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Soy flour, here referred as SOY, is a low-cost, environmentally friendly, biodegradable, and biorenewable
material available in excess amount in the United States. However, its hydrophilic nature limits the use of
SOY in many commercial applications. The present research attempts to alter the surface characteristics
of SOY via free radical induced graft copolymerization with ethyl acrylate. Different reaction conditions
were investigated in order to achieve an optimum degree of grafting of ethyl acrylate monomer onto
the SOY. The synthesized graft copolymers were characterized by different techniques to determine the
interaction mechanisms between reaction monomer and SOY. Polymer composites were subsequently
fabricated to assess the potential of modified SOY for different applications. Composites reinforced by
graft polymerized SOY exhibited significantly increased storage modulus.

© 2014 Elsevier Ltd. All rights reserved.

1. Introduction

Last few years have seen a tremendous interest in polymer
based materials from both scientific and industrial perspectives
as a result of the increasing economic impact of polymers [1-5].
Polymer based materials have affected everyday’ s life in many
domains directly/indirectly [6-11]. A number of biorenewable
polymers, especially natural polysaccharides, have been exten-
sively researched because of their low cost, ready availability
and biodegradability [ 12-18]. Although both natural and synthetic
polymers offer a number of advantages compared to ceramic and
metallic materials, they are not well-suited for certain applica-
tions [19,20]. One way to obtain the new polymeric materials with
tailored properties is the hybridization of existing materials [5].
Generally, the properties of polymers are modified either by the
addition of fillers and various reinforcements, some of which result
in the formation of micro/nano composites [1] or through sur-
face functionalization [21-23]. Biorenewable polymers have seen
a resurgence in a number of applications triggered by rising envi-
ronmental and energy concerns [24-26]. In order to make our
environment green and human friendly, interest in replacing syn-
thetic polymers with renewable resources for new applications is
increasing unceasingly [11,27,28].
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Among various biobased materials recently being used in a
number of applications, soy based materials such as soy protein,
soy concentrate and soy flour have been the subject of frequent
research [5,29]. Soy beans are an annual crop abundantly available
all around the globe [30]. Their ready availability, biodegradability,
renewable character, functional properties, environmental friend-
liness, low cost, no health risk, ability to provide unique properties
through structural modification open a wide range of applications
for soy [11,31]. Soy-based proteins and other derivatives, such as
soy concentrate, had already demonstrated their effectiveness for
a number of applications ranging from food to automotive indus-
try [32]. Soy flour is of enormous importance among soy based
materials, for application in green composites. Soy flour has been
found to be available in abundant amounts in the United States
as a by-product of the soybean industry [33]. Soy flour is often
referred as SOY and is the cheapest among the soybean derivatives
and is considered as waste materials [31]. Recently, the potential
of soy flour as an indispensable component in polymer matrices
as reinforcement have been explored. Soy flour is the combina-
tion of soy protein and its associated carbohydrates. It has been
reported to generally contain approximately 56% protein, and the
balance is carbohydrates and fats. In spite of several advantages,
the hydrophilic nature of soy flour limits its applications in com-
posite field due to the incompatibility between the hydrophilic
reinforcement and hydrophobic polymer matrix. So to overcome
these disadvantages, in the present work graft copolymerization
of soy flour was carried out. A significant amount of literature has
been reported on the graft copolymerization of vinyl monomers
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onto natural polymers including soy proteins [34-36]. However
a limited information is available on the graft copolymerization
of ethyl acrylate monomer onto Soy flour for polymer compos-
ite applications [27,28]. The objective of the present investigation
was to provide detailed information on the effect of ethyl acry-
late graft copolymerization onto soy flour for diverse applications.
The results were correlated with the different properties and com-
patibility of the grafted soy flour with the polymer matrices used
to prepare the composites. Polymer composites were prepared
with both the grafted and un-grafted SOY as reinforcement and
poly (methyl methacrylate) (PMMA) as the matrix. Subsequently
(SOY/EA-g-SOY)/PMMA composite films were prepared by com-
pression molding.

2. Experimental
2.1. Materials

Soy flour (SOY) was provided by ADM Specialty Products-
Oilseeds, Decatur, IL, USA. Ethyl acrylate (EA) monomer, a radical
initiator (ammonium persulphate), and poly (methyl methacrylate)
were purchased from Sigma-Aldrich. Ascorbic acid was purchased
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Scheme 1. Structural representation of SOY.

from Fisher Chemical Ltd. All chemicals were used as received with-
out any additional purification.

