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ABSTRACT: Plastic wastes pose a serious threat to the environment and there have been strong
interests in developing soy protein isolate (SPI) based plastics to reduce the use of traditional
petroleum-based ones. However, the use of SPI plastics has been hindered due to their inferior
mechanical properties and poor water resistance compared with traditional plastics. In this work,
SPI plastics with significantly improved mechanical properties and water resistance were
developed using UV curable SPI resin and UV curable cellulose nanofibers. Three UV curable
materials, i.e. methacrylated SPI (MSPI), methacrylated cellulose nanofibrils (MCNF), and
methacrylated cellulose nanocrystals (MCNC), were produced through methacrylation of SPI,
CNF, and CNC, respectively. Methacrylation of the materials and UV curing of the resins was
confirmed using Fourier-transform infrared spectroscopy. Uniform dispersion of CNC, CNF,
MCNC, or MCNF in the resin was confirmed by scanning electron microscope and X-ray
diffraction. Tensile properties and water resistance of the resins were found to improve with
increasing curing time and degree of methacrylation. The incorporation of CNC, CNF, MCNC,
and MCNF further improved the mechanical and water resistance performance of the resins, with
the MCNF leading to the largest improvement. UV curing and the cellulose nanofibers evidently
worked synergistically to improve the properties of the resins. This study demonstrated a method
and formulations to produce SPI plastics with exceptional properties. Furthermore, the potential

of this resin in 3D printing and conventional plastics molding was demonstrated.
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INTRODUCTION

Many methods have been studied and used to mitigate the severe environmental consequences
of the widespread use of petroleum-based polymers. Replacing the petroleum-based polymers with
naturally occurring biopolymers has shown great potential in many applications and has become
an effective method to reduce the environmental impact of the plastic industry.%? The use of
biopolymers derived from biomass also adds value to many agricultural and forest byproducts and
thus can provide important economic benefits to the respective industries. Many biopolymers such
as proteins (soy protein, wheat gluten, whey, collagen, gelatin, etc.), polysaccharides (cellulose,
starch, alginate, gum, chitosan, etc.), lipids (fats, oils, etc. ), or the combination of these
components have been investigated as materials that can offer competitive properties, especially
in their modified forms.3>-® Among these biomaterials, proteins are a favorite source for developing
biodegradable plastics because many of the nonpolar, polar, and charged groups in the protein
chains provide functional sites for chemical modifications, which can lead to improved material
properties or new material functions.”8

Soy protein isolate (SPI), as a common soy protein material and a byproduct from the soybean
oil industry, contains a minimum of 90% protein and consists of 18 different amino acids. Owing
to its good film-forming ability, low cost, and desirable transparency, SPI has attracted
considerable research interest in bioplastics application.® However, some fundamental limitations
of SPI, such as poor processability and flexibility, insufficient mechanical strength, and low water
resistance, have prevented it from widespread utilization. The limitations arise from strong intra-
and intermolecular interactions among protein chains and the hydrophilic functional groups on the
macromolecules.®'! To overcome these problems, many different physical or chemical
modification methods, such as heating, microwaving, ultrasonic treatment, pH adjustment,
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hydrolysis, blending, grafting, cross-linking, or incorporation of nano-reinforcements have been
attempted to alter its native globular protein structure.

Heating, microwaving, and ultrasonic treatment have been utilized to produce SPI films with
higher mechanical strength and hydrophobicity, since the use of a higher processing temperature
can cause a higher degree of protein unfolding and denaturation.>!3 It has been reported that
hydrolysis or treatment of SPI at pH 11 or higher can lead to SPI adhesives or films with improved
mechanical property and water resistance due to increased protein solubility.!*® SPI has been
blended with hydrophobic thermoplastics (e.g. polylactic acid and polybutylene adipate-co-
terephthalate) and fatty acid and lipids (e.g. oleic/steric acids, epoxidized soybean oil and olive
oil) for enhanced performance due to stress transfer and reduced ratio of hydrophilic moieties.'’-
20 However, good interactions and compatibility between the components is hard to achieve. Low-
molecular-weight plasticizers such as glycerol, ethylene glycol, and propylene glycol have often
been incorporated into SPI to improve its processability and flexibility. The plasticizing effect of
plasticizers comes from their ability to position themselves within the three-dimensional protein
network, increasing the free-volume and facilitating the mobility of the polymer chains.?! However,
these attempts to improve one specific property of SPI often lead to decreases in other properties.??
Grafting new functional groups onto soy protein chains is another method to improve the
performance of SPI plastics or to expand their functions. Various chemical agents have been
employed to modify SPI for improving or adding new properties such as solubility and surface
hydrophobicity.?-%" Nevertheless, in spite of many physical and chemical modifications attempted
on SPI, its drawbacks, such as low mechanical strength and poor water-resistance, still pose

significant challenges for many applications.



