structural transition from an amorphous structure to a (3-
sheet-enriched crystalline structure. On the other hand, the
lack of a binding agent and the presence of microfibrils in

hot-pressed CDW wood resulted in porous structures and
cavities.

Furthermore, SEM micrographs (Fig. 4) illustrated phase
separation and composition differences in the obtained
biomicrocomposites. Moreover, the incorporation of 50 and
80 wt% coconut coir microparticles in CDW50/CC50 and
CDW20/CC80 caused changes in the characteristics and a
better morphology than that of CDW. Although more
debonding areas and fiber pulling were still visible in
CDWS50/CC50, CDW20/CC80 showed dense lignin adhesion
similar to that in CC. These micrographs confirm that coconut
coir-based microparticles functioned as a binder for CDW by
increasing the native lignin content, thereby inducing more
lignin-based adhesion. On the other hand, regenerated silk/
coconut coir blends at mass ratios of 50:50 and 20:80 exhib-
ited morphologies comparable to those of RS and CC, respec-
tively. RS50/CC50 revealed a microstructure including both
lignin- and silk-based binding, whereas RS20/CC80 displayed
more lignin-based adhesion than CC. This confirms that
protein- and lignocellulosic-based microparticles efficiently
blend as macromolecules in the RS/CC biomicrocomposites.
The thermosetting behavior of lignin and self-assembly of silk
phases probably operated as a natural solvent system during
hot-pressing, which allowed further distribution of silk and
coconut coir microparticles and sufficient integration in RS/
CC biomicrocomposites.

In addition, CDW50/RS50 and CDW20/RS80 highlighted
the ability of regenerated silk to efficiently function as a binder
for CDW wood at much lower contents than coconut coir-
based microparticles. The CDW/RS biomicrocomposites with
50 and 80 wt% regenerated silk microparticles displayed a
better morphology than CDW50/CC50 and CDW20/CC80,
respectively, due to silk-based adhesion. This is due to the
transitional phase-based adhesion of regenerated silk, which
is attributed to its smaller particle size and absence of impuri-
ties, while coconut coir’s lignin-based adhesion (accounting
for 28 wt%) is attributed to the larger particle size and pres-
ence of cellulose and other constituents. As shown in Fig. 5,
the effect of adding 20, 40, and 60 wt% regenerated silk to the
CDW/RS biomicrocomposites suggests that regenerated silk
microparticles are very effective at lower mass ratios since
they act as the sole binder rather than the coconut coir.
However, CDW20/RS80 with the higher content of regener-
ated silk microparticles showed cracks and nanosized pores
caused by CDW wood agglomeration and their uneven distri-
bution, moisture escape, and thermal degradation during

drying.
3.3 Thermal behavior and stability
As shown in Table 7 and Fig. 6, the thermal behavior of the

obtained biomicrocomposites was determined by the type of
added/blended starting materials and their mass ratio
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Fig. 3 SEM micrographs of coconut coir microparticles, CDW wood powder, and regenerated silk microparticles captured at x190 and x600

magnification, showing particle size and distribution

according to weight loss curves and decomposition peaks ob-
tained by TGA and DTG. Figure 6 a— shows that RS and CC
exhibited similar onset temperatures (at 1% weight loss) in the
range of 224-226°C. The high thermal stability of CC is due
to the microfibrillation and chemical composition of high-
lignin coconut coir, which allows for a more complex and
thermally stable form of lignin, thereby resulting in efficient
lignin binding [39, 69], while the thermal stability of RS is
attributed to the formation of more crystalline (3-sheets [43].
On the other hand, hot-pressed CDW reported a lower onset
temperature (~190°C) than the other samples. Therefore,
CDW/CC biomicrocomposites show an increase in the onset
temperature (200-225°C) compared to that of CDW wood.
On the other hand, a slight increase in onset temperatures by
incorporating only 50 and 60 wt% regenerated silk micropar-
ticles was exhibited in CDW50/RS50 and CDW40/RS60
(193-196°C) compared to that of CDW wood. RS/CC
biomicrocomposites except for RS80/CC20 show similar or
slightly lower onset temperatures (218-221°C) than CC. This
suggests that increasing the content of coconut coir micropar-
ticles in CDW/CC and RS/CC enhanced thermal stability and
showed similar trends in their bending strength and water
resistance. Although RS, CDW20/RS80, and RS80/CC20 ex-
hibited high onset temperatures (190-233°C), the remaining
residues cannot be determined because extreme vibration
caused thermal instability above ~285° in regenerated silk,
as shown in the supplementary data (Fig. S4). The CDW/CC
biomicrocomposites showed higher endset weight percentage
residues (~1.84-3.17%) than the RS/CC biomicrocomposites
(1.22-2.44%), while the lowest endset weight percentages

