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Themodulation of structural fibrous protein and polysaccharide biopolymers for the design of biomaterials is still
relatively challenging due to the non-trivial nature of the transformation from a biopolymer's native state to a
more usable form. To gain insight into the nature of the molecular interaction between silk and cellulose chains,
we characterized the structural, thermal and morphological properties of silk-cellulose biocomposites regener-
ated from the ionic liquid, 1-ethyl-3-methylimidazolium acetate (EMIMAc), as a function of increasing coagula-
tion agent concentrations. We found that the cellulose crystallinity and crystal size are dependent on the
coagulation agent, hydrogen peroxide solution. The interpretation of our results suggests that the selection of a
proper coagulator is a critical step for controlling the physicochemical properties of protein-polysaccharide
biocomposite materials.
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1. Introduction

Biomaterial research is a rapidly growing interdisciplinary field
which connects sciences such as chemistry, physics, engineering, mate-
rial science and biology. Biopolymers are an expanding class of mate-
rials and have been of interest in recent decades due to their
abundance, low cost, biocompatibility, and tunable morphological and
physicochemical properties [1–5]. They can be used in a multitude of
applications such as nature-based electrolyte batteries [6], filters for
proteins and heavy metals [7], drug delivery systems [8], and scaffolds
for tissue engineering [9]. Numerous types of natural polymers are de-
rived from plants and animals; two relevant examples to this study
are structural fibrous proteins and polysaccharides. Structural proteins
and polysaccharide polymers interact through hydrophobic interactions
and electrostatic interactions [10], and the resultingmatrices formed by
the mixture can exhibit useful and novel properties [11–14]. However,
transforming natural resources from their native state to a more usable
form is non-trivial and is the subject of intense scientific scrutiny with
significant technical challenges [15].
ve), enp27@shp.rutgers.edu
@rowan.edu (X. Hu),
In biomacromolecule blends, primary and secondary forces play a
significant role in the formation and stability of the protein-
polysaccharide crystallites such as beta sheets and carbohydrate crystal-
line structures [2,10,16–18]. The properties of thematrixwill dependon
how those forces change as a function of specific polymer ratios, types of
solvent, and types of coagulation solution. Having the ability to control
precise ratios and understanding the effect of fabrication criteria pro-
vides a technological approach to the creation of tunable materials
with variable but predictable properties [17,19–23].

Biological macromolecules such as cellulose and silk are ideal candi-
dates for themanufacture of blended biomaterials due to their low cost,
natural abundance, biodegradability, and biocompatibility [24]. Cellu-
lose, a large linear chain polysaccharide made up of beta (1,4) linked
D-glucose units, is the most abundant natural material on earth. Cellu-
lose is a hydrophilic molecule and due to its strong intermolecular hy-
drogen bonding, it is insoluble in many solvents such as water and
most organic solvents. Cellulose is more consolidated in its aggregated
state and its crystallinity varies depending upon the source from
which it is derived or isolated. Furthermore, when compared to other
carbohydrate polymers, cellulose requires higher pressures and tem-
peratures for its molecular aggregated structure to become amorphous.
[25,26] The protein, silk fibroin, is hierarchical in its molecular structure
and provides less structural rigidity than cellulose. It is a natural fibrous
protein produced by insect larvae and delivers properties absent from
cellulose such as flexibility. The silk used in this experiment was treated
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and originated from the cocoons of the Bombyx mori silkworm, and its
lesser constituent, sericin, was removed leaving only the insoluble pro-
tein, fibroin. Fibroin is the primary structural center of silk and is com-
prised of antiparallel beta sheet layers with the amino acid sequence
(Gly-Ser-Gly-Ala-Gly-Ala)n. This high glycine content and low alanine
content allows for a more compact sheet configuration, thus contribut-
ing to higher tensile strength often seen in silk.