Crosslinking is an effective approach to develop protein-based plastics with improved
mechanical strength and water resistance because it creates intermolecular chemical bonding,
increases molecular packing, and reduces polymer chain mobility, thus improving the overall
properties of the material.” Proteins can be crosslinked thermally, enzymatically, chemically, or
through photopolymerization.’>? Many of these methods involve either the use of toxic
crosslinking agents or a considerable amount of time and energy for polymer network formation.
Photopolymerization, also known as photo-crosslinking or UV curing, is a process that transforms
multifunctional monomers into a crosslinked polymer network through a chain reaction initiated
by free radicals, which are produced by an added photo-initiator under UV irradiation. The major
advantages of photo-crosslinking over traditional crosslinking methods include low equipment
costs, low energy consumption, short crosslinking time, low environmental impact, and excellent
mechanical properties.

The incorporation of nanofillers is another promising method to obtain protein-based plastics
with significantly improved properties. The incorporated nanoparticles can reinforce the matrix
material by sharing its load and toughen the material by bridging and deflecting cracks.?® A number
of organic nanofillers (e.g. cellulose nanofibrils or nanocrystals and nanocrystals derived from
zein, chitosan, and starch) and inorganic nanofillers (e.g. layered silicates, zinc oxide, titanium
dioxide, silver, and carbon nanotubes) have been investigated as nano reinforcements to enhance
the properties of numerous biopolymers.”?! It is well established that the effect of reinforcement
depends primarily on the state of dispersion of the nanoparticles and the polymer-particle
interactions.

As the most abundant biopolymer in the world, cellulose can be processed into nanofillers with
a diverse morphology: from individually separated short cellulose nanocrystals (CNC) to long
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cellulose nanofibrils (CNF) with a high aspect ratio and varied degrees of entanglement.*
Nanocellulose is an effective reinforcement material because of its superior mechanical properties,
high aspect ratio, and the availability of many modification methods to tailor its surface.3'*? CNF
can be produced by a mechanical fibrillation process with or without prior chemical treatments,
which creates long, flexible, and often entangled cellulose nanofibrils with a diameter between 20
and 60 nm.**% CNC is obtained through acid hydrolysis of cellulosic fibrils and is a rigid, rod-
like crystal between 3 and 20 nm in width and a few hundred nanometers in length.*¢3" It has been
shown that the incorporation of even a low concentration of uniformly-dispersed CNF or CNC in
a polymeric matrix can lead to a significant improvement in its mechanical properties.?
Unfortunately, it is still challenging to reinforce hydrophobic polymers using CNF or CNC
because of weak CNF/CNC-polymer interfacial bonding and poor CNF/CNC dispersion in the
polymer matrixes.® Additionally, the strong hydrophilic nature of cellulose leads to poor water
resistance of the products and thus hinders its use in plastic applications.®**° However, the
hydrophilicity of nanocellulose can be decreased and its compatibility with the polymer matrixes
can be improved by chemically modifying its surface. Many studies have been reported on
nanocellulose surface modifications through reacting with its hydroxyl groups using various
reagents including mineral and organic acids, bases, oxidizing agents, and organic compounds.®>#

Cellulose has also been used to reinforce SPI based plastics. Zhang et al. compared the effects
of pristine and surface-modified cellulose nanocrystals on the properties of SPI films. Compared
with the pristine CNC, the modified CNC resulted in significantly higher strength, stronger water
resistance, and higher thermal stability due to the crosslinking between SPI and the modified
CNC.* Zheng et al. prepared SPI/dialdehyde carboxymethyl cellulose (DCMC) composite films

and studied the effect of DCMC on the mechanical properties, water sensitivity, light barrier
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properties and thermal stability of the composite films.** Kang et al. modified the surface of
microcrystalline cellulose (MCC) by simply dip-coating it with dopamine and then prepared
SPI/polydopamine (PDA)-modified MCC composite films. They reported that the modification
enhanced the interfacial adhesion between MCC and SPI and thus greatly enhanced the mechanical
properties and reduced water absorption of the resultant films.**

Despite several reported research studies on soy protein plastic reinforcement using cellulose
nanofibers in the literature, to the best of our knowledge, combining the method of cellulose nano
reinforcement with the method of soy protein UV crosslinking for further property improvements
of the soy plastics has not yet been attempted. The goal of this study is to explore the synergy
between these two methods through synthesizing UV curable CNC/CNF and SPI to produce soy
protein plastics with properties that cannot be achieved by using either of the methods alone. This
study provides a facile, effective strategy to improve the performance of SPI plastics and facilitate
SP1 utilization.

