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Abstract: Cottonseed protein (CP) was compounded with polycaprolactone (PCL) in
different concentrations by melt blending, and then hot-pressed to prepare CP/PCL
blend films. A co-continuous phase is formed when the CP/PCL content is 50/50, and
the tensile strength, modulus and toughness are 9, 10, and 63 times greater than that of
neat CP film. This remarkable improvement is mainly due to the intrinsic flexibility of
long PCL polymer chains, whilst the polymeric crystalline structure can still be formed.
Furthermore, 1wt% of compatibilizing agent — glycidyl methacrylate (GMA) or maleic
anhydride (MA), is added to the blends. Measurements from scanning electron

microscopy (SEM), X-ray photoelectron spectroscopy (XPS) and Fourier transform
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infrared spectroscopy (FTIR) showed the presence of chemically reactive
compatibilization between the compatibilizer and CP or PCL phase, and the two phases
with strong binding forces are well dispersed. Meanwhile, the compatibilizer can induce
the protein secondary structure to unfold, further increasing the physical
compatibilization between the protein and polymer chains, which has a noticeable
contribution to the blend’s mechanical, hydrophobic properties and thermal stability.
This work adds new element to the knowledge of compatibilization in terms of
optimised interfaces of polymer blends, and provide new insights into fabricating high
performance protein derived bioplastics and biocomposites.

Keywords: Bio composites (A); Interphase (B); Mechanical properties (B);
compatibilization; plant protein

1. Introduction

The non-degradability of traditional petroleum-based polymeric plastics, especially
microplastics[1], poses a threat to the environment and even human health[2]. One of
the key solutions is to develop environmentally friendly bioplastics that are fully
degradable. Within this area there are two main research hotspots. One is the use of
biodegradable aliphatic polyesters, such as polylactic acid[3], poly(butylene
succinate)[4], and poly (butyleneadipate-co-terephthalate)[5]. The other is naturally
biodegradable polymers. In particular, low cost by-products of the food/agriculture
industry provide rich protein sources, such as rapeseed oil protein[6], crayfish shell
protein[7], chicken feather keratin[8], cottonseed protein[9]. Cottonseed protein (CP) is
a high-quality plant protein with a globulin content of 90% that after hydrolysis contains
18 amino acids similar to soybean protein[10]. In addition, the global output of
cottonseed from 2019 to 2020 was 44.95 million tons demonstrating its largescale
availability[11]. Currently it is mainly used as animal feed source[12], or goes to waste.

There are a number of successful examples using protein to prepare higher
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value-added bioplastics and composites. In particular, considering the inferior
mechanical properties of protein-based bioplastics, efforts in cross-linking[9] and
natural fibre reinforcement[13] have sought to rectify to some degree these deficiencies.
Also, blending the protein with biodegradable synthetic polymers has been shown to be
an effective strategy. For example, the addition of polyurethane prepolymer (PUP)
improved the toughness of its blend soy protein composites, though the wet tensile
strength was slightly slower[14]. In another example, CP was blended with poly(vinyl
alcohol) PVA and then solution-casted to prepare CP/PVA blend films[15]. At higher CP
concentrations there were visible signs of agglomeration, indicating the limited
compatibility between the CP and PVA. Several plasticizers that can form hydrogen
bonds with both species were used. Interestingly, feather keratin and PVA can
experience macromolecular chain entanglements after blending, which improves the
mechanical properties of feather keratin/PVA electro-spun nanofibers[§].
Polycaprolactone (PCL) has been widely used in applications of degradable
plastics[16], porous nanomaterials[17], hot melt adhesive[l18], and biomedical
materials[19]; due to its excellent biodegradability, biocompatibility, high flexibility,
and processibility[20]. Additionally, there have been a number of reports on the
improvement in the properties of protein polymers, by blending PCL with them. For
instance, with incrementing PCL blend content above 5wt%, the maximum stress and
Young's modulus of rapeseed protein/PCL biocomposites increased[6]. In the case of
blending crayfish protein with 30wt% PCL the maximum strain fracture was improved
by approximately 38%[7]. Similar PCL reinforcement effects were also found in soy
protein/PCL[21] and wheat gluten/PCL[22] blend biocomposites. Nevertheless,
hydrophobic PCL are incompatible to hydrophilic bio-derived polymers; methods of
plasma treatment[23], and addition of nano-hydroxyapatite[24] in scaffold polymers

were reported to address this issue. Successful application of small-molecule
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compatibilizers (e.g., coconut 0il[25], methylenediphenyl diisocyanate MDI[26], MA
[27]) have been shown to improve the interfacial compatibility in these types of
protein/biopolyester blends.

