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ABSTRACT: Zein-based brittle thermoset green resin was toughened using sorbitol, natural rubber fibers (NRF), and epoxidized natural
rubber fibers (ENRF). NRF and ENRF were electrospun directly into zein slurry. Chemical, thermal, and mechanical properties of zein
resin containing NRF (Zein/NRF) and ENRF (Zein/ENRF) were compared with those of sorbitol-plasticized zein. NRF was found to be
immiscible in zein and Zein/NRF resins showed two distinct glass transition temperatures (T,), whereas Zein/ENRF specimens showed
significant increases in both T, and degradation temperature (T,;) due to crosslinking between zein and epoxidized natural rubber. ENRF
was more effective in enhancing fracture toughness of zein than NRF or sorbitol. Increased ENRF loading to 15 wt % showed significant
increase in toughness with minimal decreases in strength and Young’s modulus. Sorbitol and NRF were unable to improve the tough-
ness of zein resin significantly. Environment-friendly zein/ENRF resin with higher fracture toughness developed in this study would be

suitable in many applications including green composites. © 2019 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2019, 136, 48512.
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INTRODUCTION

Zein protein has been recently used as a sustainable natural
material in a wide variety of applications including resins for
green composites, bioplastics, air filtration (in fiber form), food
packaging (in film form), tissue engineering, and adhesive, due to
its fully renewable and biodegradable nature and low cost."?
However, in its pure form, it suffers from brittleness and low
resistance to crack propagation. In particular, crosslinked ther-
moset zein resins have been shown to possess poor toughness
and resistance to crack propagation.z’3 Using plasticizers has been
one of the most common methods to reduce the brittleness and
improve the toughness of both bio-based as well as synthetic
polymer resins. Plasticizers are small molecules that bring a large
amount of free volume to the polymer system allowing easy
molecular mobility and resulting in a lower glass transition tem-
perature. However, one of the most common disadvantages of
plasticization is leaching of the plasticizer with time that is
accompanied with an increase in the brittleness of the polymers.
As a result, many researchers have resorted to other methods
such as addition of hybrid fibers, chemical modifications of the
resin, or addition of ductile and/or tough materials to improve
the toughness of brittle resins that are more permanent.*’
Among all these methods, toughening via dispersion of an elasto-
meric phase such as natural rubber (NR) in the polymer resin
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has been a promising method.' Plant-derived NR is also a biode-
gradable and fully sustainable material, which possesses moderate
tensile strength but good tear resistance, toughness, and high
resilience.’ Due to its very low glass transition temperature (Ty)
of about —65 °C and flexible backbone structure, NR is highly
extensible at room temperature and makes it a desirable candi-
date for toughening purposes." However, NR suffers from a few
disadvantages including high hydrophobicity, poor environmen-
tal and oil resistance, and poor miscibility with many resins that
cause severe difficulties in obtaining uniform dispersion of NR in
resins and, as a result, significantly reduces the tensile properties
of resins and also limits its use for polymer resin-toughening
applications."”

To improve the toughness of a brittle polymer resin by adding
rubber materials, in addition to uniform dispersion, it is extremely
important to obtain good interfacial bonding via chemical interac-
tions between the resin and the rubber.®'® For that reason,
researchers have incorporated certain functional groups in the
rubber structure. Recently, epoxidized (epoxy functionalized) nat-
ural rubber (ENR) has attracted significant interest in the area of
advanced composites.'"'> Many studies have reported successful
toughening of polymeric resins such as poly(D,L-lactic acid), poly
(3-hydroxybutyrate-co-3-hydroxyvalerate),’> and soy protein
using ENR."'* The enhanced interfacial bonding via hydrogen
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Figure 1. Possible reactions between amine, carboxyl, and hydroxyl groups from zein and epoxy groups from ENR.

bonding between soy protein isolate (SPI) and ENR was reported
to be the reason for the improved toughness of the polymer
resin.'> The epoxy groups in ENR have been confirmed to react
with amine and carboxyl groups in the polymer resin forming
covalent linkages between the two."*'® Figure 1 shows possible
interactions between epoxy groups in ENR and amine, carboxyl,
and hydroxyl groups existing in the amino acids, such as lysine,
glutamic acid, and serine, of zein protein during the curing pro-
cess of zein (around 100 °C) as the ENR epoxy ring opens
up. These reactions are consistent with that of the ENR-toughened
soy protein resin reported earlier by Kim and Netravali.' Further,
hydroxyl groups in zein could also react with the epoxide groups
in ENR."”'® As a result, ENR is thought to be a promising mate-
rial to improve the toughness of the brittle zein resin.