EXPERIMENTAL SECTION

Materials. Soy protein isolate (SPI) (PRO-FAM® 974) was supplied by Archer Daniels Midland
Company. CNF slurry and CNC suspension were purchased from the Process Development Plant
of University of Maine. Potassium Hydroxide (KOH) (85%) and 2-Hydroxy-2-
methylpropiophenone (> 96.0%) were purchased from Fisher Scientific. Methacrylic anhydride

(MAh) (94%) and sodium hydroxide (= 98.0%) were purchased from Sigma-Aldrich. All the

chemicals were used as received without further purification.
Synthesis of Methacrylated SP1 (MSPI). The synthesis of MSPI was performed though a two-
step process including SPI dissolution and SPI methacrylation based on a previously reported

study.* Briefly, SPI was mixed with distilled water (15 wt%) in a round bottom flask. A KOH
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aqueous solution (8 wt%) was added to the SP1/water mixture in the flask to give a SPI/H.0/KOH
ratio of 1/7/0.09 (w/w/w) and a pH value of 11.6. The flask was then placed in a preheated oil bath
at 70 °C and the mixture was magnetically stirred at 450 rpm for 1.5 h to complete the dissolution.
The product was allowed to cool to room temperature naturally for about 30min and centrifuged
at 9000 rpm for 5 min to remove any undissolved SPI and impurities. In the second step, the alkali-
treated SPI was reacted with methacrylic anhydride (MAh) to synthesize MSPI. MAh (6, 10, or 14
wit% of SPI dry weight) was added into the SPI solution and stirred with a magnetic stirrer (500
rpm) at room temperature for 30 min to obtain MSPI with different degrees of methacrylation.

Synthesis of Methacrylated Nanocellulose (MCNF and MCNC). MCNF and MCNC were
synthesized by reacting CNF or CNC with methacrylic anhydride (MAh) at 50 °C for 4 h.“® Briefly,
4 g (dry weight) of CNF or CNC were dispersed in 400 ml of deionized water using an IKA RW20
digital homogenizer (656 rpm) for 30 min at room temperature. The temperature of the colloidal
suspension was increased to 50 °C and 40 g MAh was added. The reaction was continued for 4 h
while the pH of the suspension was maintained at 8-10 by adding 5 N NaOH solution. The resulting
suspension was washed with deionized water by repeated centrifugations (11000 rpm, 5 min per
cycle) until the pH was 7.

Preparation of MSPI Composite Films. MSPI solution, CNF, MCNF, CNC, or MCNC (10
wt% MSPI), plasticizer (glycerol, 50 wt% MSPI), and photo-initiator (Pl) (2-Hydroxy-2-
methylpropiophenone) (8 wt% methacrylated macromer) were mixed together using an IKA T25
digital ultra-turrax homogenizer (3400 rpm) for 30 min at room temperature. The mixture (pH 7.7)
was poured into a polypropylene Petri dish and allowed to dry under ambient conditions for 2 days.
The obtained film (thickness ~ 0.4 mm) was then crosslinked under a UV lamp (365 nm/250 W,

20 cm distance between the lap and the sample).
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Sample Characterization. Chemical bonds of MSPI, MCNF, and MSPI films after different
UV curing times were characterized using Fourier-transform infrared spectroscopy (FTIR). The
analysis was carried out on a Thermo Scientific Nicolet 8700 FTIR Spectrometer (Waltham, MA)
equipped with an ATR probe (4 cm™ resolution and 32 repeated scans). To prepare MSPI for the
FTIR analysis, the MSPI solution was dialyzed using dialysis tubing (MWCO=3500) against
deionized water for 72h to remove any residual reagents and contaminates. The dialyzed MSPI
solution was dried, ground into powder, and mixed with KBr for the analysis. The spectra were
collected over the wavenumber range of 4000-400 cm™. To characterize MCNF, the methacrylated
CNF suspension was dried in a vacuum oven into a thin film and its FTIR spectra were collected
using the ATR accessory (4000-650 cm™). All the composite film samples were also characterized
using the same ATR technique.

Tensile properties of the composite films were studied using an Instron 5545 mechanical tester
equipped with a 100 N load cell. The films were cut into 1 cm x 5 cm strips and tested with a
gauge length of 3 cm and a crosshead speed of 50 mm/min. For wet sample testing, the samples
were taken out of the water after 8 hours of immersion and dabbed dry with a paper towel before
the tests.

The morphology of the composite films (surfaces and cross-sections) was studied using a field-
emission scanning electron microscope (SEM, JSM-7600F, JEOL, Japan) at an accelerating
voltage of 2 kV. The cross-sections were obtained by freezing and fracturing the films in liquid
nitrogen. The specimens were coated with a thin layer of gold before imaging.