However, these compatibilizers can react only with the protein and not with the
hydrophobic polymer, limiting the degree of compatibility between the components.
Modifying the PCL with a small amount (2.5wt%) of anhydride improved the tensile
strength 2-3 times in the wheat gluten/PCL blends, which were thought to be due to
both improved chemical and physical interactions, and consequently better dispersions
of the gluten phase within the continuous PCL phase[28]. In addition, PUP was found to
improve the compatibility of soy protein-polyesters composite through chemical
bonding[29]. The isocyanate groups(N=C=0) of PUP can react with the soy protein
functional groups via urethane linkages to enhance the interaction between them.
However, to synthesize PUP, PCL glycol and toxic MDI need to be reacted under
vacuum, and stirred continuously at high speed and temperature.

Glycidyl methacrylate (GMA) and MA consisting of active functional groups (e.g.,
vinyl, epoxy, and anhydride) have been widely used for interface improvement in
plastic/rubber blends, and being considered herein as reactive compatibilizer. More
importantly, how to effectively achieve compatibilization in degradable protein/polymer
blends, especially revealing possible physical/chemical interactions between the
components (e.g., transformation of protein secondary structure) in this biocomposite
system still remains unclear. In this study, PCL was melt-blended with CP and then
hot-pressed to produce CP/PCL blend biocomposite films. The effects of PCL content
on the morphology and properties of the biocomposites were investigated. Results
showed that the interfacial compatibility of the CP/PCL blends was improved by adding
a small amount of GMA or MA molecules, which resulted in a uniform CP dispersion

and formation of a continuous PCL phase. These materials showed significant
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improvement in tensile strength, modulus, toughness, and thermal stability. The
strengthening mechanism involving interfacial chemical compatibilization and physical
synergistic compatibilization induced by protein structure transformation is explained
and proved through systematic differential scanning calorimetry (DSC), X-Ray

diffraction (XRD), FTIR and XPS characterization.

2. Material and methods

Materials. CP powder (protein content about 50% measured by the Kjeldahl method)
was obtained from Qingdao Kerui Culture Medium, China. Polycaprolactone was
purchased from Perstorp UK (CAPA®6500) with a relative molecular weight of 50000,
and a OH value of ca.2 mg KOH/g. Urea, sodium hydroxide, glycerol and anhydrous
ethanol were purchased from Tianjin Damao chemical reagent factory. Compatibilizers
GMA and MA were provided by Shanghai Maclean biochemical technology. Dicumyl
peroxide (DCP) was provided by Shanghai Aladdin Biochemical Technology. All
reagents were analytically pure and used as received without further purification.

CP pre-treatment. The procedures used to denature and plasticise CP were reported
previously[9]. Briefly, CP and urea were mixed in water and kept stirring for 4 hours at
room temperature, and the pH of the mixture adjusted to pH 11 using 1 mol L' NaOH
before being heated to 70 °C for 30 min. Then, glycerol was added and the mixture
stirred for another 30 min before being heated in an oven at 80 °C for 48 hours. At this
stage the pre-dried material was crushed into granules, and then heated at 80 °C again
for 48 h until a constant weight was achieved.

Melt Blending. CP granules, PCL, and compatibilizer were melt-blended in a torque
rheometer (XSS, Shanghai Kechuang Rubber Machinery Equipment) at 30 rpm for 20
min. The rheometer chamber temperature was set at 130 °C. A tiny amount of an
initiator, DCP (5%, relative to the compatibilizer weight) generating free radicals at high

temperature in a short time, was added for better formation of entangled polymer chains
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networks during the blend compounding process[4, 30]. Sample nomenclatures are:
CP/PCLO, CP/PCL10, CP/PCL30, CP/PCL50, CP/PCL100, where the number
represents the mass fraction of PCL in the blend. CP/PCL30/GMAI1 and
CP/PCL30/MALI represent the sample CP/PCL30 containing 1wt% GMA or MA.
Hot Pressing. After melt-blend compounding, a certain amount of the product was
placed between stainless steel plates (width = 700 mm, length = 700 mm, thickness =
0.75) covered with aluminium foil. It was then transferred to the hot-press (HY-25TS,
Shanghai Hengyu Instrument) for 5 min at 120 °C, 20 MPa. Afterwards, the obtained
CP/PCL samples were stored under vacuum for 24 h before use.