In recent years, polymeric fibers have been used in many diverse
applications due to their excellent mechanical and physical prop-
erties, particularly their high surface area-to-volume ratio."”
Fibers possess diameters ranging from a few nanometers to sev-
eral micrometers depending on how they are made and the appli-
cations they are intended for.*® Many different techniques
including extrusion, gel-spinning, electrospinning, force spinning,
and so on, have been used to spin polymeric fibers of different
diameters as needed for the applications.”’ Among all these fiber
production methods, electrospinning has been most commonly
used to spin a wide variety of polymers, particularly when a
broad range of submicrometer-sized diameters are needed.”**
The electrospinning process typically includes a high-voltage sup-
ply, a syringe pump and needle, and a conductive collector such
as metal.”* Most commonly, the positive electrode is connected
to the syringe needle through which the polymer solution is
pumped and the metal collector is grounded. A high voltage, sev-
eral (5-30) thousand volts, is applied to the needle that charges
the polymer solution coming out. When the electrostatic repul-
sion overcomes the surface tension of the viscous polymer solu-
tion emerging from the needle, the polymer is pushed or ejected
toward the conductive collector and deposited in the form of fine
fibers.”® The fibers, when deposited, are mostly in the solid form
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as a result of fast evaporation of the solvent.”> Many parameters
such as polymer concentration, solution viscosity and flow rate,
surface tension, applied voltage, needle-to-collector distance, and
so on, can influence the properties of electrospun fibers including
their diameters.”® For example, higher polymer concentration
increases the viscosity and results in larger diameter fibers. In
addition, higher needle-to-collector distance allows splitting or
stretching of fibers making the diameters of the fibers smaller.
Only few research studies have reported electrospinning of rub-
ber materials due to the poor fiber formation property of rubbers
caused by the inefficiency of conventional solvent systems avail-
able for the dissolution of rubbers.””*® Only a few studies have
successfully spun synthetic cis-1,4-polyisoprene, polybutadiene
rubber,”® ENR,' and blends of NR with polycaprolactone or
acrylonitrile butadiene styrene *” fibers via electrospinning.

This paper compares the effectiveness of three methods, namely sor-
bitol plasticization and electrospun natural rubber fibers (NRFs) and
epoxidized natural rubber fibers (ENRFs), as toughness-enhancing
mechanisms for crosslinked zein resin that may be used as a green
resin in composites. While sorbitol was directly added to zein, NR
and ENR were dissolved in chloroform (CHCl,), a relatively efficient
and green solvent, and the fibers were spun directly into zein resin
slurry with different loadings, following the process previously
employed by Kim and Netravali.'* The toughening agent (sorbitol,
NR, and ENR) loadings were varied from 0 to 20% based on the
weight of zein. Further, the effects of toughening agent loading on
the chemical, thermal, and mechanical properties, particularly
toughness, of the zein resin were studied.

EXPERIMENTAL

Materials

Zein protein from maize (powder), D-sorbitol (plasticizer), chlo-
roform, and analytical glutaraldehyde (GA, 25 wt % in water) as
a crosslinking agent were purchased from Sigma Aldrich Chemi-
cal Co., St. Louis, MO. Ethanol (EtOH, 99% purity) was obtained
from Fisher Scientific, (Pittsburgh, PA). NR and ENR (50 mol %
conversion) were obtained from Malaysian Rubber Board, Kuala
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Figure 2. ATR-FTIR spectra of (a) Zein/NRF and (b) Zein/ENRF for all loadings (0, 5, 10, 15, 20, and 100 wt %). [Color figure can be viewed at

wileyonlinelibrary.com]

Lumpur, Malaysia. All chemicals were utilized as received with-
out further purification.