X-ray diffraction (XRD) measurements were carried out using a D8 Discover X-ray
diffractometer (Bruker, Karlsruhe, Germany) with Cu Ko radiation (A=0.154 nm) at 40 kV and 40
mMA at a rate of 2°/min. The 26 range was 5-60°. Samples were prepared by fixing 2 cm x 3 cm
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sample films flat on top of a glass slide using tapes. Crystallinity index (ClI) of the samples was

determined based on the XRD diffraction patterns using the following equation */48:

Cl (%) = 'Cfl_'am %100 (1)

where ler is the intensity of the main diffraction peak of the samples (at 20.04° or 21.25°) and lam
is the diffraction intensity of the amorphous fraction of the samples (sampled at 12.78 ©).

RESULTS AND DISCUSSION

Synthesis and Characterization of Macromers. Figures 1a and 1b show the simplified
reaction schemes for methacrylation of SPI, CNF, and CNC. Methacrylate groups are grafted onto
the three materials through methacrylic anhydride’s reactions with the amine or hydroxyl groups.
Figure 1c illustrates the UV curing mechanism for MSPI and MCNF (or MCNC) to produce
crosslinked SPI films. Under UV irradiation, free radicals generated from the added photo-initiator
attack the C=C bonds of the grafted methacrylate groups and induce crosslinking between these

groups, eventually leading to an interpenetrated network structure.
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Figure 1. Simplified reaction schemes for the MSPI (a) and MCNF or MCNC (b) synthesis, and

the mechanism of MSPI/MCNF and MSPI/MCNC crosslinking under UV irradiation (c).

Methacrylation of SPI and CNF was confirmed using FTIR. In Figure 2a, alkaline treated SPI
showed characteristic amide bands at 1657, 1527, 1391, and 1231 cm™* assigned to amide | (C=0
stretching), amide 11 (N-H bending), and amide 111 (C-N and N-H stretching), respectively.**
After the methacrylation, two new peaks appeared in all the MSPI samples at 1130 cm™ and 930
cm (representing wagging and stretching of C-H of RC=CHz, respectively).5*%? The signal from

C=C of the methacrylate group was difficult to detect because it overlapped with the signature
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from the amide | of SP1. Meanwhile, peaks at 1316 cm™* and 1169 cm™* of all the MSPI samples
became stronger than that of alkaline treated SPI due to C-CHjs stretching and C-O stretching of
the methacrylate group, respectively.5®% These results indicated successful grafting of the
methacrylate group onto SPI. The FTIR spectra of CNF and MCNF are compared in Figure 2b.
Characteristic absorption peaks of CNF were observed at around 3329 cm™ (O-H stretching),
2919, and 2849 cm ! (both for C-H stretching of CH2). Other major peaks detected included the
absorption bands at 1645 cm ! (bound water), 1368 cm™* (C-H bending), 1161 cm™ (C-O-C
stretching), 1106 cm™ (C-O stretching), and 1055 cm™ (C-O and C-C stretching).3° After the
methacrylation, three new peaks at 1720 cm™ (C=0 stretching), 1635 cm™* (C=C vibration), and
1551 cm™* (C=0 stretching of CH=CHCOO-Na*) appeared on the spectrum of MCNF.%® The peak
at 1368 cm™* of MCNF also became stronger than that of CNF due to C-CHs stretching. These

results confirmed the successful methacrylation of CNF.>*
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Figure 2. FTIR spectra of alkali-treated SPI and MSPI (a) and pristine CNF and MCNF (b).

UV Crosslinking of MSPI. UV crosslinking of MSPI was confirmed by the consumption of

C=C bonds during the reaction and the increased mechanical properties of the MSPI films after
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UV irradiation. Figure 3a compares the FTIR spectra of MSPI films cured for different amounts
of time. The region between 1650 and 1625 cm is attributed to the vibrations from both amide |
of SPI and C=C of the methacrylate. A lower intensity of this region was noted with a longer
curing time (the spectra were increasingly flattened). Because amide | was not involved in the
curing reaction, the flattening of the spectra indicates the cleavage/consumption of C=C bonds

during the free radical polymerization.*6°’
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Figure 3. FTIR spectra (a) and stress-strain curves (b) of MSPI films (methacrylated with 10 wt%
MANh) after UV curing for various minutes. The films contained either no Pl or 8 wt% PI for

initiating UV crosslinking.

Figure 3b shows the tensile stress-strain curves of the MSPI films. The tensile properties of the
films were calculated based on the curves and the results are summarized in Table S1. The sample
not subjected to UV irradiation, i.e. sample “10%MAh 8%PI UV O0min”, showed the lowest failure
stress and modulus and the highest failure strain among all the films, indicating that the sample
was a weak and flexible material without UV curing. The fracture stresses and moduli of all the

films, regardless of the presence of PI, increased with the increasing curing time. For the films
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containing PI, the stress and modulus increased from 1.22 MPa and 16.23 MPa at 0 min UV
irradiation to 8.39 MPa and 74.25 MPa at 8 min UV irradiation, respectively. For the films
containing no PI, the stress and modulus increased from 1.97 MPa and 29.17 MPa to 2.59 MPa
and 37.56 MPa, respectively, under the same conditions. The samples containing Pl showed much
larger property increases than the samples without Pl because of the former’s crosslinked
molecular structures caused by the UV crosslinking.%® The samples containing no P1 were not able
to undergo UV curing due to their lack of Pl. However, the heat from the UV lamp during the
curing process caused temperature increases of the films, which led to heat-induced protein
denaturization and thus mild improvements in sample mechanical properties.'?