Details in instrumental characterization and a schematic illustration of the fabrication

procedures can be found in Supporting information.
3. Results and Discussion

3.1. CP/PCL blend compounding

Bioplastic composites were prepared by melt compounding CP with different
amounts of reinforcing component PCL, followed by hot-press moulding, as illustrated
in Fig. S1. Flexible polymer films/sheets with the desired thickness were obtained.
Cross-section images in Fig. 1a-b show granules in CP/PCL0O and CP/PCL10, formed as
protein agglomerates[9, 13], leading to a rough and uneven surface (Fig. 1f-g). This
protein agglomeration has been found in some protein-polymer blends, and usually
presents a droplet-like morphology[29]. Generally, hydrophobic PCL with terminated
hydroxyl group functionality is incompatible with more hydrophilic proteins consisting
of carboxyl and amine groups at chain ends. Phase separation between CP and PCL
occurs at low PCL concentrations. The protein is only weakly aggregated and as such, is
partially separated revealing a flaky structure as in the case for the sample CP/PCL30
(Fig. 1c). This scaly feature is very similar to the strong ductile fracture morphology in

other polymer biocomposites[31]. Furthermore, a co-continuous phase is formed when
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the CP/PCL mixing content is equivalent (CP/PCL50). The scaly morphology in this
specimen is even more evident (Fig. 1d), and similar to that of CP/PCL100 (Fig. 1j),
indicating that the addition of PCL can increase the plastic flowability of the blend films,
which is consistent with the tensile test results (Fig. 2 and Table 1). Additionally,
well-distributing cavities appeared after chloroform etching treatment, as shown in Fig.
1 k-n. Both number and size of these cavities increase when higher amount of PCL was

present in the biocomposites, indicating well dispersion of PCL phase within CP matrix.

Fig. 1.

The effects of blending PCL content on mechanical properties of CP/PCL blend films
were investigated by standard tensile testing, with typical stress-strain curves shown in
Fig. S2. While mechanical strength of neat CP and CP/PCL10 are very low (< 1 MPa),
strength and toughness of the CP/PCL blends significantly improved as the PCL content
increased. For example, the tensile strength, Young's modulus, and toughness of
CP/PCL50 are 5.1 MPa, 71 MPa, and 328 kJ/m>, respectively, which are 9, 10 and 60
times greater than that of the neat CP film. For CP/PCL30, the strength, modulus, and
elongation at break were improved by 3 times compared to CP/PCLO. Interestingly, this
strength increase only appears when a threshold amount of PCL is reached. For
CP/PCL10 sample, the presence of phase separation (Fig. 1b, g) deteriorates stress

transfer, and the binding forces between components are close to the weakest. Similar
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threshold of modulus increase has been found in rapeseed meal/PCL blend at Swt%
PCL[6], and in soy protein/montmorillonite (MMT) at 1.6wt% MMT[32]. Moreover,
the CP/PCL blends display good mechanical properties comparable to other
protein/polymer blends, as seen in Table 1. Compared to the literature reference of the
same composite component blend, CP/PCL60[18], the tensile strength and Young’s
modulus of our CP/PCL50 was 18 and 5.4 times stronger, respectively (Table 1).
Moreover, the elongation at break of CP/PCL30 in this study is 4 times higher than that
of CP/PVA30 (70wt% CP and 30wt% polyvinyl alcohol)[15], and two times greater
than SPI/PCL50[29]. The increase in elongation at break is even more evident for our
CP/PCL50 sample, mainly due to the ductility contribution of PCL. These results
suggest that the use of PCL as a reinforcing phase for protein blend composites is
attractive, especially when it comes to ductility enhancement.

Table 1. Mechanical properties of CP/PCL blend samples. Six other similar

protein/polymer blend biocomposites are included for comparison.

