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ABSTRACT: A nonedible protein was extracted from defatted karanja (Pongamia pinnata) seedcake, so far considered as
forestry waste residue after oil extraction. High average molecular weight and availability of reactive amino groups of karanja
protein (KP), which can be cross-linked, provide the basis to form strong polymeric material. Green thermoset resin was
developed from KP using a natural a,f-unsaturated aldehyde “cinnamaldehyde”. In addition, a natural plasticizer (sorbitol) was
used to reduce the brittleness of the resin. Mechanical and physical properties were characterized by solution casting resin films.
The cross-linking and plasticizer content were optimized to get the best overall performance. A combination of 5% plasticizer
content and 12% cross-linking resulted in best mechanical properties. The modified KP resin provides a green, sustainable, and
biobased alternative to not only the petroleum-based resins but also to the edible protein-based resins such as soy protein. The
KP resin would be inexpensive and useful to fabricate biobased green composite structures.
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B INTRODUCTION

Ecological awareness and economic concerns have created
strong interest in developing environmently friendly and
biodegradable green materials from low cost or free natural
resources as substitutes for nonrenewable petroleum-based
materials. Much research has been done to utilize agricultural
raw materials for the production of biodegradable systems.'~”
Plant proteins, being natural polymers, constitute a viable
source of the biodegradable system through the formation of
numerous intermolecular bonds due to the presence of polar
amino acids and, hence, can offer a wide range of potential
functional properties as a biobased resin for composite
structures.® 4

Until now, research has been focused on proteins derived
from edible oilseeds such as soybean, peanut, wheat, etc. to
produce resins commercially.">™'® Because these proteins are
edible for humans as well as animals, it would be preferable to
utilize nonedible proteins instead. Proteins from oil-rich seeds
such as karanja (Pongamia pinnata) and jatropha (Jatropha
curcus) are nonedible due to the presence of toxic and
antinutritional compounds. As a result, they do not compete
with the edible protein sources and can be used for applications
in nonfood packaging as well as adhesives and resins in
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composites. In the recent past years, karanja seed has been
utilized as a source of biodiesel production.’**" After oil
extraction from the seeds, protein-rich defatted karanja seed
cakes remain as waste residue that have very low value
applications such as organic nitrogenous fertilizers or fuel
sources.”” The defatted karanja cake might have additional
value if it could be applied in the nonfood applications as a
green resin for biobased composite structures. One of the
worries of using edible proteins, such as soy as resin in green
composites, is that it may get affected through microbial activity
or even eaten by insects during use. This makes it necessary to
add antimicrobial compounds to the resin. In the case of
karanja, however, the presence of toxic compounds may
altogether eliminate the need for antimicrobials and antifungi
compounds.”

Karanja (Pongamia pinnata) is one of the widely grown forest
trees in south Asia. About 200 million tons of seeds are
collected every year in India.”' The seed contains 33—36% oil
and 20—30% protein.24 Karanjin, pongamal, and an unusual
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amino acid, glabrin, are the toxic and antinutritional chemicals
present in the seed that restrict its use as animal feed.”> As a
result, after oil extractions, this nonedible defatted seedcake
becomes essentially free in South Asia regions. While the
functional properties of soy and other edible proteins have been
explored extensively, sheet forming abilities and properties
using nonedible karanja protein (KP) from defatted karanja
seed cake (KSC) have not been investigated yet.

The present study is focused on the potential of KP for
development of green resin with acceptable properties for
future applications in composite structures. It is well established
that a major additive for protein-based sheet formation is
plasticizer as the sheet becomes very brittle without it.*’
However, plasticizers decrease the mechanical stiffness by
reducing intermolecular forces and increasing the mobility of
polymeric chains by increasing the free volume of the system.*®

Modifications of protein by chemical cross-linking provide an
effective means to improve the functional performances of the
plasticized sheets.”® So far, synthesized aldehydes such as
glyoxal, gluteraldehyde, and formaldehyde have been most
commonly used as cross-linkers for protein-based sheets.””
However, the inherent toxicity of these compounds restricts
their use in biobased green applications. Recently, a naturally
occurring low cost aromatic aldehyde “cinnamaldehyde”
derived from the bark of cinnamon has been used to cross-
link wheat proteins.zs’28 In addition, it acts as an antimicrobial
agent that may be needed for structural applications.”
Cinnamaldehyde, together with karanjin, pongamal, and glabrin
can provide excellent protection from microbes and insects and,
thus, increase the durability and life of the protein-based
composites.