The curves in Figure 3b also demonstrate the different deformation mechanisms between the
UV cured samples and the uncured samples. For all the samples that did not undergo UV curing
(due to either zero PI content or zero UV irradiation time), a wide plateau region appeared on their
tensile stress-strain curves after the initial rapid stress increases, which is a common tensile
behavior for ductile polymers (often called cold drawing) and is attributed to chain slip and
alignment that occur during the deformation process. It is this slip and alignment process that
allows the samples to undergo large deformation under tension. By contrast, the stresses in the
cured samples continued to increase after the initial rapid increases, suggesting a different material
deformation mechanism (termed strain hardening). After crosslinking, polymer chains are
covalently connected to form a network structure, which largely prevents the chain slip and
alignment from occurring. This strong network structure imparts increased resistance to sample
deformation and thus leads to the stress positively correlated to the strain.%®

Effect of MAh Dosage. The loading of MAh in MSPI synthesis affects the degree of

methacrylation of SPI. The MSPI with a higher degree of methacrylation would be expected to
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show a higher crosslinking density and thus higher mechanical properties after UV curing. Figure
4 presents the tensile stress-strain curves for the MSPI films synthesized with 6%, 10%, and 14%
MANh. The tensile property values are summarized in Table S2. Apparently, all the samples showed
a strain hardening behavior due to the crosslinked polymer network. The failure stresses and
moduli of the samples increased with increasing MAh content. From 6% to 14% MANh, the stress
and modulus increased from 3.57 MPa and 24.62 MPa to 7.37 MPa and 90.42 MPa, respectively,
confirming the higher degree of methacrylation and higher crosslinking density at 14% MAh.> In
the following sections, MSPI synthesized with 10% MAh was chosen as the matrix polymer to

study the effects of CNF, MCNF, CNC, and MCNC on the properties of soy plastics.
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Figure 4. Tensile stress-strain curves of MSPI films synthesized using different contents of MAh.

All samples contained 8% PI and underwent 2 min UV irradiation.

Effects of Cellulose nanofibers on MSPI Mechanical Properties. The reinforcing effects of
CNF, MCNF, CNC, or MCNC on uncured MSPI films can be clearly seen from the stress-strain

curves in Figure 5 and from the property data summarized in Table S3. Without UV curing, both
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the failure stress and modulus increased significantly after the incorporation of all four types of
nanofibers while the failure strain decreased as the samples became less flexible. The increases are
ascribed to the strong reinforcement of the cellulose nanofillers, which originates from their high
mechanical properties, high aspect ratio, and strong interfacial bonding with the MSPI matrix.2%°
Comparing CNF (or MCNF) with CNC (or MCNC), the former showed a stronger reinforcing
effect on MSPI than the latter, which can be mainly attributed to the former’s higher aspect ratio.
The longer length of CNF not only allows a larger stress transfer on its fiber-matrix interface but
also promotes the formation of a percolation CNF network in the matrix, both leading to a higher
strength and a higher modulus of the composites. CNF (or MCNF) also resulted in lower failure
strains than CNC (or MCNC), a result of a stronger constraint imposed by the CNF network on
material deformation and a higher likelihood of CNF fiber agglomeration. Similar results have
also been reported in an earlier study where CNC and CNF were used to reinforce PEO.? The
CNF (or MCNF) network also demonstrated its effects on the stress-strain behavior of the
composites: the CNF (or MCNF) reinforced samples showed continuous increases in stress while
the CNC (or MCNC) reinforced samples showed wide stress plateaus similar to neat polymer.
Methacrylation of the cellulose nanofibers also had an impact on the mechanical properties of
the uncured MSPI films. As shown in Figure 5 and Table S3, the samples reinforced by
methacrylated cellulose nanofibers exhibited higher failure strain than their pristine counterparts.
This result may be attributed to two reasons. Firstly, the polarity of the pristine nanofibers is
reduced after the methacrylation, which increases the compatibility between the nanofibers and
the protein and hence reduces the likelihood of fiber agglomeration in the samples consisting of
the methacrylated nanofibers.®8®! Secondly, the samples incorporated with methacrylated