Tensile Young’s Toughness
Elongation at
Samples strength modulus (kJ m™) Ref.
break (%)
(MPa) (MPa)
CP/PCLO 0.58+0.07  7.40+0.98 13.72+1.52 5.22+0.45
CP/PCL10 0.37£0.07  4.94+0.71 11.22+1.94 2.67+0.88
CP/PCL30 1.81+£0.17  22.50+4.35 45.66+5.18 64.98+8.85
CP/PCL50 5.17¢0.48  70.96+8.73 75.83+£14.86  328.5+92.2 this
CP/PCL100 20.79+1.84 110.5+4.07 947.9487.5 / work
CP/PCL30/GMA1 2.67+0.16  41.30+2.33 50.87+2.27 117.9+7.07
CP/PCL30/MA1  1.96+0.30  33.92+2.92 45.3+£8.75 75.18+26.82
CP Concentrate 2.55+¢0.25  16.53+1.88 62.2+13.3 / [13]
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CP40/PCL60 0.28+0.06  13.1+3.83 2.9+0.4 / [28]

CP/PVA30 6.0 / 10.0 / [15]
SPI/PCL50 5.1 / 4.60 / [32]
Crayfish/PCL30 2.0 110 40.0 ~800 [10]
Rapeseed/PCL20  0.32 0.32 8.0 / [34]

It was speculated that the PCL addition on the improvement of the tensile strength
and modulus is strongly related to the formation of PCL crystalline structures. To verify
this, DSC and XRD experiments were carried out. Fig. 2a shows DSC heating and
subsequent cooling curves of the CP/PCL blends. The endothermic peak that appeared
in the heating stage at a 7w of approximately 51 °C is the melting peak of
semi-crystalline PCL. Clearly, the area of this melting peak increases with increasing
PCL content. The appearance of a shoulder peak for the CP/PCL10 and CP/PCL30 is
due to melting of smaller PCL crystals. During the cooling stage, neat PCL crystallizes
at T around 20 °C while CP/PCL50 and CP/PCL10 at 15 °C and 10 °C, respectively.
This decrease in Tt is ascribed to kinetically unfavourable PCL crystallization in the
presence of nearby abundant CP biomacromolecules, which is commonly seen in
semi-crystalline polymer blends like PCL/PLA[33]. The presence of the CP phase leads
to the formation of a less ordered PCL crystalline structure, with lower T and degree of
crystallinity (X:%) relative to the neat PCL. Detailed DSC thermal results are listed in
Table S1, with the obtained X% results showing the same tendency as those obtained

from XRD, decreasing with higher CP content (see Fig. S3).
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In Fig. 2b, all samples showed three clear diffraction peaks at the same position,
corresponding to (110), (111), and (200) planes of PCL crystals, which indicates that the
presence of amorphous CP has a negligible impact on the PCL crystalline structure.
Nevertheless, the reduced intensity of the three diffraction peaks suggests that the CP
chains hinder the formation of PCL crystallites. Moreover, the long period interlamellar
distance might be affected, as co-continuous phase (Fig. 1d) presented in CP/PCL
blends is likely to generate microphase-separation influence on the confined
crystallization of PCL[34, 35]. Further study on this scenario is under investigation
using small angle X-ray scattering.

To understand better the interactions occurring between the CP/PCL blend
components and if they are of a chemical or physical nature, FTIR spectra were

! corresponding to the

recorded (see Fig. 3a). The absorption peak at 2953 cm’
methylene C-H stretching vibration grows in intensity with increasing PCL content. A
similar tendency was found for the peaks at 1726 cm', which is ascribed to the
stretching vibrations of the carbonyl (C=0O) group. The stretching vibrations of the ether
group (C-O-C) display two characteristic peaks at 1255 cm™ and 1163 cm™!. The amide
I (stretching vibration of C=0 in peptide chains) at 1621 cm™!, amide II (N-H in-plane
bending [36]) that usually occurs at 1500~1600 cm™, and amide III bands (C=O

bending and C-N stretching vibrations[9]) at 1455 cm™ can all be identified. Apart from

change in peak intensity relating directly to increased PCL content, there are no new
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discernible peaks nor peak shifts that is consistent with only physical interactions occur