This study investigates mechanical, thermal, and physico-
chemical properties of KP sheets. The effects of an increasing
ratio of a natural polyol-based plasticizer “sorbitol” and natural
cross-linker “cinnamaldehyde” on the properties of KP resin
have been extensively investigated. Overall, the aim of the study
was to explore a fully natural and biodegradable protein-based
resin from an agricultural waste residue of nonedible seed for
sustainable green composites and other applications.

B EXPERIMENTAL PROCEDURE

Materials. Defatted KSC was purchased from The Ahimsa
Alternative, Inc., Bloomington, MN. Analytical grade sodium
hydroxide (NaOH) pellets, hydrochloric acid (37%), reagent
grade sorbitol (>98% purity), and cinnamaldehyde (>93%
purity) were purchased from Sigma-Aldrich Chemical Co.,
Allentown, PA. Tris-HCl, sodium dodecyl sulfate (SDS),
dithiothreitol (DTT), NuPAGE 4X LDS loading buffer,
NuPage Novex 10% Bis-Tris precast gels, NuPAGE MOPS
SDS running buffer, and Invitrogen colloidal coomassie blue,
required for sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis (SDS-PAGE), were purchased from Life Technolo-
gies, Grand Island, NY.

Extraction of KP. KP was obtained by alkaline extraction
and acid precipitation of defatted KSC.** Defatted KSC was
ground into powder using a blender and passed through a 300
um mesh sieve to obtain homogeneous microparticles. Sieved
powder was then dispersed in deionized (DI) water at a ratio of
1:10 (w/v) and adjusted to pH 10.5 = 0.2 using 1 M NaOH.
The mixture was stirred at 350 rpm and 75 °C for 60 min.
Then, the mixture was centrifuged at 3000g for 20 min at room
temperature, and the supernatant was collected by discarding
insoluble residues. The pH of the supernatant was adjusted to
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4.5 + 0.2 with 1 M HCI and stirred for 20 min at 350 rpm at
room temperature to allow isoelectric precipitation. The
suspension was centrifuged again at 3000g for 20 min. The
resulting brown suspension, referred to as KP, was separated,
freeze-dried, ground, and stored at room temperature before
characterizing their properties.

Preparation of KP Resin Sheets. KP sheets were prepared
by using a modification of the method carried out for soy
protein sheet formation in our laboratory.>'"'*'* At first, KP
was mixed with DI water at a ratio of 1:10 (w/v) by a magnetic
stirrer at 350 rpm for 15 min. After homogenization of
mixtures, the pH of the solution was adjusted to 10.5 + 0.2
using a 1 M NaOH solution and was stirred further for 30 min
at 80 °C. The solution was dried on a Teflon-coated glass plate
for 20 h in an air-circulating oven maintained at 35 °C after
which the oven temperature was further raised to 45 °C for the
next 4 h. Finally, the dried KP sheets were cured using a Carver
Hydraulic hot press at 130 °C for 25 min under a pressure of
2.5 MPa. Sheets made of pure protein itself were too brittle to
handle. A predetermined amount of sorbitol was added to the
KP solution prior to casting, as plasticizer, to overcome the
brittleness. The plasticizer content was varied to obtain the best
properties of the KP resin sheets. A similar processing
technique was used for plasticized KP sheets, as described
above. Cross-linked KP sheets were obtained by adding
cinnamaldehyde to plasticized KP solutions in different
proportions to study the effect of cross-linking and to obtain
the best properties of KP resin sheets. The predetermined
amount of cross-linker was added to the plasticized solutions
after 20 min, and stirring was continued at 350 rpm and 80 °C
for 10 min. The same drying and curing cycle was followed in
each category as described above. All KP sheets were
conditioned at 21 °C and 65% RH for 24 h before doing the
tests.

Characterization of KP. Crude protein, crude fat, starch,
water, ethanol soluble carbohydrate, simple sugars, crude fibers,
ash, and moisture contents of defatted KSC and KP were
determined according to standard Association of Analytical
Communities (AOAC) methods. The protein content was
obtained by a Leco FP-528 nitrogen/protein analyzer using a
conversion factor of 6.25.*" All analyses were conducted by
Dairy One, Ithaca, NY, in triplicate to confirm reproducibility.

Molecular weight distributions of KP were determined by
sodium dodecyl sulfate—polyacrylamide gel electrophoresis
(SDS-PAGE).** KP was first solubilized in 100 mM tris—HCl
(pH 8.0) and 1.0% SDS. Ten microliters of protein—buffer
mixtures (0.5 L solubilized protein, 6 L H,O, 1 uL DTT, 2.5
uL NuPAGE 4X LDS loading buffer) were injected onto each
lane in NuPAGE Novex 10% Bis-Tris precast gels (1 mm thick
with 10 lanes) with a NuPAGE MOPS SDS running buffer.
Electrophoresis was carried out for about 50 min at a 200 V
constant. After electrophoresis, protein-containing gel was
stained with Invitrogen Colloidal Coomassie Blue overnight,
destained with water for 3 h, and photographed. Densitometric
quantification of molecular bands obtained from SDS-PAGE
was determined using Image] software.