@ Springer

were only reported in CDW80/RS20 and CDW60/RS40 at
0.68 and 0.63%, respectively. In addition, the higher endset
weights observed in coconut coir- and CDW wood-rich sam-
ples were attributed to the ash content in their starting mate-
rials being higher than that of regenerated silk (Fig. S1,
Table S1).

The DTG curves in Fig. 6d—f show thermal decomposition
peaks, thereby explaining the thermal stability of
biomicrocomposites. The presence of small sharp peaks in
the range of 200-250°C was possibly attributed to the release
of nonfrozen bound water and aliphatic OH groups or the
decarboxylation of acids in lignin [63, 69, 70]. Similarly, these
peaks were also observed in strong lignin adhesion-based lig-
nocellulose biopolymers [39, 40] and regenerated silk thermo-
plastics [43]. The absence of these peaks in CDW, CDW/CC
biomicrocomposites, and CDW80/RS20 may indicate lower
contents of condensed lignin and silk. In addition, Fig. 6d
shows the DTG curve of CC, exhibiting two decomposition
peaks at 260 and 320°C attributed to hemicellulose and cellu-
lose, respectively [60], while condensed lignin decomposes
over a broader peak at 280-560°C [52, 71]. CDW wood, on
the other hand, shows overlapping hemicellulose and cellu-
lose decomposition peaks and exhibited maximum DTG de-
composition at 300°C, suggesting poor thermal stability sim-
ilar to that of milled plant fibers (Fig. S1, Table S1) and
nonlignin-based adhesion biopolymers [39, 40], where con-
densed lignin has higher thermal stability than in the absence
of lignin or less condensed lignin [71]. Therefore, CDW/CC
biomicrocomposites exhibited decreased maximum DTG de-
composition peaks due to enhanced thermal stability achieved
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Fig. 4 SEM micrographs of neat biopolymers and their hybrid biomicrocomposites at x190 magnification

by incorporating more coconut coir-based microparticles due
to cellulose and activated lignin, improving thermal stability.
Thus, CDW40/CC60 and CDW20/CC80 showed hemicellu-
lose and cellulose decomposition peaks in the ranges of 253—
266°C and 300-345°C, respectively. Furthermore, Fig. 6e il-
lustrates the superior thermal stability of RS/CC
biomicrocomposites containing CC (40-80 wt%) to CDW/
RS containing RS (20-60 wt%); however, RS, RS80/CC20,
and CDW20/RS80 were extremely unstable above 285°C, as

| CDW60/RS40

shown in the supplementary data (Fig. S6). These findings
confirm that condensed lignin and cellulose provide good
thermal stability around 285°C in RS/CC and CDW/RS, while
regenerated silk provides enhanced thermal properties at ap-
proximately 300-350°C. Moreover, DTG peaks are exhibited
in the range of 400-600°C, and their fluctuations are attribut-
ed to char formation [72] and the combustion of
biomicrocomposites under an oxidative atmosphere [39, 40,
73]. Overall, CC/RS biomicrocomposites showed superior

Fig. 5 SEM micrographs showing the effect of adding 20, 40, and 60 wt% regenerated silk to the CDW/RS biomicrocomposites
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Table 7 Thermal properties of biocomposites and their corresponding biopolymers
Sample Onset temperature at 1% (°C) Maximum degradation peaks (°C) Endset residues (%)
i il ii
CcC 224 248 302 542 5.40
CDW 190 - 312 385 2.82
RS* 226 285 - -
CDW80/CC20 213 - 300 410 2.4
CDW60/CC40 200 - 303 416 1.84
CDW50/CC50 211 - 297 455 2.49
CDW40/CC60 215 266 293 450 3.17
CDW20/CC80 225 253 275 505 3.05
RS80/CC20* 233 284 - - -
RS60/CC40 223 269 306 544 1.66
RS50/CC50 221 275 306 524 1.22
RS40/CC60 219 256 304 513 1.85
RS20/CC80 218 253 281 514 244
CDWS80/RS20 183 - 340 563 0.68
CDW60/RS40 186 297 342 581 0.63
CDWS50/RS50 193 298 344 584
CDW40/RS60 196 298 345 598
CDW20/RS80* 190 - - -