Typically, protein and polysaccharide biocomposites are processed
by dissolution followed by a regenerative phase (coagulation) with a
different chemical agent for both of these stages. Each stage provides a
pathway to tune the material physico-chemical and morphological
properties [27]. Coagulation is a process that combines smaller particles
into larger groups and removes organic “impurities” adsorbed onto
larger aggregates. Coagulation is a critical fabrication step because the
protein can hydrogen bond with the carbohydrate, thus changing the
coagulator will change the hydrophobicity and mechanical properties
of the blend [28]. In such fabrication methods, solvents are also essen-
tial, as they are the driving force behind the dissolution of the silk and
cellulose. A poor solvent will significantly affect the miscibility of
biocomposites and reduce the mechanical properties [29] and physico-
chemical properties [30] of the blend. In this investigation, the use of
ionic liquid (IL), amolten salt, was applied for dissolving the naturalma-
terials. Ionic liquids have been used to dissolve both silk and cellulose
without changing their molecular weights [31,32]. Research shows
that imidazolium-based ionic liquids such as 1-ethyl-3-
methylimidazolium acetate (EMIMAc) can be used as a viable solvent
for silk and cellulose [33]. EMIMAc is liquid at room temperature and
can be heated during polymer dissolution without undergoing thermal
transition. EMIMAc blended silk and cellulose biocomposites have been
shown to have more crystalline polymer morphology compared to
other materials of the same polymer composition dissolved in different
ionic liquids, thus, inferring a strong influence of ionic liquid type on the
structure of silk-cellulose blended materials [33].

Herein, we characterize the structural, thermal and morphologi-
cal properties of silk-cellulose biocomposites as a function of two
main coagulation agent types, water and varying concentrations of
hydrogen peroxide, specifically, 1, 2, 5, 10, 15, and 25% (v/v). Se-
lected physicochemical properties were evaluated using a diverse
set of techniques including Fourier transform infrared spectroscopy
(FTIR), thermal gravimetric analysis (TGA), and X-ray scattering.
We found a strong influence in thermal stability among the blended
films coagulated in hydrogen peroxide solutions compared to the
same blended film coagulated in water. Furthermore, the films coag-
ulated with different hydrogen peroxide concentrations had no
varying effect on the protein beta sheet secondary structure forma-
tion; however, we observed a strong effect on the cellulose crystal-
linity, as well as its crystal size.
2. Materials and methods

Avicel microcrystalline cellulose (Techware: Z26578-0) was ac-
quired from Analtech. Before use, the cellulose powder was placed
in a vacuum oven at a temperature of 50 °C for 24 h [34]. Silk co-
coons of Bombyx mori mulberry silkworms were obtained from
Treenway Silks (Lakewood, CO). In order to remove the sericin
coated on the silk fibers, silkworm cocoons were boiled in a
0.02 M NaHCO3 (Sigma-Aldrich, USA) solution for 15 min, and
then rinsed thoroughly with deionized water three times to re-
move the sericin completely. The degummed silk was air dried
overnight and put into a vacuum oven at room temperature to re-
move any surface moisture. The ionic liquid, 1-ethyl-3-
methylimidazolium acetate, was purchased from Sigma Aldrich
and was pretreated before use. The IL was placed in a vacuum
oven at 50 °C for 24 h to ensure that the water molecules were re-
moved from the solvent [6,27].
2.1. Dissolution and preparation of the protein-polysaccharide
biocomposites

In order to create the composite films, the silk and cellulose compo-
sition was set to 10% of the total solution weight, while the IL was the
remaining 90%. The IL was placed on a stirred hot plate at a temperature
of 85 °C. From the 10% of the total solution weight, 10% represent the
Mori-silk and 90% the Avicel cellulose. Mori silk-fibroin was added
first to the ionic liquid solvent. Upon silk dissolution, microcrystalline
Avicel cellulose powderwas slowly added then left to sit on the hotplate
for 24 h. The newly blended solution was transferred into 3D-printed
mold kits of dimensions 12 mm × 12 mm × 1 mm; these mold kits
were designed by a fabrication laboratory located at Leap AcademyUni-
versity Charter School, a high school located in Camden, NJ affiliated
with Rutgers University-Camden. Each mold kit containing the blended
solution was placed in 100 mL of the coagulation agent, high purity
gradewater or various concentrations of hydrogen peroxide. Immersion
in the coagulation agent provided the removal of IL from the films, as
well as regeneration of the blended polymers. The beakers were then
sealed with parafilm and left to sit for 48 h at room temperature. After
this coagulation phase, the mold kits containing the polymer blend
were removed from their baths and placed in a Teflon evaporating
plate. This entire system was transferred to a vacuum oven set at
50 °C for 24 h. After this initial drying stage, the films were removed
from their mold kits and sealed in a desiccator for long term storage.