Wet Electrospinning of Rubber Materials

NR and ENR were dissolved in chloroform at a concentration of
2% (w/v) and stirred overnight at 30 °C. The solutions were then
filled into a 30-mL syringe and electrospun into fibers using the
Gamma power supply at a high voltage of 16 kV. The solution
feeding rate was set to 100 and 500 pL/min for NR and ENR,
respectively, and the needle-to-collector distance was fixed at
15 cm. Zein resin solution in aqueous ethanol (20 w/v%) was pre-
pared in a beaker, which was then placed on the aluminum col-
lector (distance to needle = 22 cm), such that the distance from
resin surface to needle was maintained at 15 cm. NR and ENR
fibers were directly electrospun into the zein resin that was being
stirred continuously at 200 rpm using a magnetic stirrer to pre-
vent any aggregation of electrospun fibers.

Preparation of Toughened Zein Resin

Zein protein powder was mixed with aqueous ethanol (85 vol %)
and the solution was stirred for 1 h at 500 rpm at 50 °C to obtain
a 20 w/v% zein solution. GA, as the crosslinking agent, was then
added to the mixture (10 wt % based on zein powder) and stirred
for another 1 h. The zein-GA crosslinking reaction is fast and vis-
cosity increases quickly. In order to study the effects of the plasti-
cizer on the mechanical properties of the resin, the plasticizer
(sorbitol) content was varied between 0 and 20%, in steps of 5%,
based on the weight of the zein. Electrospun NR and ENR fibers
(NRFs, ENRFs) using the 2% solution, as mentioned earlier, were
directly deposited into the zein resin that was being stirred con-
tinuously. Their loadings also varied from 5 to 20 wt %, based on
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the weight of the zein. Zein resins containing different loadings
of sorbitol plasticizer, NRFs, or ENRFs were cast in a Teflon-
coated glass mold (15 cm X 15 cm) and dried and precured at
60 °C in an air-circulating oven for 72 h to form sheets. The
dried films taken from the molds were then cured in a hot press
at 95 °C and under a pressure of 0.5 MPa for 20 min to complete
the zein-GA crosslinking reaction. All resin sheets having
1-1.5 mm thickness were conditioned at 21 °C and 65% relative
humidity (RH) level for 72 h prior to any characterization.

Tensile Properties of Toughened Zein Resins

Conditioned zein resin sheets of all compositions were laser cut
to obtain the tensile test specimens with dimensions of 100 mm
(L) X 10 mm (W). Tensile properties such as fracture stress, frac-
ture strain, toughness, and Young’s modulus of control and
toughened zein specimens were characterized using an Instron
universal testing machine (Instron, Model 5566, Instron Co.,
Canton, MA) according to ASTM D882-02. Gauge length of
50 mm and crosshead speed of 10 mm/min (strain rate of
0.2 min™") were maintained for all tensile tests. Five specimens
were tested for each condition to ensure the reproducibility of
the results.

Thermal Analysis of Rubber-Toughened Zein Resins

Differential scanning calorimetry (DSC) (TA-DSC 2000, TA
instrument Inc., New Castle, DE) was conducted at a heating rate
of 10 °C/min from —80 to 300 °C to evaluate any changes in the
thermal properties of rubber-toughed zein resin. All DSC tests
were performed in a nitrogen environment (flow rate of
50 mL/min). Thermogravimetric analysis (TGA) of control and
rubber-toughened zein resin specimens was performed using a
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Figure 3. DSC thermograms of (a) Zein/NRF and (b) Zein/ENRF specimens with different rubber fiber loadings. [Color figure can be viewed at
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thermogravimetric analyzer (TA-TGA Q500, TA Instruments,
Inc,, New Castle, DE). The specimens were tested at a heating
rate of 10 °C/min from 30 to 600 °C under a nitrogen environ-
ment (flow rate of 60 mL/min).