*Thermal behavior cannot be determined due to regenerated silk’s thermal instability above 285°C

thermal properties to CDW/CC and CDW/RS
biomicrocomposites. Although CDW/RS shows better ther-
mal resistance than CDW/CC, note that a higher regenerated
silk content (~80 wt%) causes thermal instability. In addition,
comparable enhancement in the thermal resistance of CDW/
CC biomicrocomposites was only observed when the coconut
coir content is >60 wt% due to native lignin’s content being
responsible for higher stability and accounting for 28 wt% in
coconut Coir.

3.4 FT-IR spectroscopy

FT-IR spectra were generated for the “fingerprint” and “single
bond” regions of hybrid biomicrocomposites and their neat
biopolymers, as shown in Fig. 7. Figure 7 a shows small dif-
ferences in the spectra of the CDW/CC biomicrocomposites,
CC, and CDW wood. However, higher mass ratios of CC in
CDW/CC biomicrocomposites show a gradual increase in the
intensities of the peaks associated with the [3-glycosidic linkage
of amorphous cellulose at 895 cm™ ' [56, 57], the C=0
stretching of the guaiacyl ring at 12391290 cm ™' [55], the
aromatic skeletal vibrations of the phenol groups of the aromat-
ic ring in lignin at approximately 1594 cm™' [55], and the
carbonyl C=0 stretching of hemicellulose at 1730~1745 cm ™
[60].

@ Springer

On the other hand, Fig. 7 b and ¢ show that the peaks
attributed to the lignocellulose-, cellulose-, and protein-based
functional groups overlap for the RS/CC and CDW/RS hybrid
biomicrocomposites and are assigned as follows: C-O-C anti-
symmetric stretching of cellulose (1140—1185 cm ™) [74]; the
C-C, C-0, and C=0 stretching of the G band due to conden-
sation > etherification and the C-N stretching of the amide III
band (random coil) (1220-1249 cm ') [55, 62]; the C=0O ar-
omatic skeletal vibrations of phenol groups in lignin (G>S)
and the amide II band (N-H) attributed to the bending of 3-
sheets and random coils in the region (14901570 cm ') [55,
59, 75]; the C=0 aromatic skeletal vibrations of phenol groups
in lignin (S>G) and the amide I band (C=0) stretching of
silk’s {3-sheet region (1580-1720 em ') [55, 61, 62]; C-H,
symmetric stretching, C-Hj antisymmetric stretching of ligno-
cellulose, and C-H, asymmetric stretching of the amide B
band of silk (2700-3000 cm_l) [59, 76]; and O-H stretching
of lignocellulose and O-H and N-H stretching of the amide A
band of silk (31003600 cm™")[59, 76].

By comparing the spectra of RS/CC and CDW/RS
biomicrocomposites (Fig. 7b, ¢), significant differences in
peak absorption can be observed, which is directly related to
the type and composition of added/blended starting materials.
Therefore, the composition of regenerated silk and coconut
coir in RS/CC and CDW wood and regenerated silk in
CDW/RS biomicrocomposites can be observed from FTIR
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Fig. 6 Mass-loss percentage of a CDW and CDW/CC, b RS and RS/CC, and ¢ CDW/RS biomicrocomposites. Corresponding DTG curves of d CDW
and CDW/CC, e RS and RS/CC, and f CDW/RS biomicrocomposites

spectra (Fig. 7b, ¢), which mimic the FTIR spectra of their  biomicrocomposites exhibited sharp peak at 1023 cm™ " attrib-
corresponding neat biopolymers. For example, silk-rich  uted to aromatic C-H deformation in guaiacyl and C-O
biomicrocomposites showed an increase in the heights of the  stretching in primary alcohol, which is typically found in plant
peaks at 1230 cm " attributed to C-N stretching of amide IIl  fibers [55, 57].