The amino acid composition analysis of KP was conducted
according to AOAC Official Method 982.30 E by high
performance liquid chromatography (HPLC).

Characterization of KP Resin Sheets. The thicknesses of
the KP sheets were measured to the nearest 0.001 mm with a
hand-held Digimatic micrometer. Five thickness measurements
were taken for each specimen, one at the center and four
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Table 1. Proximate Composition of Defatted Karanja Seed Cake (KSC) and Extracted Karanja Protein (KP)

constituent defatted KSC
moisture (%) 79 + 1.6
crude protein (%) 26.6 + 2.6
crude fat (%) 134 + 24
starch (%) 124 + 0.8
water-soluble carbohydrate (%) 134 + 12
simple sugars (%) 9.8 + 19
crude fiber (%) 31 +0.5
ash (%) 38 +07

extracted KP determination method
59 +£03 AOAC 930.15
60.0 + 1.6 AOAC 992.23
69 + 1.7 AOAC 2003.05
0.5 + 0.2 YSI 2700 SELECT analyzer
3.8 +£09 UV spectrophotometry
5.6 £22 UV spectrophotometry
- AOAC 962.09
46 + 09 AOAC 942.05

around the perimeter, and the mean was used for assessing
mechanical properties.

Color parameters of the sheets were measured using a
Macbeth Color-eye spectrophotometer. Sheet specimens were
placed on a white plate, and the CIELAB color scale was used
to measure color in terms of whiteness index (WI). WI of the
KP sheets was calculated using eq 1

WI = 100 — /(100 — L*)? + (a*)> + (b*)* 1)
where L* = 0 (black) to L* = 100 (white), —a* (greenness) to
+a* (redness), and —b* (blueness) to +b* (yellowness).
Standard values for the white calibration plate were L* = 95.99,
a* = —0.04, and b* = 1.01. Values were expressed as means of
10 measurements on different areas of each film.

The moisture contents (MC) of the KP sheets were
measured according to a method described by Rhim et al.*’
The specimens were weighed (W), subsequently dried in an
air-circulating oven at 105 °C for 24 h, and reweighed (W,) to
determine MC values. Four replicates were carried out for each
specimen composition. MC values were calculated using eq 2

W,
MC (%) = |1 — —%[100
WM

@)

Mechanical properties of the KP resin sheets were
determined according to ASTM D 880-02 with an Instron
universal tensile testing machine. Young’s modulus, tensile
strength, and fracture strain were measured from the test.
Sheets with dimensions of 10 mm X 60 mm were tested at a
strain rate of 1 min~' and a gauge length of 30 mm after
conditioning. A minimum of 10 specimens were tested for each
composition.

Thermal degradation behaviors of the resin sheets were
investigated using thermogravimetric analysis, TGA (TGA-
2050, TA Instruments, Inc, DE). Specimens weighing
approximately 6 mg were scanned from 30 to 600 °C at a
heating rate of 10 °C/min under a flow of 60 mL/min nitrogen
gas. The onset degradation temperatures of the KP sheets were
determined from this analysis using Universal analysis software
(TA Instruments). Three specimens from each composition
were investigated to ensure reproducibility.

Differential scanning calorimetry (DSC) was performed
using DSC 2920 calorimeter (TA Instruments, Inc, DE) to
determine the glass transition temperatures of the resin sheets
containing various amounts of plasticizer. Specimens (approx-
imately S mg) were put individually in hermetically sealed T-
zero aluminum pans to prevent any mass loss. DSC tests were
performed by heating specimens from 30 to 110 °C at a rate of
10 °C/min, holding at that temperature for 1 min, and then
cooling to 30 °C at a cooling rate of 20 °C/min (first scan)
before carrying out the second heating scan to 180 °C at a
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heating rate of 10 °C/min. The first heating scan was
performed to erase the thermal history, if any, of the specimens.
The glass transition temperatures (Tg) of the KP sheets were
determined from the second heating scans using Universal
analysis software. The T, values of KP sheets were considered
to be the midpoint temperatures of the shift in the baseline
from the discontinuity of specific heat. Three specimens from
each composition were investigated to ensure repeatability.

Attenuated total reflectance—Fourier transform infrared
(ATR-FTIR) spectra of the resin sheets were collected using
a Nicolet Magna 560 FTIR spectrometer with a split pea
accessory. All spectra were obtained with an average of 64 scans
recorded from 4000 to 800 cm ™' wavenumbers at a resolution
of 4 em™.