2.2. Characterization

The structural study of the films was conducted using a Bruker's
ALPHA-Platinum ATR-FTIR Spectrometer with Platinum-Diamond sam-
ple module at a spectrum between 4000 cm−1 to 400 cm−1. 128 back-
ground scanswere performed alongwith 32 sample scans in 6 different
locations of the film. Fourier self-deconvolution was used to study the
amide I and II regions (1595 cm−1–1705 cm−1). The Lorentzian line
shape, with a 25.614 cm−1 half-bandwidth and a noise reduction factor
of 0.3, was used for performing deconvolution. Gaussian profiles were
utilized to allow for fitting results and then integrated to find the area
relating to a specific wavenumber. These two fitting functions were re-
peated 4 times to calculate the standard deviation. All analyses were
performed using Opus 7.2 software. The data was normalized from
4000 cm−1 to 400 cm−1 using min-max normalization. Thermogravi-
metric analysis (TGA) was then performed using TA Instruments Dis-
covery TGA system with 5 mg samples. All samples were under a
nitrogen gas purge of 25 mL/min and started at 30 °C. They underwent
an isothermal period of 1 min and then ramped to 10 °C per minute to
600 °C. Step transition analyses and derivative plots were utilized to de-
termine the onset of decomposition (TOnset), theweight-loss percentage
of the sample, and the temperaturewhich corresponds to the decompo-
sition of the sample at the highest rates (TΔMax). Finally, themorpholog-
ical studies were conducted using amulti-angle X-ray scattering system
(DEXS) at the University of Pennsylvania under standard room condi-
tions. The Xeuss 2.0 by XENOCS has a Cu X-ray source, computer con-
trolled focusing and transmission incident sample geometries, a 1 M
pixel Pilatus detector (2D), and a smaller detector for simultaneous
SAXS and WAXS. Only the WAXS data is presented in this paper. A full
flux collimation was used with a slit of 1.2 mm × 1.2 mm. Each sample
was run for 300 s. The intensity reported is not absolute intensity and,
thus, is reported in arbitrary units (a.u.). All films were taped to a
sample-holder and placed in a cabin under normal atmospheric pres-
sure during X-ray scattering characterization. The X-ray scattering pro-
files were evaluated using Foxtrot 3.4.9; the isotropic 2-D scattering
patternswere azimuthally integrated to yield intensity versus scattering
vector. Azimuthal integration was used for the WAXS plots and was
graphed at 2θ° to calculate the crystal size using the Scherrer equation.
Three different methods for determining the full width at half maxi-
mum (FWHM) on the software, OriginPro 2019, was applied and the



Fig. 2. For the analyzation of protein secondary structure percentages; zoomed in spectra
of the Amide I and II regions of seven samples made with different coagulation baths
(listed on legend). All sampled are composed of 90% cellulose-10% silk and dissolved in
EMIMAc.
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mean average crystal size was obtained for each biomaterial film for
comparison within the sample set.

3. Results and discussion

Qualitatively, the regenerated films exhibited a hard and brittle
quality for each film composed of 90% cellulose and 10% silk dissolved
from the solvent, EMIMAc, and coagulated in two separate bath types,
water and various concentrations of hydrogen peroxide of 1, 2, 5, 10,
15, and 25% (v/v). Results from different characterization tests showed
a positive correlation between higher concentrations of hydrogen per-
oxide solution and morphological crystallinity of the blended
biomacromolecule film, specifically cellulose crystal size.