(Random coil), 1520 and 1620 cm " attributed to N-H defor- The results in Table 8 show an increase in the peak areas
mation of amide II and I (3-sheet), and in the range 3250— associated with cellulose, lignin, and hemicellulose in CDW/
3400 cm " attributed to the O-H and N-H stretching of amide =~ CC biomicrocomposites compared to those observed in neat
A. On the other hand, coir- and CDW wood-rich hot-pressed CDW wood. This was attributed to coconut coir

@ Springer



3222

Biomass Conv. Bioref. (2023) 13:3209-3226

Fig. 7 FT-IR spectra of a CDW/
CC, b RS/CC, and ¢ CDW/RS
biomicrocomposites and their
corresponding biopolymers
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loading, which causes composition changes due to the pres-
ence of lignin and hemicellulose; CC reported higher summa-
tions of peak areas associated with cellulose, lignin, and hemi-
cellulose than hot-pressed CDW wood. Therefore, CDW/CC
coconut coir-rich samples reported a higher summation of
peak areas associated with lignin and hemicellulose than
hot-pressed CDW wood. In addition, the CDW40/CC60 and
CDW20/CC80 biomicrocomposites only show a noticeable
increase in the summation of peak areas associated with cel-
lulose content compared with that of hot-pressed CDW wood.
The higher increase in peak areas based on functional groups
associated with lignin agrees with our previous findings for
palm fiber- and leaf-based lignocellulosic biopolymers [38],
indicating that a higher native lignin content is attributed to
binding and thus superior mechanical and thermal properties.
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Moreover, the results exhibited in Table 9 describe the
peak area summation associated with the functional groups
of [3-sheets, cellulose, and hemicellulose, which confirm and
provide an estimation of composition changes in RS/CC and
CDW/RS biomicrocomposites. Moreover, gradual loading of
CC and CDW content (=50 wt%) shows a decrease in the
summation of the peak areas associated with 3-sheets in RS/
CC and CDW/RS biomicrocomposites compared to that in
RS. Similarly, a steady rise in cellulose content was observed
in the RS/CC and CDW/RS biomicrocomposites containing
CC (220 wt%) and CDW (=20 wt%). Additionally, smaller
traces of hemicellulose were observed from the summation of
the peak areas associated with its functional groups in
RS40/CC60, RS20/CC80, and CDW80/RS20.
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Table 8  Summation of the major peak areas in the “fingerprint” region
associated with cellulose, lignin, and hemicellulose in CDW/CC
biomicrocomposites

Sample YA(cellulose)®  YA(lignin)® Y Ahemicellulose)®
CDW 3.37+0.04 1.62+0.07 0.27 +£0.05
CDWS80/CC20 3.02+0.04 224+0.11 0.30+0.03
CDW60/CC40 3.34+0.07 2.37+0.03 0.42 +0.07
CDWS50/CC50 3.15+0.05 2.45+0.08 0.57+0.02
CDW40/CC60 3.53+0.42 3.04 +0.75 0.65+0.07
CDW20/CC80 348 +0.11 2.72 +£0.05 0.54+0.01
CC 3.80+0.10 3.35+0.32 0.63+0.13

*YA (cellulose) = (Agos+ Aj1s0+A1317+A 370+ Aj420)
° 2 A (lignin) = (Ajs500 + Ajs02)
¢ ZA (hemiCellulOSe) = (A1735+A1745)

Based on these results, the numerically estimated cellulose
and hemicellulose contents confirm the composition of CC
and CDW in CC/RS and CDW/RS hybrid
biomicrocomposites, respectively. On the other hand, deter-
mining the lignin content in RS/CC biomicrocomposites was
immensely challenging using this method; however, it can be
assumed that the reduction in the [3-sheet peak areas was
caused by greater or more lignin-based adhesion. Two sug-
gestions can be made from this trend: either lignin peaks o-
verlapped in the amide I and amide II bands of the secondary
protein structure or there were strong interactions among the

Table 9 Summation of major peak areas in the “fingerprint” region
associated with (-sheets, cellulose, and hemicellulose in
biomicrocomposites containing regenerated silk

Sample SAB- ZA(cellulose)b > A(hemicellulose)®
sheet)?