Zein Resin Characterization

A scanning electron microscope (SEM), LEO 1550 FESEM, was
utilized to characterize the microstructure of the fracture surfaces
of control and toughened zein resin specimens. Attenuated total
reflectance Fourier-transform infrared spectroscopy (ATR-FTIR
spectrometer, Frontier, Perkin Elmer, Waltham, MA) was utilized
to characterize the chemical composition of control and rubber-
toughened zein specimens. The tests were conducted from 4000
to 800 cm™" wavenumbers with a total of 32 scans and a resolu-

tion of 4 cm ™.

RESULTS AND DISCUSSION

Chemical Analysis of Rubber-Toughened Zein Resins

Figure 2 shows the ATR-FTIR spectra of control and NRF and
ENRF-toughened zein resins for all loadings (0, 5, 10, 15, and
20 wt %) as well as pure NRF and ENRF. It can be seen from
Figure 2 that pure zein showed absorption peaks at 1041-1237,
1535, 1672, and 2851-2962 cm ™! (wavenumbers) corresponding
to C—N stretching, N—H stretching, C=0O stretching, and CH
and CH; asymmetric stretching, respectively.”' ¢ Similar infrared
absorption peaks have been reported by other researchers for zein
resin.’"?* After the addition of NRF, new peaks at 1641 and
1688 cm™' representing C=C stretching from NR [shown in
Figure 2(a)] were observed.'* However, Figure 2(b) indicates that
addition of ENRF results in peaks at 856, 925, and 1252 cm™’
corresponding to epoxide groups present in ENRF.'®*%”

As mentioned earlier (also shown in Figure 1), the epoxy groups
in ENRF can react with carboxylic groups (COOH) present in the
amino acids, such as glutamic acid and aspartic acid, of zein resin
leading to the formation of ester crosslinks during the curing
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process (hot-pressing at 95 °C). 3 As can be seen in Figure 2(b),
an absorption peak around 1724 cm™" was observed in the spectra
of Zein/ENRF specimens, which corresponds to an ester carbonyl
group (C=O0). It is noted that a similar peak was obtained for con-
trol and Zein/NRF specimens as well and is related to the amine-
aldehyde crosslinking reaction between protein and GA.*>*
However, the intensity of the carbonyl peak at 1724 cm™" was sig-
nificantly higher with ENRF loading. Since NRF does not undergo
the esterification reaction with zein, only the small carbonyl peak
caused by crosslinking reaction between zein and GA was
observed, as shown in Figure 2(a). Further, broad peaks around
3300-3500 cm ™' seen in Figure 2(a,b) represent the existence of
hydroxyl groups (—OH) from various amino acids. These absorp-
tion peaks can be due to the reaction between amine groups of
zein, such as lysine and arginine and epoxy groups of ENREF, as
discussed earlier (Figure 1), which leads to the generation of the
hydroxyl groups. In addition, the hydroxyl groups in zein can also
react with the epoxide groups in ENR to form secondary hydroxyl
groups.'”'®*! Presence of hydroxyl groups in all specimens also
attract additional moisture and were conditioned at 65% RH
for 72 h.

Thermal Properties of Toughened Zein Resins

Figure 3 shows DSC thermograms of Zein/NRF and Zein/ENRF
specimens, with different compositions, from —80 to 300 °C. It
can be seen that all specimens showed an endothermic peak
between 70 and 150 °C. This peak is believed to be due to the
loss of volatile components, primarily absorbed water, as well as
breakdown of hydrogen bonds in the zein structure that results
in chain relaxation.””*> An endothermic transition around
168 °C observed in the DSC thermogram for pure zein specimen
shown in Figure 3 is associated with its glass transition tempera-
ture (Tg).“’“’47 Above this temperature, zein chains have mobil-
ity. These results are consistent with earlier studies on thermal
properties of zein films.*****” It can also be seen from Figure 3
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Table I. Glass Transition (T,) and Degradation Temperature (Tq) of
Zein/NRF and Zein/ENRF Specimens for All Rubber Fiber Loadings, Using
DSC and TGA-DTGA Technique