3.1. Structural analysis

Normalized data from Fourier transform infrared spectroscopy
(FTIR) was used to identify the functional groups and fingerprint re-
gions of each film, thus providing information on the integrity of the
overall polymer blend. Fig. 1 shows absorbance peaks in
3600–3000 cm−1, 3000–2750 cm−1, and 1180–930 cm−1 regions are
represented by cellulose –OH, –CH, and –C-O stretchingmodes, respec-
tively, within each sample. Fig. 2 shows the silk's amide I
(1720–1600 cm−1) [35] and amide II (1590–1500 cm−1) regions. This
demonstrates that the biocomposites are well blended. Fourier Self-
Deconvolution was used to analyze the silk's amide I and amide II re-
gions for various secondary structure percentages, specifically side
chains, β-sheets, random coils, α-helices, and turns. Fig. 3 shows subtle
correlations between hydrogen peroxide concentration and secondary
structure percentages of these regions. The results show that the hydro-
gen peroxide concentration as the sole variable does not affect silk crys-
talline structures, i.e. β-sheet formation. However, there seems to be a
small effect on the formation of α-helices as function of hydrogen per-
oxide concentration. The data shows that the alpha helices content
seem to be linearly depend on hydrogen peroxide content. This effect
is apparent at higher coagulation concentrations. This means that at
some point, the silk molecular chains become assembled, thus resulting
in an increased change of helical structure formation froma random for-
mation shown at lower concentrations of hydrogen peroxide. This
seems logical but when we apply the standard deviation, the results
show again a subtle change as a function of hydrogen peroxide content.
Fig. 1. Normalized spectra of seven samples made with different coagulation baths (listed
on legend). All sampled are composed of 90% cellulose-10% silk and dissolved in EMIMAc.
3.2. Thermogravimetric analysis

The thermal properties were analyzed by the Thermogravimetric
analyzer (TGA) to determine each samples' decomposition in weight
over time as the temperature increases from 30 °C to 600 °C. Fig. 4
shows a thermogram with a range of temperature onsets between
292.0 °C and 298.3 °C for various concentrations of hydrogen
peroxide-coagulated samples, while the data for the same film, except
coagulated in pure water instead of hydrogen peroxide, showed a tem-
perature onset at 209.5 °C. Compared to the films coagulated with hy-
drogen peroxide solutions, the water-coagulated film's onset
temperature decreased at least 82.5°. The percent mass decomposition
was also evaluated for each sample; 71.5% of the sample coagulated in
water was loss, while a range of 61.9% to 58.4% mass loss was shown
Fig. 3. Secondary structure percentages of 90% cellulose-10% silk samples from different
coagulation baths.



Fig. 4. Thermogram showing decomposition rates of seven samples of different
coagulation baths (listed on legend) with their derivatives (dashed lines). 90% cellulose-
10% silk, dissolved in EMIMAc.

Fig. 5. Wide angle scattering profiles of different biocomposites coagulated in various
concentrations of hydrogen peroxide. 90% cellulose-10% silk, dissolved in EMIMAc.

Fig. 6. Wide angle scattering profiles of native and regenerated polymer samples:
(I) Avicel microcrystalline cellulose, (II) Bombyx Mori Silk, (III) regenerated 100%
cellulose coagulated in water, (IV) regenerated 100% cellulose coagulated in 25%
hydrogen peroxide.
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in the hydrogen peroxide-coagulated films, confirming less thermal de-
composition for the hydrogen peroxide-coagulated films compared to
the film coagulated in water. Fig. 4 also shows the data's derivative
(dashed lines) over increasing temperature; a trimodal peak was ob-
served with a max peak height of 230 °C in the water-coagulated film's
thermogram, affirming that there exists at least two to three stages of
high decomposition rates in this material, thus showing the various for-
mations of different polymer interfaces. Previously, we demonstrated,
computationally, that for a protein-polysaccharide blend the interfaces
between chains break down easily, so that a lot of small “pure” crystals
are released. Immediately after initial decomposition, single chains are
released from these interfaces and begin to decompose. Furthermore,
the crystalline regions survive for a bit longer before melting and
decomposing in a similar way [27]. Our data results are similar to such
predictions.