nanofibers contained a higher content of Pl (0.8% higher) than the samples reinforced by pristine
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nanofibers. This higher content in the former samples was based on the greater need of Pl for
initiating a higher number of methacrylate groups. The PI used in this study is an oily liquid and
therefore can function as a plasticizer in the composites that do not undergo UV curing. Therefore,
the plasticization effect of the PI also contributed to the larger failure strain of the samples
including the methacrylated nanofibers. The methacrylated nanofibers was also observed to lead
to a lower failure stress and modulus of the composites than did the pristine nanofibers. This can
be partially ascribed to the plasticizing effect of PI. It can also be caused by the decrease in
cellulose nanofiber crystallinity and nanofiber length, a result of the methacrylation process.t%3
All the films after UV curing (Figures 5b and 5c¢) exhibited higher failure stresses and moduli
than their uncured counterparts shown in Figure 5a, demonstrating the effect of crosslinking.
Specifically, the samples consisting of CNC (or MCNC), which showed the wide stress plateaus
before curing, exhibited continuous stress increases after curing, further indicating the formation
of a UV-initiated network. The failure stresses and moduli of the samples containing methacrylated
nanofibers were lower than those of the samples containing pristine nanofibers before the samples
were cured. UV curing led to greater increases in the stress and modulus for the former than the
latter, resulting in similar results between the two types of cured samples. The reason for this is
that more methacrylate groups (from the methacrylated nanofibers) are available for the
crosslinking reactions during the curing process and the covalent bonds between MSPI and MCNC

(or MCNF) and between the nanofibers themselves can be formed after curing.
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Figure 5. Tensile stress-strain curves of MSPI films reinforced by 10% CNF, MCNF, CNC, or
MCNC. MSPI was synthesized using 10% MAAh. The films were cured by UV irradiation for 0 (a),

2 (b), and 5 (c) min.

Interaction between Cellulose Nanofibers and MSPI Matrix. SEM imaging of sample
surfaces and cross-sections, XRD, and FTIR were used to investigate the interactions between the
two materials. The pure MSPI film exhibited a smooth, flat and homogeneous surface and cross-
section, with the cross-section showing typical crack propagation marks (see Figures 6a and
a’).1847 The films containing CNF or MCNF clearly showed the nanofibers and their aggregates
on the sample surfaces/cross-sections (see Figures 6b, b’, ¢, and ¢’). However, the latter
demonstrated a much lower degree of fiber aggregation than the former, indicating that the
methacrylation of CNF improved the nanofiber’s compatibility with MSPI. The surfaces/cross-

sections of the films containing CNC or MCNC were much smoother and showed much less
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microstructural features than those containing CNF or MCNF. The observed better dispersion of
the cellulose nanocrystals can be attributed to their much shorter length and fewer entanglements
than the nanofibrils. The methacrylation also improved CNC’s compatibility with the MSPI matrix
as MSPI/MCNC showed smoother surfaces/cross-sections than MSPI/CNC (see Figures 6d, d’, e
and e’). Especially, MSPI/MCNC showed a surface similar to that of the pure MSPI sample,
suggesting the uniform dispersion of the nanocrystals and high homogeneity of the composite. The
enhanced compatibility of the methacrylated cellulose nanofibers (i.e. MCNF or MCNC) can be
attributed to the decreases in their polarity, crystallinity, and fiber length.%* The results from the
SEM investigation are in accordance with the discussion about the mechanical properties of the

films.
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Surface (100X) Cross-section (5000X)

Figure 6. SEM images of MSPI (a, a’), MSPI/CNF (b, b’), MSPI/MCNF (c, c’), MSPI/CNC (d,
d”), MSPI/MCNC (e, €’) films. MSPI was synthesized using 10% MAAh. The content of CNF,

MCNF, CNC, or MCNC is 10% in each case. All films were cured by UV irradiation for 5 min.

XRD spectra of MSPI based films are presented in Figure 7 and their crystallinity indexes (CI)
are summarized in Table S4. The alkaline-treated SPI film had the characteristic B-sheet structure
of SPI at 26 = 20.04°. After methacrylation, the B-sheet peak shifted to a higher 26 of 21.25° and
greatly broadened and weakened, implying the less ordered crystalline structure of the protein and

the breakage of hydrogen bonding between its peptide chains.!® Interestingly, the B-sheet peak
21



shifted back to the original 26 and became markedly sharpened and intensified after curing,

indicating the partial restoration of the crystalline structure due to the curing.%* For all the samples

containing cellulose nanofibers, a new characteristic peak at 22.36° appeared in the spectra, which

was attributed to the (002) plane of cellulose 1. The cured films containing CNC (or MCNC)

exhibited sharper and more intense peaks at 22.36° than the ones containing CNF (or MCNF) due

to CNC’s higher crystallinity than CNF.?°

Intensity

20.04

—— MSPI UV Omin
2236 — MSPI UV 5min
y —— MSPI/CNC UV 5min
—— MSPI/CNF UV 5min
—— MSPI/MCNC UV 5min
—— MSPI/MCNF UV 5min

alkali-treated SPI UV Omin

10

20

30
206 (Degree)

Figure 7. XRD spectra of alkali-treated SPI and MSPI films under different curing and

reinforcement conditions. Inset a: superimposed spectra for MSPI UV 5min, MSPI/CNF UV 5

min, and MSPI/MCNF UV 5min, Inset b: superimposed spectra for MSPI1 UV 5min, MSPI/CNC

UV 5 min, and MSPI/MCNC UV 5min. MSPI was synthesized using 10% MANh.