2.2. Synthesis of ethyl acrylate grafted SOY copolymers
(EA-g-SOY)

A solution with a pH between 10 and 12 was prepared in a reac-
tion flask by the addition of sodium hydroxide to a known amount
of water. Subsequently, 2g SOY was charged into the flask and
mixed at high speed for 60 min at 95°C. Then, a specific amount
of sodium metabisulfite was added to the flask for 2 h at 85°C to
cleave the disulfide bonds of SOY. The temperature of the reaction
flask was adjusted to 75 °C and catalytic amounts of the ammonium
persulphate/ascorbic acid (as redox initiator) and ethyl acrylate (as
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Scheme 2. Graft copolymerization mechanism of ethyl acrylate and SOY.
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monomer) were added for the synthesis of EA-g-SOY. The resulting
solution was stirred at high speed and allowed to react at 50°C
for 3 h. After completion of the graft copolymerization reaction,
the rudimentary product was extracted with acetone for 72 h to
remove the homopolymer formed during the reaction as well as
any unreacted monomer. The EA-g-SOY graft copolymer was then
first dried at 50°C for 24 h, and subsequently at 70°C for 48 h to
remove water. Subsequently the degree of grafting was calculated
using the following equation:

—w
x 100 1)

Pg=T

where W weight of pristine SOY; W, weight of EA grafted SOY.

2.3. Preparation of (SOY/EA-g-SOY)/PMMA composite films

Pristine SOY and EA-g-SOY samples were dried in a hot air oven
at 70°C for 20h to ensure the removal of any residual moisture
in the samples. Subsequently, PMMA was melt mixed with pris-
tine SOY and copolymerized EA-g-SOY at 5 weight % loadings at
200°C using a twin screw microcompounder from DACA Instru-
ments, CA, USA. The residence time for the (SOY/EA-g-SOY)/PMMA
melt in the barrel was maintained at 5 min to homogenize the melt.
Subsequently the extruded samples were pelletized and compres-
sion molded at 210°C to prepare film samples with dimensions
of 50 mm x 50 mm x 1 mm using a compression molding machine
from Wabash MPI, IN, USA.

2.4. Characterization of PMMA/EA-g-SOY copolymer films

Fourier-transform infrared spectroscopy (FTIR) was used to
identify the functional groups present in pristine SOY and EA-g-
SOY. The thermal stability of pristine SOY and EA-g-SOY samples
was determined by thermogravimetric analysis (TGA) using a
TGA-Q50 from TA Instruments (New Castle, DE, USA) in nitrogen
atmosphere at a heating rate of 20°C/min. The dynamic mechan-
ical behavior of pristine PMMA, SOY/PMMA composites, and
EA-g-SOY/PMMA composites was characterized using a dynamic
mechanical analyzer (DMA model Q800) from TA instruments (New
Castle, DE, USA) in tensile mode. Temperature sweep tests were
carried out between 30 and 200°C at a frequency of 1Hz, with a
strain amplitude of 0.05% and at a heating rate of 3°C/min. The
storage modulus (E’) and damping coefficient tan § were measured
as functions of temperature. The morphology of the surfaces of
the SOY/EA-g-SOY copolymers was studied using scanning electron
microscopy (SEM, SUPRA35, Zeiss, Germany).

3. Results and discussion

Awide variety of soy based materials have been used in the poly-
mer composites applications either as the polymer matrix material
or the reinforcement. Among these soy flour is of utmost impor-
tance from the economical point of view. Soy flour has been found to
generally contain approx. 56% protein and carbohydrates. Scheme 1
depicts the structural representation of soy flour. The presence of
hydroxyl and amino functional groups (—NH, and OH) makes soy
flour suitable for modification through graft copolymerization as
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Fig. 1. Effect of solvent (water) on percentage of graft copolymerization.

these functional group are susceptible to breakage by the chemical
initiator used in the synthesis. During graft copolymerization syn-
thesis reaction, the initiator creates the necessary reactive sites on
the functional groups of soy flour. The graft copolymerization reac-
tion of ethyl acrylate onto SOY is completed in three steps: chain
initiation, propagation, and termination. Egs. (1)-(16) in Scheme 2
show the detailed mechanisms of graft copolymerization of ethyl
acrylate monomer onto the SOY backbone. Egs. (1)-(4) depicts the
formation of free radical in the synthesis reaction and these free
radicals are subsequently involved in the chain initiation, chain
propagation and chain termination reactions (Egs. (5)-(16)).

These mechanisms are based on the same principles as of
those reported in the literature for natural biopolymers [17,18]. In
order to achieve the optimum degree of grafting, different reaction
parameters, such as solvent amount, reaction time, temperature,
initiator, and monomer concentration were optimized. The results
are discussed in detail in the following section.