between CP and PCL polymer chains.
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Interestingly, information about secondary structure of protein (like regularly ordered
a-helix and B-sheet forms, and the irregular B-turn form) can be obtained by analysing
infrared spectra through peak deconvolution of protein amide band[37, 38]. Successful
examples on revealing the changes of secondary structure using this method were found
in black turtle beanan lectin[39] and food proteins[40]. Detailed spectral analysis and
the estimated percentage of the protein secondary structure are shown in Fig.3b, and
Table S2, respectively. From the estimated percentages, the a-helix and B-sheet are the
predominant forms increasing from a total of 85% for the neat protein (CP/PCLO) to
nearly 90% as the PCL content in the blends increases, with a subsequent drop in the
B-turn percentage. That means the PCL blending treatment is likely to promote the
ordered transformation of protein secondary structure. However, hydrogen bonding
within the structure would be strengthened, reducing possible CP/PCL chain
entanglements. To overcome this, a compatibilizer was applied to weaken the hydrogen
bonding and create possible chemical interactions between the CP and PCL

components.
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3.2. Improvement of CP/PCL interfacial compatibility

Further CP/PCL30 films were prepared by adding 1% GMA or MA compatibilizer. It
was found from tensile testing results (Table 1) that the addition of a small amount of
either compatibilizing agent had a noticeable improvement on the mechanical properties
compared to the CP/PCL30 films without the GMA or MA. For instance, the Young's
modulus of CP/PCL30/GMA1 doubled from 22.5 MPa (CP/PCL30) to 41.3 MPa, and
that of CP/PCL30/MA1 increased 1.5 times to 33.9 MPa. Furthermore, the tensile
strength and toughness of CP/PCL30/GMA1 showed a 47% and 100% improvement.
The compatibilization effect can also be observed from their microscopic morphology.
In Fig. 4, the scaly-like continuous phase can again be observed indicating that it has a
ductile morphology. For the compatibilized samples (CP/PCL30/GMA1 and
CP/PCL30/MA1), this ductile morphology is more apparent, in line with their higher
values of elongation and toughness (Table 1). After etching treatment, the ductile
morphology disappeared (Fig. 4g-i); instead, cavities uniformly distributed in
CP/PCL30/GMA1 and CP/PCL30/MAI, in contrast to CP/PCL30, suggesting good
phase dispersion in the compatibilized samples. From closer inspection of Fig. 4d, tiny
protein particles are still present in the CP/PCL30 sample. However, the size of these
particles is significantly reduced after adding GMA or MA (marked by arrows in Fig. 4e
and Fig. 4f), indicating less phase separation within the biocomposite. Therefore,
interfacial compatibility between CP and PCL chains could be improved by adding a
small amount of the chosen compatibilizer. These results were further confirmed by
identifying the pixel distribution and estimation of the grayscale / colour gamut using

optical microscopy (see Fig. S4 and Table S3).
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Fig. 4.
The improved CP/PCL compatibility slightly reduces the crystallinity of PCL (Table

S1). However, it seems to have had less impact on their thermal performance, with TGA
and DTG curves (Fig. S5) being very similar to the non-compatibilized sample
CP/PCL30. Thermal degradation kinetic experiments were conducted by heating
samples at four different rates (5, 10, 20 and 25 °C min'). The apparent activation
energy E, was then calculated using the differential Kissinger method [44], as shown in

Equation (1)

In (%) —In (;la‘)—:—; (1)

p

where £ is the heating rate (K s'), 4 the frequency factor (s!), R the ideal gas constant
(8.314 J mol! K1), T, the maximum decomposition temperature (K). The activation
energy E. of the thermal decomposition process can be obtained from the slope of the
plot In (B/(Ty?) vs. 1/T,. It was found (Table 2) that E, of the CP/PCL biocomposites
containing GMA or MA was noticeably higher than that of the control sample
CP/PCL30. For instance, after adding 1wt% MA, E. is increased by 19%, suggesting
that more energy is required to initiate decomposition. In other words, the
compatibilized samples enjoy stronger binding forces and higher thermal stability than

that without treatment.
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Table 2. Thermal decomposition temperature and activation energy of CP/PCL samples.

E. Residual

Samples Ti0% (°C)  Tcp(°C) TecL (°C)

(kJ/mol) (%)
CP/PCL30 185 235 399 208 15.9
CP/PCL30/GMA1 195 238 398 235 14.1
CP/PCL30/MA1 187 237 402 246 15.6

Note: Tho%, Tcp and TpcL corresponds to the temperature at 10% weight loss, the
maximum CP and PCL weight loss, respectively.