Water solubilities (WS) of the KP sheets were measured
according to a method described by Cuq et al** with some
minor modifications. The specimens were dried in an air-
circulating oven at 105 °C for 24 h and weighed (W,). After
weighing, specimens were immersed in 30 mL of DI water in a
beaker for 24 h at 25 °C and occasionally stirred. Beakers were
covered with Parafilm “M” wrap to avoid evaporation of volatile
materials. Then, specimens were dried in an air-circulating oven
at 105 °C for 24 h and weighed (W;). WS values were
calculated using eq 3

W,
WS (%) = |1 - —[100
W,

(©)

Four replicates of the analysis were carried out for each
specimen composition.

Also, the KP sheets were immersed in 50 mL DI water in a
glass bottle and placed on a platform shaker (Innova 2300, New
Brunswick Scientific Inc.,, New Brunswick, NJ) at 80 °C and
150 rpm for 5 and 10 h. Photographic images were taken after
shaking for 5 and 10 h.

Statistical evaluations were carried out by analysis of variance
(ANOVA) followed by multiple comparison tests using the
Tukey—Kramer’s honest significant difference (HSD) at 95%
confidence level. All of the analyses were performed using JMP
statistical software (SAS Institute, NC).

B RESULTS AND DISCUSSION

Proximate Composition of Defatted KSC and KP.
Proximate composition of the defatted KSC and extracted KP is
shown in Table 1 along with the determination methods used
for obtaining the constituents. As shown in Table 1, the protein
content in defatted KSC was about 27%. A very high fat
content of over 13% was obtained for the seed cake. Fat
content mainly depends on the oil extraction method or
expeller efficiency. Usually, solvent extraction is a much more
efficient method compared to expel or screw-pressing to extract
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fat from seedcake.>® KP, after lab processing, had about 60%
protein, and the protein extraction yield was 0.17 + 0.02 g KP/
g defatted KSC. Protein recovery and content are not only
dependent on the processing parameters during extraction but
are also affected by the oil extraction method prior to protein
extraction.®® High temperature and organic solvents used
during oil extraction may cause protein denaturation that
reduces the protein solubility in solvents and, hence, total
extractability of the protein.”> Protein solubility is also affected
by the composition of the amino acids of protein that is related
to surface hydrophobic and hydrophilic interactions with
water.”’

Amino Acid Composition of KP. Table 2 shows amino
acid composition of the KP. As shown in Table 2, about 41% of

Table 2. Amino Acid Composition of KP

classification amino acids KP (g/16 g nitrogen)
polar charged arginine 5.6
lysine 7.8
histidine 2.6
aspartic acid 11.8
glutamic acid 15.1
polar neutral cystine 2.0
tyrosine 3.8
serine 4.9
threonine 3.6
nonpolar alanine 42
glycine 4.5
leucine 9.1
isoleucine 39
methionine 1.0
Proline S3
Valine 54
phenylalanine 6.2
tryptophan 12

the total amino acids present in KP are hydrophobic or
nonpolar, whereas about 43% of total amino acids have polar
groups that can participate in various ionic interactions. The
presence of arginine (~6%), lysine (~8%), cystine (~2%),
tyrosine (~4%), and histidine (~3%) with reactive groups
allows certain chemical modifications of protein through cross-
linking. The composition of amino acids in KP was comparable
to that of conventional soy protein, reported in the literature.*®
The significant presence of lysine, arginine, cystine, tyrosine,
and histidine may facilitate the formation of 3-dimensional
covalent cross-linking interactions in KP over soy protein.

Molecular Weight Profile of KP. Figure 1 shows the SDS-
PAGE patterns of extracted KP to determine the molecular
weight distributions. Lane 1 in Figure 1 is the marker, while
lane 2 is for the KP in which several bands can be observed. A
very broad ranging band was observed between 120 and 250
kDa, which comprises about 40% of total protein according to
densitometric quantification by Image]J analysis. There are also
two bands ranging in the 15—25 and 45—65 kDa regions, which
have about 20% and 35% of the total proteins, respectively. An
unclear band (5% of total protein) was observed between 25
and 35 kDa. These results suggest that the average molecular
weight of KP subunits is significantly higher than that of soy
protein, which could be favorable to real-life applications such
as fiber-reinforced composite structures where higher resin
properties would be desirable.*
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Figure 1. SDS-PAGE patterns of extracted karanja protein (KP). Lane
1: molecular weight marker. Lane 2: S ug of karanja protein.