In continuationwith the analysis, each biocompositefilm coagulated
in hydrogen peroxide showed a high decomposition rate at around
336 °Cwith a small shoulder at 275 °C. This demonstrates that films co-
agulated in hydrogen peroxide aremore thermally stable than the same
type of film coagulated in water. The decomposition seen at the small
shoulder of the thermogram is due to fewer interfaces between polymer
chains for all biocomposites coagulated with hydrogen peroxide solu-
tions. This is because it takes much less cohesive energy to break these
interfaces compared to the actual disruption of the polymer chains
themselves. Also, observations from the data point out that the thermal
stability is independent of varying concentrations of hydrogenperoxide.
In other words, a 1% hydrogen peroxide-coagulated film showed simi-
larly high thermal stability to afilm coagulated in asmuch as 25%hydro-
gen peroxide.

3.3. Morphological analysis

Fig. 5 shows the X-ray scattering wide angle region in the 15 to 45°
2θ range for the various silk-cellulose films coagulated in various con-
centrations of hydrogen peroxide. We initiated our morphological in-
vestigation by analyzing both qualitative and quantitative information.
Qualitatively, our results demonstrated that the X-ray scattering peak
intensities increase as the coagulation agent concentration of hydrogen
peroxide solution increases. The typical sharp crystallization reflection,
which are characteristics of native microcrystalline Avicel cellulose Iβ
(see Fig. 6), are not observed in the biocomposites that were coagulated
with lower concentrations of hydrogen peroxide solution. Instead, these
biocomposites show a broader region which is indicative of an amor-
phous structure. The amorphous structure gradually transforms into a
semi-crystallinemorphology as indicative of the typical peak sharpness.
These peaks contain the signature of both silk and cellulosematerials. In
Fig. 6, we demonstrate that themorphology of pure Avicel cellulose can
be transformed from a crystalline cellulose Iβ structure to an amorphous
structure when regenerated in EMIMAc and coagulated with water. In
addition, this film can be further changed from amorphous to a semi-
crystalline cellulose II structure by changing the coagulation agent
from water to 25% hydrogen peroxide. These results demonstrated
that the crystallinity of the cellulose can be influenced by the ionic liquid
solvent and by the type of coagulation agent; using a solution of hydro-
gen peroxide changes the cellulose crystallinity of the product. Tables 1
and 2 shows the quantitative data for all biocomposites and for native
samples, respectively. The data is presented both in scattering vector,



Table 2
X-ray scattering quantitative peaks from Fig. 6 for native samples and 100% regenerated
cellulose samples.

Peak q (nm−1) 2θ (°) d (nm)

a 14.50 20.47 0.43
b 16.07 22.71 0.39
c 20.95 29.76 0.30
d 24.50 34.95 0.26
e 29.33 42.14 0.21
f 14.60 20.61 0.43
g 17.36 24.56 0.36
h 22.63 32.21 0.28
i 28.40 40.74 0.22
j 14.35 20.26 0.44
k 19.79 28.07 0.32
l 24.46 34.88 0.26
m 14.11 19.91 0.45
n 15.52 21.93 0.40
o 18.45 26.13 0.34
p 20.00 28.38 0.31
q 21.25 30.19 0.30
r 24.28 34.63 0.26
s 25.34 36.19 0.25
t 26.91 38.51 0.23
u 28.60 41.03 0.22
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q, and 2θ. In addition, the correlation distance, d, is shown and is as cal-
culated by d = 2π/q.