Toughening DSC TGA-DTG
agent
Specimens loading(wt %) T4 C) T4 (°C)
Zein/NRF 0 181 304
5 -56, 183 304
10 -55, 196 301
15 -55,194 297,365
20 -51, 203 298, 381
100 -58 387
Zein/ENRF 0 181 304
5 -12 313,361
10 -8 318, 365
15 -3 323, 361
20 15 327,359
100 -27 368

(a) that the thermogram for pure NR shows an endothermic
transition for T, at around —58 °C. All Zein/NRF specimens
showed two transition points for T, first around —54 °C,
corresponding to NR, and the second between 160 and 230 °C
corresponding to zein resin (summarized in Table I). It should be
noted that due to the poor electrospinning behavior, NR was
deposited into the zein resin both in fiber and gel particle forms.
In addition, because of the immiscibility between zein and NRF
or NR, they remain phase-separated and show their elastic state
while zein stays in its glassy state until its T, at around 200 °C.
Since no crosslinking reaction was anticipated between zein and
NRF, two separate Tgs were observed for Zein/NRF specimens.
For pure ENR specimen, a T in the range of —27°C was
observed [as seen in Figure 3(b)], much higher than —58 °C
obtained for NR. All Zein/ENRF specimens showed an increase
in Ty from —12 to 15 °C as the ENR loading increased from 5 to
20 wt %. No such trend was obtained for Zein/NRF specimens.
This increase in T, for Zein/ENRF specimens is the further con-
firmation of the crosslinking between the epoxy groups of ENR
and the amino acids of zein. These phenomena are consistent
with the study on NR and ENR toughening of SPI resin reported
earlier by Kim and Netravali."'*

Figures 4 and 5 show the TGA and DTA (first derivative of TGA
curve) thermograms of Zein/NRF and Zein/ENRF specimens for
all loadings, from 30 to 600 °C. It can be seen from these ther-
mograms that for pure zein resin, the initial weight loss that
occurs up to 130 °C corresponds to the evaporation of the
absorbed moisture and any residual solvent. Weight loss from
130 to 200 °C, about 10%, can be partially attributed to the evap-
oration of fatty acids.*> The main degradation temperature (T)
of pure zein resin was observed at about 304 °C, as shown in
Figure 4(a), and confirms the earlier literature.*>*84° Figure 4(f)
shows Ty, represented by sharp and significant weight loss, at
about 387 °C for pure NR. The T4 of Zein/NRF specimens
slightly reduced from 304 to 298°C with NRF loading
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[Figures 4(b-e) and Table I]. Because of the nonuniform disper-
sion of NRF in zein resin, as mentioned earlier, the specimens
consisted of phase-separated domains. Even with the phase sepa-
ration, specimens with lower NRF loadings (5 and 10 wt %)
showed only one degradation peak corresponding to zein resin.
However, in the case of higher loadings of 15 and 20 wt %, two
separate degradation peaks were observed around 298 and
380 °C corresponding to zein resin and NRF, respectively. On
the other hand, it can be seen from Figures 5(b-e) that the degra-
dation temperature of Zein/ENRF specimens increased from
313 to 327 °C when the ENRF loading increased from 5 to
20 wt %. As in the case of T, the increase in T,; of Zein/ENRF
specimens is attributed to the crosslinking between epoxy groups
of ENR and amine groups present (also COOH and OH) in zein,
as discussed earlier. Additionally, a second degradation peak
around 360 °C was observed for all Zein/ENRF specimens
[Figure 5(b-e)], which is believed to be related to the non-
crosslinked ENREF in the resin. This is consistent with the ther-
mogram of pure ENR presented in Figure 5(f) that shows the T4
around 368 °C.