3.1. Effect of solvent
The degree of grafting of ethyl acrylate onto SOY was studied

as a function of the amount of solvent (water). Fig. 1 shows that
the degree of grafting increased steadily with an increase in the
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Fig. 2. Effect of reaction time on percentage of graft copolymerization.
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Fig. 3. Effect of reaction temperature on percentage of graft copolymerization.
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Fig. 4. Effect of initiator ratio on percentage of graft copolymerization.
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Fig. 5. Effect of monomer concentration on percentage of graft copolymerization.
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Fig. 6. FTIR spectrum of (a) pristine SOY and (b) EA-g-SOY.

amount of water up to 20 mL. A further increase in the amount of 3.2. Effect of reaction time

solvent resulted in a decrease in the degree of grafting, which was

attributed to the fact that higher amounts of water may have inhib- The degree of grafting of ethyl acrylate onto SOY was studied
ited the interaction between the two reaction components (SOY as a function of reaction time and the results are presented in
and the growing graft chains) leading to a lower degree of grafting. Fig. 2. The degree of grafting initially increased with an increase in
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reaction time and then decreases. Although the effect of time is not
much significant on percentage grafting. The percentage grafting
was found to increase up to 4 h beyond which it decreases due to
the abridged availability of radical sites on the SOY back bone. The
abridged availability of the radical sites has been attributed to the
abstraction process.

3.3. Effect of reaction temperature

Graft copolymerization of ethyl acrylate and SOY was carried
out at different temperatures, ranging from 25 to 75°C and Fig. 3
shows the effect of reaction temperature on graft copolymerization.
The degree of grafting increased with increasing temperature up
to 55°C while it decreased at higher temperatures. The decrease
in the degree of grafting was attributed to homo-polymerization
at higher temperatures as the reaction was accelerated with the
increasing level of kinetic energy. In addition, disintegration of the
graft copolymers may have occurred at higher temperatures.

3.4. Effect of initiator concentration

Fig. 4 depicts the effect of initiator ratio ascorbic
acid:ammonium persulphate (AAc:APS) on the degree of grafting,
which increased with increasing initiator ratio up to (1:1), beyond
which it decreased. The initial increase in percentage grafting was
attributed to the formation of a large number of free radicals in
the reaction system, which facilitated the graft copolymerization
synthesis reaction. However, one an optimal ratio was reached,
the free radicals that initiate grafting were saturated and extra free
radicals initiated homo-polymerization of ethyl acrylate, causing
a decrease in the degree of grafting.

3.5. Effect of monomer concentration

The effect of the concentration of ethyl acrylate (EA) monomer
onto the degree of grafting was studied for monomer amounts from
0 to 1 mol/L. Fig. 5 depicts the degree of grafting of ethyl acrylate
onto SOY, which increased with increasing monomer (EA) levels up
to 0.82 mol/L. With higher levels of monomer the degree of graft-
ing started to decrease slowly. This effect was attributed to the
fact that most of the reactive sites were reacted at 0.82 mol/L of
monomer and there were no sites available for further reaction
with the SOY backbone. Thus, once the optimum concentration
of monomer was reached, the monomer molecules reacted with
each other, leading to EA homo-polymerization and ultimately
decreasing the degree of grafting. From the above results it is clear
that the reaction parameters namely amount of solvent, reaction
time, reaction temperature, initiator and monomer concentrations
affect the percentage of grafting. These reaction parameters deter-
mine the relative population of the different radical species formed
during different reaction steps in the graft copolymerization reac-
tion and play an imperative role in determining overall percentage
of grafting.

3.6. Chemical characterization of pristine SOY and EA-g-SOY
copolymer

Fig. 6a and b shows the FTIR spectra of pristine SOY and EA-g-
SOY. Fig. 6a shows the broad band at 3411 cm~! for SOY, which
was attributed to the stretching mode of the O—H/N—H groups.
The band at 1664 cm~! was assigned to the C=0 stretching of the
amide group (amide-I). The band 1547 cm~! was assigned to N—H
bending (amide-II). The spectrum of EA-g-SOY exhibited new char-
acteristics peaks in addition to the parental peaks of SOY (Fig. 6b).
The EA-g-SOY copolymer displayed a carbonyl stretching band at
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Fig. 7. TGA/DTG of (a) pristine SOY and (b) EA-g-SOY.

1735cm™! that was assigned to ethyl acrylate monomer. In addi-
tion, new bands at 1153 and 1242cm~! were also observed and
were attributed to the C—O stretching of poly ethyl acrylate chains
bonded to the pristine soy.