Properties of Unmodified KP Sheets. Pure KP sheets
with a smooth homogeneous surface and thickness of 0.3 +
0.02 mm were produced without any additives/modifiers such
as plasticizers or cross-linkers. The small variation in thickness
might be a result of the differences in processing of a sheet-
forming solution and shrinking of the sheet during the
evaporation of the solvent, water in this case.”* However, the
difference in sheet thickness was not significant (p-value >
0.05). The moisture content of the KP sheets was 12.2 + 0.4%,
and the remaining material was dry matter contents. Young’s
modulus was found to be 622.7 + 79.8 MPa. However, a tensile
property measurement was not possible because of the high
brittleness and poor handling. The degradation onset temper-
ature of the unmodified KP sheets was 259.5 + 1.2 °C. The
color of the sheets was dark brown with a whiteness index of
54.3 + 0.07. It should be noted that the dark color of the resin
is not an important factor if it is used as resin in composites or
as adhesive. The unmodified KP sheet will be used as a control
for subsequent experiments using plasticization of KP sheets.

Effect of Plasticization on KP Sheets. A plasticizer, being
a small molecule, increases the free volume in the protein
system and, thus, increases the compliance and ductility.*" Also,
protein—protein interactions can be varied by varying the
contents of the plasticizer, which determines the properties of
the sheet.*” The addition of a plasticizer in the KP sheet-
forming solution was necessary as the sheet without the
plasticizer was too brittle to be tested or handled. Sorbitol, one
of the most common polyol type plasticizers for protein-based
polymers, was used in this study. A range of S—15% (on dry
protein wt) sorbitol content was selected to study the effect of
plasticizer content and seek optimal properties that would
provide a compromise between strength and elasticity.

Increased levels of sorbitol did not exhibit any statistically
significant differences in the final thickness values of the KP
sheets (results not shown) (p-value > 0.05). The average
thickness of sorbitol-plasticized KP sheets was 0.3 + 0.03 mm.
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Table 3. Moisture Content (MC) of KP Sheets as a Function of Sorbitol Contents

control

1224 + 0.38°

sorbitol contents

MC (%)

5% (w/w)
14.0 + 0.14°

10% (w/w)
15.0 + 0.40°

15% (w/w)
15.8 + 0.58°

“Means not connected by same letters are significantly different at 95% confidence level through the Tukey—Kramer HSD test.
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Figure 2. Effect of sorbitol on the tensile properties of KP sheets. (a) Representative stress—strain curve for control and sorbitol-plasticized KP
sheets. (b) Young’s modulus, (c) tensile strength, and (d) fracture strain of KP sheets as a function of sorbitol contents.

Also, the whiteness index was found to be 54.4 + 0.06,
comparable to the control. A significant effect on the thickness
and color of the KP sheets was not observed for plasticization
with sorbitol.

Table 3 shows the moisture content (MC) of the KP sheets
as a function of sorbitol contents. As expected, the sorbitol-
plasticized sheet showed a higher MC compared to the
nonplasticized or control one. The hydroxyl groups present on
sorbitol makes KP more hydrophilic. Thus, in addition to
sorbitol plasticizing the resin, the additional moisture absorbed
by KP plasticizes it further. The effect of sorbitol on the MC
was significant (p-value < 0.05) according to statistical analysis.

Effect of sorbitol on the tensile properties of KP sheets is
shown in Figure 2. Figure 2(a) shows the representative tensile
stress—strain curves for the control and sorbitol-plasticized KP
sheets. Control KP sheets were brittle and did not show any
yielding as in the case of plasticized KP sheets. With the
addition of sorbitol, yielding after the initial elastic region
confirmed the plasticization. The plastic region was observed to
increase, as expected, with the sorbitol content. Young’s
modulus, tensile strength, and fracture strain of KP sheets as
a function of sorbitol contents are shown in Figure 2(b—d),
respectively. Although some specimens were tested, the control
sheets were too brittle to conduct tensile tests with reliability.
Only Young’s modulus data of the control sheets, which is not
affected by the brittle fracture, can be considered reliable for
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comparison. As expected, Young’s modulus and tensile strength
decreased with increasing sorbitol content. KP sheets with 15%
sorbitol led to a Young’s modulus of 226 MPa, about 2.8 times
lower than that of the control KP sheets, 623 MPa, and for KP
sheets with 5% sorbitol (451 MPa), the reduction in Young’s
modulus was about 30% compared to the control. At the same
time, the tensile strength of 5% sorbitol-plasticized KP sheets
showed an average value of 13.1 MPa, whereas 15% sorbitol-
plasticized KP sheets had 7.8 MPa, about a 40% decrease in
tensile strength for an increase in 10% plasticizer in KP.
However, the fracture strain of the KP sheets, as expected,
increased continuously with increasing sorbitol content. The
fracture strain reported 23% for 5% sorbitol-plasticized
specimens and was increased to 39% for 15% sorbitol-
plasticized specimens. However, differences in the properties
were significant (p-value < 0.05) according to Tukey—Kramer’s
HSD tests.