To understand themorphological changes in our biocomposite films,
let's first look at a native material. Four distinct contributions are ob-
served in Avicel cellulose. The first two peaks in 2θ, a = 20.47 and
b = 22.71 are related to the monoclinic unit cell of cellulose Iβ equato-
rial lattice planes. This corresponds to the 102 and 200 reflections, re-
spectively [36,37]. Upon dissolution in ionic liquid and coagulation in
water, the cellulose Iβ morphology changed from crystalline to amor-
phous. The two reflections observed in Avicel cellulose Iβ turned into
one reflection, 2θ=20.26. However, upon coagulating the Avicel cellu-
losewith 25% hydrogen peroxide, the cellulose Iβwasmodified to cellu-
lose II [36,38]. In this case, we observed multiple reflections for which
the peak (m) and (n), Fig. 6, are related to the 110 and 200 reflections
typical for thismaterial; the other higher angle reflections are indicative
of the crystalline structure periodicity. Analyzation of our results further
confirm that a solution of hydrogen peroxide as a coagulation agent can
induce morphological changes in the cellulose structure.

In terms of the biocomposite films, we observed reflections similar
to that of the cellulose II. In this case and based on the FTIR results, we
must remember that we also have silk molecules in the biocomposites,
so the typical cellulose II reflections are slightly skewed. The results
show two main reflections at 2θ = 20.01 and 22.10; the location of
these two reflections barely changes as a function of hydrogen peroxide.
However, their intensity linearly increases. The change in peak intensity
is related to changes in crystallinity. To understand crystallization
changes, the crystal size from our biocomposite films were determined
using the Scherrer equation using both the 110 and 200 reflections,

τ ¼ Kλ
βcosθ

where τ is themean size of the crystal, K is the dimensionless shape fac-
tor (0.94), λ is the wavelength of the X-ray, β represents the FWHM in
radians, and cosθ is theBragg angle. Table 3 shows the Scherrer equation
crystal size results. The crystal size (τ) associated with the scattering
angle of 2θ in the biomaterial data shows a positive correlation with
higher concentrations of hydrogen peroxide as the coagulation agent.
The reflection at 110 shows a better relationship than at 200 probably
Table 1
X-ray scattering quantitative peaks from Fig. 5 (90% cellulose-10% silk biocomposites co-
agulated in various concentration of hydrogen peroxide).

Peak 1% 2% 5%

q
(nm−1)

2θ° d
(nm)

q
(nm−1)

2θ° d
(nm)

q
(nm−1)

2θ° d
(nm)

1 14.34 20.24 0.44 14.39 20.31 0.44 14.27 20.14 0.44
2 15.34 21.67 0.41 15.52 21.93 0.4 15.62 22.08 0.4
3 – – – – – – 18.73 26.54 0.34
4 20.2 28.67 0.31 20.02 28.4 0.31 20.21 28.68 0.31
5 0 – – – – – – – –
6 24.72 35.26 0.25 24.83 35.43 0.25 24.69 35.23 0.25
7 – – – 25.84 36.92 0.24 – – –
8 – – – – – – 26.99 38.63 0.23
9 28.6 41.03 0.22 29 41.63 0.22 28.86 41.43 0.22

Peak 10% 15% 25%

q
(nm−1)

2θ° d
(nm)

q
(nm−1)

2θ° d
(nm)

q
(nm−1)

2θ° d
(nm)

1 14.25 20.11 0.44 14.23 20.09 0.44 14.18 20.01 0.44
2 15.52 21.93 0.4 15.52 21.93 0.4 15.64 22.1 0.4
3 – – – 18.54 26.26 0.34 18.66 26.44 0.34
4 20.24 28.73 0.31 20.07 28.48 0.31 20.16 28.61 0.31
5 – – – – – – 21.44 30.47 0.29
6 24.69 35.23 0.25 24.63 35.13 0.26 24.5 34.95 0.26
7 25.63 36.62 0.25 25.55 36.49 0.25 25.57 36.52 0.25
8 – – – 26.99 38.63 0.23 27.03 38.69 0.23
9 28.6 41.03 0.22 28.73 41.23 0.22 28.81 41.35 0.22
due to the interference from the silk. The crystal size for the 110 reflec-
tion increases from 3.01 nm to 4.87 nm and for the 200 reflection from
4.59 nm to 5.04 nm. In comparison, the Avicel cellulose Iβ crystal size
calculated from the Scherrer equation using the reflection at 200 is
4.25 nmand for the 100% regenerated cellulose coagulatedwith 25% hy-
drogen peroxide is 5.12 nm. The results of our biomaterials are within
the native samples ranges indicating that both the silk and cellulose
are interacting at the nano level, as expected. Based on these results it
may be concluded that the cellulose crystal size increases as a function
of hydrogen peroxide content.