The thermal stability of pristine SOY and EA-g-SOY was investi-
gated using thermogravimetric analysis (Fig. 7a and b) in nitrogen
atmosphere as a function of % weight loss versus temperature for
both materials. The TGA curves of pristine SOY exhibited three
discrete zones of weight loss caused by thermal degradation. The
initial weight loss occurred in the temperature range between 40
and 200°C (Fig. 7a). This weight loss was attributed to the elimi-
nation of moisture content/water molecules and the dissociation
of the quaternary structure of soy proteins and carbohydrates. The
second decomposition zone between 201 and 490 °C was attributed
to the cleavage of peptide bonds of the amino acid residues of the
SQOY, as well as the dissociation of different structural bonds in pro-
tein/carbohydrate moieties. The third and final zone of weight loss
occurred between 500 and 880 °C, involving the complete decom-
position of proteins and carbohydrates present in the SOY. On the
other hand, EA-g-SOY exhibited two zones of thermal decompo-
sition (Fig. 7b): one in the temperature range from 240 to 460 °C,
and the other from 460 to 890°C. The thermograms show that the
thermal stability of EA-g-SOY was higher than that of pristine SOY.
This increase in thermal stability was attributed to the incorpora-
tion of sufficient hydrophobic poly (ethyl acrylate) chains onto the
SOY backbone, further confirming the successful synthesis of EA-g-
SOY copolymers through covalent bonding. DTG analysis of pristine
and grafted SOY was studied as a function of rate of weight change
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(a) Pristine SOY|

Fig. 8. Scanning electron micrograph of (a) pristine SOY and (b) EA-g-SOY.

percentage (%) versus temperature. It can be concluded from the
comparative study of the thermograms that the rate of thermal
decomposition was higher for SOY compared to EA-g-SOY, thus
supporting the TGA results (Fig. 7a and b). The enhanced thermal
stability of the EA-g-SOY copolymers was attributed to the incor-
poration of covalent bonding through inclusion of poly (EA) chains
onto SOY back-bone (Scheme 2).

Fig. 8a and b shows the SEM images of pristine SOY and EA-
g-SOY copolymers, indicating profound morphological changes in
the surfaces of EA-g-SOY copolymers compared to SOY. These
changes were attributed to the incorporation of ethyl acrylate
chains through covalent bonding into peptide/S-S linkages and OH
groups.

3.7. Application of SOY/EA-g-SOY as reinforcement for polymer
composites

Both SOY and EA-g-SOY were investigated as potential rein-
forcement in polymer composites. PMMA has been used in a
number of applications, ranging from electronics to automotive.
It exhibits excellent properties, including hardness, high rigidity,
transparency, high mechanical strength, and good insulation
properties that make it a suitable matrix material for composite
applications [4,27,28]. Figs. 9-11 show the dynamic mechanical
analysis results for pristine PMMA, and PMMA/SOY and PMMA/EA-
g-SOY composites with 5wt.% reinforcement loadings. The DMA
analyses were carried out on rectangular specimens that were
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Fig. 9. Storage modulus and tané curves of pristine PMMA determined by
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subjected to a heating cycle at a rate of 3 °C/min and a frequency of
1Hz. The storage modulus of PMMA increased with the incorpo-
ration of SOY and EA-g-SOY reinforcement. Figs. 10 and 11 show
that the storage modulus of the PMMA/EA-g-SOY composites
was higher than that of the PMMA/SOY composites, which was
attributed to the better compatibility between pristine PMMA
and the hydrophobic EA-g-SOY, which resulted in better load
transfer at the interphase and increased stiffness [37]. In the case
of pristine SOY reinforced composites, the lower storage modulus
was attributed to the inhomogeneity created by the hydrophobic
polymer matrix and the hydrophilic NH,/OH group of the SOY
[27,28]. The damping coefficient was also slightly higher in the
composites compared to pristine PMMA. The damping coefficients
(tané=E"[E) of the PMMA/SOY and the PMMA/EA-g-SOY compos-
ites reached a maximum as the storage modulus (E’') decreased
as depicted in Figs. 10 and 11. This behavior was attributed to the
fact that higher temperatures provided more free movement of
the polymeric chains [38].

4. Conclusion

Soy flour is an economic, viable reinforcing material for a num-
ber of applications. However, the hydrophilic nature of soy flour
impedes its wide-spread application in polymer composites. In the
present work, chemical induced graft copolymerization of ethyl
acrylate onto soy flour was investigated to determine the effect of
surface modification on the hydrophilic properties of soy flour. Soy-
based graft copolymers were synthesized by optimizing different
reaction conditions and characterized using FTIR, TGA, and FESEM
techniques. Polymer composites were also prepared using PMMA
as the matrix material. The PMMA/SOY and PMMA/EA-g-SOY
composites exhibited enhanced dynamic mechanical properties
compared to pristine PMMA, demonstrating the potential of SOY
for use as reinforcement in composites.
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