Furthermore, the hygroscopicity (equilibrium moisture absorption) decreased by
16.57% and water diffusion coefficient decreased by about 30% when 1wt% of GMA
was added to CP/PCL30, see results in Table S4. The improvement of hydrophobicity is
mainly due to the formation of more tightly bounded interfaces induced by the
compatibilizer. A dense network structure of CP/PCL30/GMA1 (higher density vs.
CP/PCL30, Table S4) would make water molecules much difficult to diffuse in
materials[41].

3.3. Reinforcement Mechanism

In addition to the protein secondary structure transformation and enhanced hydrogen
bonding described previously, further insights into chemically reactive
compatibilization between the compatibilizer and the CP or PCL were analysed using
FTIR and XPS. In Fig. 5a, compared to CP/PCL30, the peak intensity at 1726 cm’!
(C=0 stretching vibration) and 1159 cm! (C-O-C asymmetric vibration) in
CP/PCL30/GMA1 and CP/PCL30/MAI1 increased. Furthermore, the peak position of
the amide I band shifted from 1620 cm™ to 1624 cm™ (Fig. 5b) after the addition of the
compatibilizer GMA or MA; this shift is often ascribed to the changes in the protein
secondary structure[42]. More importantly, new peaks at 1593 cm™ and 1594 cm’!

appeared in CP/PCL30/GMAT1 and CP/PCL30/MA1, respectively, indicating chemical
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reactions have taken place during the compatibilization treatment. Possible chemical
reactions between the compatibilizer (GMA or MA), protein and PCL are illustrated in
Fig. 5c. Glycidyl methacrylate and maleic anhydride have epoxy and anhydride groups
at chain ends, being able to react with hydroxyl or amino groups [43] and form the new
functional group -C(=0)-C=C-. As such, the newly developed peaks at 1593 cm™ and
1594 cm™! are likely due to the stretching vibration of the double bonds in unsaturated
alkene substituted by carbonyl group, whose absorption often appears near 1600 cm’!
[44]. A tentative reinforcing mechanism in the CP/PCL blend biocomposite is proposed
in Fig. 5d. For blend compounding PCL with CP, polymer chain entanglements and
hydrogen bonding are the main driving forces to enhance CP/PCL interactions. When
the small molecules GMA or MA are present in the same system, on the one hand, they
can migrate and penetrate into the CP/PCL interfaces, contributing to CP
chain-unfolding and transformation of the protein secondary structure from a-helix and
B-sheet to B-turn. This phenomenon is similar to the compatibilizing action of clay and
MMT nanofillers in polymer blend composites [45, 46]. Nevertheless, the migration and
penetration process would be affected by a number of factors like molecular size,
viscosity, and surface free energy[47, 48]. The increased amount of disordered B-turn
structure (Table S2) is expected to aid mechanical properties of the protein derived
biocomposites [15]. On the other hand, hydrogen bonding within the system would be
weakened during the protein unfolding transformation, thus exposing a greater
proportion of reactive -NH» and -OH functional groups. As a consequence, there will be
more chance for the chemically reactive compatibilization effect to occur (Fig. 5c),
further enhancing the CP/PCL interfacial bonding strength. Quantitative analysis of the
interfacial thickness of polymer blends would be considered to provide detailed length

scale information[49].
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Fig. S.

Additional evidence is provided by XPS. Results of element analysis in Table S4
indicate that the nitrogen content in CP/PCL30/GMAI1 and CP/PCL30/MA1 has
increased, which has to originate from the cottonseed protein amino groups as GMA
and MA contain no nitrogen. Specifically, nitrogen increment is most likely due to the
exposure of the -NH> group after compatibilization treatment and unfolding of the
ordered protein structure (Fig. 5d). A similar explanation is plausible for the additional
oxygen content (Table S5) from increased exposure of the protein -OH groups.