Figure 3(a) shows representative TGA curve for control and
sorbitol-plasticized KP sheets, and Figure 3(b) shows the
degradation onset temperature (T;) of KP sheets as a function
of sorbitol content. As shown in Figure 3(b), increasing the
sorbitol contents in KP sheets resulted in a drop in T4. Among
the plasticized specimens, the highest Ty value was observed for
the 5% sorbitol-plasticized KP sheet (253.3 + 2.1 °C), a
decrease of 6.2 °C compared to the control (not plasticized)
sheets (259.5 + 1.2 °C). The Ty values of the 15% sorbitol-
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Figure 3. Effect of sorbitol on the thermal degradation behavior of KP sheets. (a) Representative TGA curve for control and sorbitol-plasticized KP
sheets. (b) Degradation onset temperature of KP sheets as a function of sorbitol contents. (c) Representative DSC curve for control and sorbitol-
plasticized KP sheets. (d) Apparent glass transition temperature of KP sheets as a function of sorbitol contents.

plasticized KP sheets were almost 11.0 °C lower than the
control. In summary, the T4 values of sorbitol-plasticized KP
sheets were significantly lower compared to that of the control
sheet (p-value < 0.05). Glass transition temperatures of various
KP sheets were measured from the DSC thermograms. Figure
3(c,d) shows the effect of plasticizers on the glass transition
temperature (Tg) of KP sheets. As shown in Figure 3(d), the T,
values of the KP sheets decreased with an increase in plasticizer
content. The T, value of the nonplasticized sheet was found at
about 110 °C and shifted lower to about 107, 104, and 102 °C
after the addition of 5%, 10%, and 15% sorbitol, respectively,
confirming its plasticizing effect.

Generally, the hydroxyl groups of sorbitol molecules interact
with protein molecules at amino, carboxyl, and hydroxyl sites
by forming hydrogen bonds with them. This results in reduced
intermolecular and intramolecular interactions between the
protein chains. Hydrogen bonding, within KP, might occur
among —NH, groups in arginine and lysine, —NH— groups in
proline and histidine, —OH groups in tyrosine, threonine, and
serine, and —COOH groups in glutamic and aspartic acids.
Sorbitol hinders the protein—protein molecular interaction by
breaking the H bonds along the chains and reduces the
functional properties.*'

ATR-FTIR spectroscopic analysis was carried out to get an
insight on the structural changes in KP and its effect on
physicochemical properties by sorbitol-plasticization. Figure 4
shows the ATR-FTIR spectra of the control and 15% sorbitol-
plasticized KP sheets. The spectra showed an extremely broad
band ranging between 3500 and 3100 cm™", which corresponds
to the stretching vibration of hydroxyl (O—H) groups from
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Figure 4. ATR-FTIR spectra for control and 15% sorbitol-plasticized
KP sheets.

adsorbed water. An increase in the amplitude of this peak in
plasticized KP indicates an increase in water content that is in
agreement with the MC values presented in Table 3.** A peak
located around 1000—1100 cm™ when sorbitol is present
might be related to the possible plasticizer hydrogen bonding
with the protein molecules.***> An amide-I band arises from a
C=0O0 stretching vibration in the range between 1600 and 1700
cm™! that is generally used for analysis of protein secondary
structures. The amide-I band shifted to a higher wavenumber,
from 1623 cm™ (control KP) to 1627 cm™ (plasticized KP),
which indicates a reduction of f-sheet-like structures and
promotion of a-helical or disordered structures.*® This shift
also suggested the alternation of hydrogen bonding in protein
molecular chains in the presence of sorbitol.*’
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Figure S. Possible reaction mechanisms involved in covalent cross-linking of karanja protein by cinnamaldehyde via (a) Schiff base formation
between cinnamaldehyde and primary amine, (b) nucleophilic attack on the f-unsaturated carbon via a 1,4-Michael addition reaction, and (c) phenol