Scheme 1 shows a coagulation mechanism of hydrogen peroxide
after the removal of ionic liquid. However, before this salting-out effect,
hydrogen peroxide andwater molecules coexist within the system con-
taining the dissolved silk fibroin, cellulose, and ionic liquid. Thesewater
and hydrogen peroxide molecules quickly hydrate the protein and cel-
lulose chains. This leads to the formation of stable structures resulting
from the formation of protein secondary structures and interactions
with cellulose; these interactions involve hydrogen bonds, electrostatic
interactions, and covalent bonds [39,40]. The interaction between silk,
cellulose, and the solvent may promote and stabilize its morphological
structure to lower conformation energies, resulting from the hydrogen
bonds with water and hydrogen peroxide. As hydrogen peroxide con-
tent increases, the hydrogen peroxide molecules prefer to hydrogen
bond with the cellulose rather than the silk, resulting in a metastable
polymer blend form due to a lack of ions, further promoting solvation.
Upon drying, hydrogen peroxide is converted into oxygen gas and
water molecules. This chemical reaction collapses the polymer chains
in situ, resulting in changes in the cellulose crystallinity; specially the
cellulose crystal size. As a result, the morphology and physicochemical
properties of the material will depend on the solvent composition and
Table 3
Crystal size results (τ) of biomaterial samples; labeled by coagulation concentration agent,
obtained from the Scherrer equation.

Sample Peak 1 Peak 2

2q° τ (nm) SD 2q° τ (nm) SD

1 20.28 3.01 0.41 – –
2 20.44 2.93 0.45 – –
5 20.15 3.55 0.21 22.11 4.59 0.49
10 20.14 3.61 0.25 22.02 4.48 0.40
15 20.17 3.84 0.23 21.95 4.70 0.33
25 20.06 4.87 0.34 22.10 5.04 0.55



Scheme 1. Regeneration mechanism for biocomposite coagulated in (a) 1% hydrogen peroxide and (b) 25% hydrogen peroxide. A higher concentration of coagulating agent prefers to
hydrogen bond with the cellulose hydroxide group which aligns the molecules into crystalline structures.

574 S.A. Love et al. / International Journal of Biological Macromolecules 147 (2020) 569–575
volume spacing between polymer chains [41,42]. In other words, any
perturbation in the metastable system will cause changes in the mate-
rial formation, dictating final properties. Moreover, the cellulose could
act as a nucleating agent to increase the nucleation and overall crystal-
lization rate leading to an increase in crystallites [43].

4. Conclusion

To summarize, in this study, using EMIMAc and two types of coagu-
lation agents (water and solutions of various hydrogen peroxide con-
centrations) a cellulose-silk biocomposite was regenerated and
characterized. Regarding the two polar coagulation agents, there is a
strong influence on the thermal stability seenwithin thefilm coagulated
in hydrogen peroxide compared to the film coagulated in water. Ac-
cording to data from FTIR, hydrogen peroxide seems to have subtle ef-
fects on silk crystalline secondary structures in the blended
biomaterial. However, higher concentrations of hydrogen peroxide as
the coagulation agent appeared to enhance the overall structural influ-
ence on cellulose in the blendedmaterials. Thiswas demonstrated by an
increase in thermal degradation temperature and stability as well as by
a positive correlation to cellulose crystal size demonstrated via X-ray
scattering. It may be concluded that hydrogen peroxide can be used to
fine-tune cellulose crystals within a silk-cellulose blended film dis-
solved from ionic liquids. Further researchwill look at othermorpholog-
ical and physicochemical property impacts by comparing various types
of polymer ratios of silk to cellulose and ionic liquid types to different
hydrogen peroxide concentrations.
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