22



The B-sheet peaks of MSPI, MSPI/CNF without curing, and MSPI/MCNF cured for 5 min are
compared in Inset a of Figure 7. It shows that the intensities of the peaks were slightly reduced
after the incorporation of CNF. By contrast, the intensities were increased, and the peaks were
sharpened after the incorporation of CNC, as shown in Inset b. These results suggest that CNF and
CNC have different effects on the formation of the protein B-sheets. As discussed in the previous
section, CNC and MCNC showed stronger interaction/compatibility with MSPI and were
dispersed much more homogeneously in MSPI than CNF and MCNF. It is hypothesized that it is
this more intimate interplay between CNC and the protein and their larger interfacial area that
facilitates the formation of the 3-sheets and leads to the protein’s enhanced X-ray diffraction. It is
also noticeable from the two insets that the intensity of the cellulose I peak (22.36°) of MCNC (or
MCNF) is lower than that of its unmodified counterpart CNC (or CNF), which can be ascribed to
reduced crystallinity of CNC and CNF after methacrylation.52-6°

Cls of the films were summarized in Table S4 and the data showed a similar trend with the
observation made from the diffraction peaks. The alkali-treated SPI exhibited a high CI of 60.6%.
Methacrylation of the material reduced its Cl to 54.3% and the value was increased to 58.5% after
UV curing. The incorporation of CNC or MCNC into the material led to higher Cls than did the
incorporation of CNF or MCNF.

FTIR spectra of the films are shown in Figure S1 and a detailed analysis of the spectra was
provided in the Supporting Information. Due to the presence of the glycerol plasticizer in the films
and the overlapping bands of amide I (soy protein) and C=C (grafted methacrylate), it is difficult
to detect hydrogen bonding or crosslinking between the protein matrix and the cellulose nanofibers.

Effects of Cellulose Nanofibers on MSPI Water Resistance. Images of the samples after 8

hours of water immersion are shown in Figure 9. All the uncured samples (0 min) broke apart into
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small pieces during the immersion test, regardless of the incorporation of CNF, MCNF, CNC, or
MCNC. Therefore, the cellulose nanofibers alone cannot satisfactorily increase the water
resistance of the films. Nevertheless, the films consisting of the nanofibers (especially MCNC,
CNF, and MCNF) did show some degree of improvement because disintegrated pieces from these
films were larger compared with those from the neat film. For the samples cured for 2 min, the
neat MSPI film and the film reinforced by CNC (Figure 9a’ and b”) disintegrated into several large
pieces while the films reinforced by CNF, MCNF, or MCNC (Figure 9¢’, d’, and e”) were able to
maintain their structural integrity, indicating the strong effects of the nanofibers (especially CNF
and MCNF) and methacrylation on the improvement of the film water resistance. Even for the
disintegrated neat MSPI1 and MSPI/CNC films, 2-min UV curing still improved their water
resistance, as the disintegrated pieces were much larger than those without UV curing. In addition,
the fact that CNF could maintain film integrity (whereas CNC could not under the same condition)
again suggests the presence of a CNF percolation network in the MSPI/CNF film.

Curing time also played a factor in sample water resistance. The samples reinforced by CNF,
MCNF, or MCNC showed less swelling after 5 min curing than after 2 min curing. A longer curing
time leads to a higher crosslinking density, causing a more tightly connected structure which
allows less water ingression and swelling.*5°® Moreover, comparing d’ and e’ reveals that the
sample containing MCNF showed less swelling than the sample containing CNF, which is
attributed to the strong covalent bonding between MCNF and MSPI and higher hydrophobicity of

MCNF compared with CNF.
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Figure 8. Images of MSPI (a, a’, a”), MSPI/CNC (b, b’, b”), MSPI/MCNC (c, ¢’, ¢”), MSPI/CNF
(d, d’, d”), MSPI/MCNF (e, e’, ") films after 8 hours of water immersion. MSPI was synthesized

using 10% MANh. The content of CNF, MCNF, CNC, and MCNC is 10% in each case.