groups of tyrosine residues with cinnamaldehyde**~>*

Effect of Cross-Linking on KP Sheets. Sorbitol-
plasticized KP sheets exhibited poor mechanical, thermal, and
moisture resistance, especially in humid conditions. Therefore,
cinnamaldehyde has been used as a natural cross-linker to
enhance the resistance against humid conditions. Figure S
shows possible reaction mechanisms for covalent cross-linking
of cinnamaldehyde with protein. Basically, cinnamaldehyde
possesses two electrophilic groups that could react directly with
proteins via two different mechanisms, ie., Schiff base
formation to free amino groups of protein* or Michael
addition to nucleophilic groups, ie., thiol groups of cysteine
residues and amino groups of lysine residues.*”™>' Also,
aldehyde groups of cinnamaldehyde can react with phenol
groups of tyrosine residues readily that resulted in cross-
linking.*> Considering one of the ideal applications of KP resin
in fiber-reinforced composites, a sheet made with 5% sorbitol
was selected as the control for noncross-linked specimens as
the optimum amount of plasticizer due to its highest tensile
strength and modulus with moderate fracture strain. The cross-
linker has been varied between 0% and 16% (on dry protein
wt) in $% sorbitol-plasticized KP sheets.

KP Sheets with cross-linkers had an average thickness of 0.37
+ 0.02 mm. Formation of tighter and compact network
structures due to cross-linking might result in higher thickness
than the control specimens for the same consolidation pressure
and temperature. However, the whiteness index of cross-linked
KP sheets was about the same as compared to the control KP
sheets, and the color change was not obvious. This is perhaps
because the color of the control KP sheets was dark itself.

Figure 6 shows the SDS-PAGE patterns of the control and
cross-linked (12% cinnamaldehyde) KP that was conducted to
examine changes in the molecular weight distributions of KP,
thus, confirming the cross-linking. The loadings of KP onto the
gel were varied to different amounts, allowing a range of protein
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Figure 6. SDS-PAGE patterns of control (noncross-linked) and cross-
linked (12% cinnamaldehyde) karanja protein (KP) for various
concentrations. Lane 1: molecular weight marker. Lane 2: 2 ug of
control KP. Lane 3: 2 ug of cross-linked KP. Lane 3: 5 pug of control
KP. Lane 4: S ug of noncross-linked KP.

to be loaded to ensure visualization. At lower loadings of total
protein, molecular weight distribution bands were not clearly
visible in cross-linked KP, while a noticeable reduction in the
intensity of the bands was observed at higher loadings as
compared to control specimens. Aggregates of high molecular
weight fractions were obtained on the top of the lane in both of
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the cases during electrophoresis, reflecting low solubility of KP
due to intermolecular cross-linking.53 However, the very weak
intensity observed at higher loadings is considered to be due to
the presence of an insignificant amount of noncross-linked KP.
Another reason might be intramolecular cross-linking at low
molecular weight fractions that does not have significant
influence on the increase in the molecular weight of protein
subunits.>?

Figure 7 shows the effect of cinnamaldehyde cross-linking on
the water solubility (WS) and moisture contents (MC) of

36+
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Figure 7. Effect of cinnamaldehyde cross-linking on the water
solubility and moisture contents of sorbitol-plasticized KP sheets.

sorbitol-plasticized KP sheets. As shown in Figure 7, WS has
been decreased noticeably due to cross-linking. The WS value
of the control KP sheets was around 33%, which was reduced
to 20% after cross-linking with 12% cinnamaldehyde. An almost
40% reduction in WS was observed in cross-linked KP sheets
with 12% cinnamaldehyde. A similar reduction in WS has been
reported on other protein-based resins by cross-linking with
glyoxal and gluteraldehyde.>* Because the hydrophilic amine
groups are consumed in cross-linking, reduction in WS by
cinnamaldehyde treatment can be expected. MC values also
decreased with cinnamaldehyde contents as shown in Figure 7.
A significant decrease (p-value < 0.05) in MC was also
observed in 12% cross-linked sheets (12.8%) as compared to
the control sheets (14.0%). However, the variation was not
statistically significant among the cross-linked specimens.
Formation of tighter and compact network structures due to
cross-linking resulted in higher moisture resistance for cross-
linked specimens than the control specimens.

Figure 8 shows the photographs of the control (noncross-
linked) and cross-linked KP sheets in water after high
temperature agitation in water for S and 10 h. Because of the
hydrophilicity of the control sheets, they initially showed
softening and subsequently warped after 5 h. After 10 h of
water immersion, the control sheet broke into 2 to 3 pieces. In
the case of soy protein, the control resin sheet was completely
disintegrated in water.* Soy proteins are completely soluble in
water, whereas KP in the present study might be partially
soluble because of the fat content of about 7%. Higher cystine
contents in KP resulted in higher amounts of intramolecular
and intermolecular disulfide linkages that might also make KP
protein less soluble.>> A similar Sphenomenon was also observed
in the case of jatropha protein. S Hence, this phenomenon can
be attributed to the variations in molecular weights as well as
amino acid composition and sequences of KP, which is
considered as an added advantage in composite applications.
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Figure 8. Photographs of KP sheets (noncross-linked and cross-
linked) after shaking at 150 rpm in 80 °C temperature of water. (a,b) S
h continuous shaking and (c,d) 10 h continuous shaking.