RS 30+0.1 - -
RS80/CC20 32+1.0 0.41 £ 0.00 -
RS60/CC40 31+£1.2 0.72 £0.01 -
RS50/CC50 26+04 0.94 +£0.18 -
RS40/CC60 18+29 0.96 +0.06 0.04 +£0.02
RS20/CC80 12+23 1.23+0.24 0.15+0.02
CDWB80/RS20 14+14 1.41 £0.01 0.02 £0.02
CDW60/RS40 27 +0.6 1.08 £0.18 -
CDW50/RS50 33 +0.6 0.60 £0.10 -
CDW40/RS60 29+1.2 042 +0.13 -
CDW20/RS80 33+04 0.15+£0.01 -

CcC - 2.32+0.01 0.62 +0.12
CDW - 2.19 +0.00 0.29 + 0.04

"Y' A (B-sheet) = (Ajg20 + Ajeo7)
b YA (cellulose) = (Agos+ Aj317+A 1370+ Al420)
°YA (hemicellulose) = (A1735+A1745)

functional groups associated with native lignin, amide I and II,
which made it challenging to distinguish lignin’s functional
groups from others. The latter is highly probable, as indicated
by the significant decrease in the summation of the peak areas
associated with 3-sheets, which was exhibited only in
RS40/CC60, RS20/CC80 (Fig. 7b), and CDW80/RS20 (Fig.
7c) when the CC and CDW wood loading amounts were
>60 wt% and ~80 wt%, respectively. This is considered high
compared to that in the technical lignins reported in [77],
which showed conformational changes toward a “disordered”
phase in thermoplastic zein/lignin bionanocomposites as little
as 5 wt% loading of technical lignin. However, we only ob-
served an increase in peak area associated with x-helices in
RS40/CC60 and RS20/CC80 and a decreased peak area asso-
ciated with 3-sheets in CDW80/RS20. This arrangement only
indicated favorable hydrogen bonding between the functional
groups of lignin and o-helices [77], possibly caused by more
lignin-based adhesion, rather than a conformational change
toward a “disordered” phase. The conformational changes of
the secondary protein structure by thermomolding reveals that
wavenumbers and peak areas shift according to the conforma-
tion of (3-sheets, x-helices, and (3-turns [77], where higher-
intensity peaks of (3-sheets and «-helices imply that a more
“ordered” phase exists in the secondary structure of proteins,
while higher-intensity peaks of (3-turns indicate that a “disor-
dered” phase exists in the presence of additives [78].
However, RS/CC and CDW/RS biomicrocomposites showed
that conformation toward the formation of (3-sheets, attributed
to the peak at approximately 1620 cm ™', was unhindered. In
addition, possible hydrogen bonding interactions among hy-
droxyl groups of silk cellulose and lignin were attributed to
peaks at approximately 3300 cm ', a similarly to what ob-
served in cellulose and wool blended films [47].

FT-IR data suggest strong reactivity between CDW wood,
coconut coir, and regenerated silk based on functional group
interactions associated with cellulose and lignin and the sec-
ondary structure of regenerated silk. Further evidence indi-
cates that the materials resulting from blending and hot-
pressing native lignin in coconut coir and regenerated silk
microparticles act as macromonomers instead of additives in
biomicrocomposites.

4 Conclusions

Coconut coir- and regenerated silk-based microparticles
act as multifunctional natural binders for CDW wood or
blends used to prepare hybrid biomicrocomposites. CDW,
CC, and RS microparticles were mixed at specified mass
ratios and then hot-pressed in the range of 170-180°C.
Coconut coir and regenerated silk acted as binders for
CDW wood, and regenerated silk/coconut coir blends
acted as macromolecules rather than additives in their
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respective biomicrocomposites. The binding effect of the
incorporation of RS (20-40 wt%) displayed superior en-
hancement in the mechanical properties and water resis-
tance of CDW/RS. On the other hand, the incorporation
of CC slightly improved the mechanical properties and
water resistance of CDW/CC and RS/CC but offered
greater thermal stability, as shown by thermogravimetric
analysis (TGA/DTG). SEM micrographs show that good
interfacial adhesion is achieved by blending CC and RS
or adding them to CDW wood. FTIR data confirm the
compositions and suggest stronger reactivity among cel-
lulose, lignin, and the secondary structure of the protein.
The findings of this work not only suggest the use of nat-
ural fiber-based microparticles in biocomposites to enhance
the mechanical and thermal properties and biological content
but also offer insight into utilizing lignin’s and protein’s tran-
sitional phases as solvent systems during hot-pressing. This
can be an alternative to conventional blending methods, such
as using ionic liquids to dissolve protein and lignocellulose to
prepare hybrid biocomposites. Although native lignin cannot
be chemically isolated without disrupting its thermosetting
behavior, it will have more multifunctional properties, as re-
ported for technical lignin UV resistance and thermal stability.
Furthermore, regenerated silk can be isolated chemically from
various silk sources but remains thermoplastic, which could
mean that silk/lignocellulose blends could be recyclable.
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