The tensile properties of the films after the water immersion were measured to further evaluate
their water resistance. Figures 9 shows the stress-strain curves of six water treated films and their
mechanical properties are summarized in Table S5. Compared with the tensile results for the dry
films (Figure 5 and Table S3), the failure stress, failure strain, and elastic modulus of the water
treated samples all decreased substantially. The decreases are understandable because the water-
treated samples contained large contents of water, which functioned as a plasticizer to separate

polymer chains and reduce their interactions, weakening the materials. It is also possible that some
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components of the films, e.g. unreacted soy protein molecules, leached out of the samples during
the immersion, further weakening the films.>%°8>° Similar to the dry films, a longer curing time
led to a higher failure stress and modulus but a lower fracture strain for the wet samples, due to
the increased crosslinking density after a longer curing process. The MSPI/CNF and MSPI/MCNF
wet films also exhibited higher mechanical properties than the MSPI/MCNC wet film, mirroring
the trend found in the dry films. The comparison of the properties agrees with the visual
observation in Figure 8, further demonstrating the advantages of CNF’s long fiber length in

improving the mechanical properties and water resistance of the soy protein resin.

1.8 4= 10%MAh 8%PI MSPI/CNF UV 2min
{—®— 10%MAh 8%PI MSPI/MCNF UV 2min

1.6 {—*— 10%MAh 8%PI MSPI/MCNC UV 2min
1{—¥— 10%MAh 8%P1 MSPI/CNF UV 5min

1.4 1—e— 10%MAh 8%P| MSPI/MCNF UV 5min
1—€— 10%MAh 8%PI MSPI/MCNC UV 5min

T Y T Y T ; T ¥
0 o 10 15 20 25
Strain (%)

Figure 9. Tensile stress-strain curves of MSPI films reinforced with 10% CNF, MCNF, or MCNC

after 2- or 5-min curing. The films were tested after 8 hours water immersion. MSPI was

synthesized using 10% MANh. All films contain 8% PI.
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Applications in Extrusion and 3D Printing. The developed MSPI resin can be readily adopted
in traditional plastics processing and also in 3D printing after a formulation adjustment for each
process. Figure 10a demonstrates the resin being extruded into plastic sheets using a HAAKE
PolyLab twin-screw extruder and Figure 10b shows the resin being 3D printed into a cylindrical
product using an in-house developed FDM (fused deposition modeling) 3D printer. The printed
article could hold its structure and shape without collapsing due to the resin’s relatively high
viscosity. The article was then placed under a UV lamp to be cured into a rigid part. The
formulation of the resin could be adjusted to have a lower viscosity. In this case, the resin was
partially cured while being deposited using a UV laser which tracked the nozzle tip (see Figure
10c). Post-curing was followed after the printing was completed. These demonstrations show that
the resin is versatile for different industrial processing methods and formulation adjustments are

relatively easy, involving mainly changing the ratio of the ingredients.

Figure 10. MSPI resin being processed into a sheet by (a) twin-screw extrusion and into a

flowerpot by (b) 3D printing without a tracking UV laser, and (c) with a tracking UV laser.

CONCLUSION
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In this study, we developed a technique that combines the advantages of UV curing and
nanofiber reinforcement to obtain UV curable soy plastics that exhibit greatly enhanced
mechanical properties and water resistance. Surface-modified, UV curable MSPI, MCNC, and
MCNF were prepared by methacrylation of SPI, CNC, and CNF, respectively. UV exposure time
and the degree of methacrylation of MSPI were shown to have significant effects on the
mechanical properties and water resistance of the MSPI films. Longer exposure time and higher
methacrylation degree led to higher sample tensile strength, modulus, and water resistance but
lower ductility because of a higher crosslinking density of the sample. The incorporation of the
cellulose nanofibers into MSPI further improved its mechanical properties and water resistance
because of the superior reinforcement effect of the nanofibers and CNF’s capability to form
network structures in the matrix. Among the four types of the cellulose nanofibers, MCNF led to
the largest increases in strength, modulus, and water resistance of the soy plastics. The synergistic
effect of photo-crosslinking and cellulose nanofiber reinforcement discovered in this study
provides a facile, effective method to improve the mechanical and water resistance performance
of soy plastics, which can be processed using the traditional plastic molding processes and the
modern 3D printing technology. This technique can potentially offer great economic and
environmental benefits to society as it solves one of the most difficult issues facing current soy

plastics.
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Synopsis

Mechanical properties and water resistance of soy based plastics were substantially improved

through UV curing and cellulose nanofiber reinforcement.

TOC

UV-curable CNF-reinforced soy protein Film produced by solution casting of Sheat produced by twin- Resin being used for 3D printing
resin with adjustable viscosities the resin screw extrusion of the resin
14
= wio UV curing & CNF reinforcemient
=—w/ UV curing & CNF resnforcement 1
12- = = B . wi UV curing & CNF
| s nforcement reinforcement
10 4 L - MCNF
5 e cc
3 s
2 |
|
44 |
2 I
~ !
a
2'5 5'0 7'5 160 1:?5 1;'){) |;'r5 200 Increasad sample machanical properties and water resistanca aftar UV curing

and CNF reinforcement of the resin (after 8h water immersion)

Strain (%)

35