Cross-linked KP sheets remained mostly intact even after being
continuously shaken in water at 80 °C for 10 h. Higher cross-
linking made the structure rigid and less expandable with
smaller capacity for softening and apparently did not allow it to
warp due to the formation of an isotropic 3-dimensional
structure. A similar behavior was also observed in biodegradable
plastics made from cross-linked soy protein.*

Figure 9(a) shows typical tensile stress—strain plots of the
control and cross-linked KP sheets, while Figure 9(b—d) shows
Young’s modulus, tensile strength, and fracture strain obtained
from the stress—strain plots of the control and cross-linked KP
sheets, respectively. With the addition of cinnamaldehyde up to
12%, the yield region after the initial elastic region decreased
but increased at higher cinnamaldehyde addition. Also, the
Young’s modulus and tensile strength increased with an
increase in cinnamaldehyde up to 12%. However, with any
additional cinnamaldehyde, the Young’s modulus and strength
decreased, while the fracture strain increased. Cross-linked KP
sheets with 12% cinnamaldehyde showed an increase in tensile
strength by about 35% (17.6 MPa from 13.1 MPa for control),
whereas the Young’s modulus for cross-linked KP sheets
increased almost 1.6 times (711 MPa from 451 MPa for
control) in comparison to noncross-linked specimens. The
addition of 12% cinnamaldehyde made the network rigid and
decreased the fracture strain to 5% from 23% for the control
sheets, a decrease of about 78%. However, increasing the
cinnamaldehyde to 16% resulted in an increase in fracture
strain. Also, tensile strength decreased to about 23% at 16%
loading of cinnamaldehyde. These results suggest that 16%
cinnamaldehyde in KP resin may leave some of it unreacted as a
result of a nonstoichiometric ratio with lysine and arginine
causing an excess of cinnamaldehyde, which acts as a plasticizer.

Representative TGA curves for the control and cross-linked
(12% cinnamaldehyde) KP sheets are shown in Figure 10(a).
Figure 10(b) shows the degradation onset temperature of KP
sheets as a function of the increasing ratio of cinnamaldehyde.
Cross-linking generally induces an increase in thermal stability
by an appreciable increase in Ty.>” As shown in Figure 10(b),
the noncross-linked KP sheets had a T4 value of 253.3 °C,
whereas maximum T values were observed at 267 °C for cross-
linked KP sheets with 12% cinnamaldehyde. However, 8—16%
cross-linking in plasticized KP did not show significant
variations in Ty (p-value < 0.05).
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Figure 9. Effect of cinnamaldehyde on the tensile properties of KP sheets. (a) Representative stress—strain curve for control and cross-linked KP
sheets. (b) Young’s modulus, (c) tensile strength, and (d) fracture strain of control and cross-linked KP sheets.
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of plasticized KP sheet. (a) Representative TGA curve for control and
temperature of KP sheets as a function of an increasing ratio of

Comparison of modified KP sheets with various other edible
protein sheets is difficult due to the differences in protein
sources, modifiers used, and processing parameters, as well as
protein contents. Still, if compared, KP (with about 60%
protein content) sheets modified with 5% sorbitol and 12%
cinnamaldehyde showed better mechanical, thermal, and
physicochemical properties than some other edible proteins

8—61
sheets.

The fracture strain can be manipulated, which
explores a new nonedible source for food packaging industries,
after toxic chemical treatment. Therefore, KP can be

comparable and easily replace edible proteins considering the

2326

functional performances and, hence, could be considered more
sustainable.

This study introduces a green route of developing novel
biodegradable nonedible protein-based resin from forestry
waste residue “karanja seed cake”. The study also demonstrated
that KP sheet properties can be modified by manipulating
plasticizers and cross-linkers. Investigation of plasticization by
sorbitol in KP sheets revealed that an optimum content (5%
sorbitol) in KP resulted in the best mechanical properties of KP
resin under the current experimental conditions. An addition of
12% cinnamaldehyde as cross-linker in 5% sorbitol-plasticized
KP sheets showed improved mechanical, thermal, and water

dx.doi.org/10.1021/5¢500095r | ACS Sustainable Chem. Eng. 2014, 2, 2318—2328
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resistance. Overall, this paper explores the utilization of waste
residues from forestry seed as a sustainable and “green”
biobased resin to replace conventional petroleum-derived as
well as edible biobased resins in fiber-reinforced composites.
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