Fig. 6 shows the Cls and Ols binding energies of the compatibilized samples
CP/PCL30/GMA1 and CP/PCL30/MA1 compared to the control sample, CP/PCL30.
Clearly, in the Cls spectrums with binding energy peaks at 284.8 eV (C-C bond), 286.3
eV (C-N or C-O bond), and the Ols spectrums at 531.3 eV related to the O-C bond
remain unaltered. However, the binding energies associated with the C=0 bonds in both
Cls and Ols spectra increase by 0.1eV. In addition, from the FTIR of the
compatibilized samples shown in Fig. 5 a-b, there is evidence of sp?> C=C hybridised
carbon, which typically gives rise to an electron-absorbing conjugation effect (nuclear

potential V4,), and a reduced shielding effect (nucleus valence electron repulsion
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potential V,)[50]. Overall, the total Cls and Ols binding energies (the sum of ¥, and V%)
of the C=0 bond slightly increases. These characteristics in the XPS spectra further
confirm the unsaturated bond formation due to the GMA/MA compatibilization

treatment, and suggest the occurrence of chemically reactive compatibilization.
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Fig. 6.
4. Conclusion

Biodegradable protein/polymer blend biocomposites with desirable mechanical and
thermal properties were fabricated via compounding of cottonseed protein with
polycaprolactone by melt blending and hot-pressing. This simple CP/PCL blend
compounding mainly involves physical chain entanglement and hydrogen bonding
between the two blend phases. Moreover, the excellent flexibility of the long PCL
polymer chains and its crystalline structure contribute to improved mechanical
properties whilst above the noted threshold concentration. The addition of 5%
compatibilizer (e.g., glycidyl methacrylate) plays a significant role in the even
dispersion of the blend phases, helping their interfacial compatibility. Specifically, the
compatibilizer can induce the unfolding transformation of the protein secondary

structure, from o-helix and B-sheet into the disordered B-turn structure, which brings
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deeper understanding of molecular structure evolution during the process and adds new
element to the knowledge of compatibilization of polymer blends[51]. A synergistic
strengthening effect (physical compatibilization between protein and PCL polymer
chains, and chemically reactive compatibilization at functional interfaces among the
compatibilizer, CP and PCL macromolecules) presented in this work is likely to be
applied to other protein/polymer blend biocomposites, providing insight into fabricating
high performance protein derived bioplastics. Likely potential applications of this type
of blend biocomposites include plywood adhesives[18], biomedical engineering[20],
packing sheet, and agriculture flower/plant pot[13], etc. Measurements of
biodegradability of the blend biocomposites using soil-burial tests are under
investigation.
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Figure captions

Fig. 1. SEM cross-section images of CP/PCL blend films (CP/PCLO, CP/PCLI10,
CP/PCL30, CP/PCL50, CP/PCL100). The bottom images are the enlarged areas marked
with red boxes in the correspondent above images.

Fig. 2. (a) DSC heating and subsequent cooling curves of the CP/PCL blend
biocomposites. (b) X-ray diffractograms of the biocomposites, with major diffraction
peaks labelled.

Fig. 3. (a) FTIR spectra of the blend biocomposites. (b) The enlarged fitting curves of
amide I and amide II bands estimating the percentage of protein secondary structure
contribution (a-helix, B-sheet and B-turn).

Fig. 4. SEM cross-section images of the compatibilized samples (CP/PCL30/GMAL
and CP/PCL30/MA1) with the standard CP/PCL30 included for comparison.

Fig. 5. Demonstration of compatible reinforcement in CP/PCL blend biocomposites. (a)
FTIR spectra of the biocomposites (CP/PCL30, CP/PCL30/GMAl and
CP/PCL30/MALI). The region where possible chemical reactions take place is enlarged
in (b). (c) Tentative chemical reactions between functional groups of the compatibilizer
and -OH or -NH: groups. (d) Schematic illustration of the compatibilizer-induced
protein unfolding process.

Fig. 6. XPS spectra of the compatibilized sample (CP/PCL30/GMAIl and

CP/PCL30/MA1) in comparison to the standard CP/PCL30. Cls spectra are shown in

(a), (¢), (e) and Ols in (b), (d), (f).
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Highlights

® The reinforcement effects involving physically polymer chain interactions (e.g.,
transformation of protein secondary structure) and chemically reactive compatibilization
provide new insights into the knowledge of compatibilization in terms of optimised
interfaces within polymer blend biocomposites.

L] The addition of small-molecule compatibilizer (e.g., glycidyl methacrylate) plays
a critical role in increasing the protein/polycaprolactone interfacial bonding and co-
continuous phase formation, further enhancing mecahnical, themal, and hydrophobic
properties of the biocomposites.

L Mechanial and thermal properties of the biocomposites can be significantly
improved by simply tuning the content of reinforcing polycaprolactone.

o Cottonseed protein/polycaprolactone blend biocomposites can be easily fabricated

by melt-compounding and hot pressing.