Tensile Properties and Fracture Morphology of Toughened
Zein Resins

Figure 6 shows typical tensile stress—strain plots for control
(pure) and toughened zein resins using sorbitol (plasticizer),
NRF, and ENRF. Table II summarizes the tensile properties of
the toughened zein resins. It can be seen from Figure 6(a) and
Table II that as the sorbitol content increased from 0 to 20 wt%,
the Young’s modulus and fracture stress decreased significantly
from 979.5 to 45.4 MPa and from 11.6 to 2.2 MPa, respectively.
On the other hand, the fracture strain increased from 2.03 to
50.2% and toughness increased from 0.14 to 1.18 MPa. These
results are consistent with the reported effect of sorbitol as a plas-
ticizer.® Although the addition of sorbitol resulted in the
enhancement of the toughness of zein resin, this effect can be
expected to wear off over time due to the leaching of sorbitol
from the resin, as discussed earlier. As can be seen from stress—
strain plots in Figure 6(b) and data in Table II, adding 20-wt %
NRF to zein resin increased the fracture strain and toughness
from 2.03 to 68.6% and 0.14 to 1.45 MPa, respectively. However,
at the same time, Young’s modulus and fracture stress reduced
significantly from 979.5 to 69.7 MPa and 11.85 to 1.22 MPa,
respectively, as was expected. Stress—strain plots for Zein/ENRF
in Figure 6(c) and data in Table II indicate that the increase in
ENRF loading from 0 to 15wt % increased the fracture strain
from 2.03 to 73.26% and toughness from 0.14 to 5.20 MPa, while
the fracture stress and Young’s modulus decreased from 11.58 to
6.31 MPa and 979.50 to 141.32, respectively. It can also be seen
from data summarized in Table II that all Zein/NRF specimens
have lower fracture strain than Zein/ENRF specimens. It has been
reported that the neat NR and ENR used in this study had frac-
ture strains of about 400 and 190%, respectively."'* Due to the
poor solubility of NR in chloroform that resulted in its poor
electrospinning behavior, NR was deposited into the zein resin
both in fiber as well as gel particle forms, which caused non-
uniformity in the dispersion of NR along with phase separation.
Technically, the Zein/NRF specimens were expected to show
higher fracture strains than Zein/ENRF specimens. However, in
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addition to poor mechanical properties of NR, immiscibility and
poor dispersion of NR in zein resin were believed to be the main
reasons for the Zein/NRF specimens possessing a substantial
lower fracture stress, Young’s modulus, and fracture strain than
that of the Zein/ENRF specimens.

In comparison, all Zein/ENRF specimens resulted in significantly
higher toughness values than the Zein/NRF and sorbitol plasti-
cized specimens. For instance, the specimens with 10-wt %
ENRF showed a toughness value of 4.18 MPa, while the speci-
mens with the same loading of NRF and sorbitol resulted in

toughness values of only 1.14 and 0.89 MPa, respectively. It is
well known that the bonding between the resin and the reinforce-
ment is the key factor to enhance the mechanical properties of a
composite. Similarly, as discussed earlier, the epoxy groups of
ENR react with amine, carboxyl, and hydroxyl groups present in
zein structure resulting in the formation of a three-dimensional
network. It is believed that the formation of the crosslinks
between zein and ENRF led to higher fracture strain and stress as
well as Young’s modulus than that of sorbitol and NRF-
toughened resins where no such possibility exists.’">* The
increased fracture strain combined with higher modulus in
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Figure 5. TGA and DTA thermograms of Zein/ENRF specimens with ENRF loadings of (a) 0, (b) 5, (c) 10, (d) 15, (e) 20, and (f) 100%. [Color figure can

be viewed at wileyonlinelibrary.com]
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Figure 6. Typical tensile stress-strain plots of toughened zein resins with different loadings of (a) sorbitol plasticizer, (b) NRF, and (c) ENRF. [Color figure

can be viewed at wileyonlinelibrary.com]

ENRF-toughened zein resins can significantly increase the energy
absorbed during tensile deformation and increase the toughness
compared with that of Zein/NRF and sorbitol-plasticized speci-
mens.”® These results also demonstrate that the tensile properties
of Zein/ENRF specimens decreased when ENRF loading
increased further above 15 wt %. This is believed to be because of
the dominant influence of ENR in increasing the flexibility as
well as somewhat less than desired dispersion of ENRF due to
their significant entanglement while electrospinning. With
increased loading of ENRF from 15 to 20 wt %, the fracture
stress, Young’s modulus, and toughness decreased further from
6.31 to 2.06, 141.3 to 138.7, and 5.20 to 2.73 MPa, respectively.
This behavior is consistent with the reported results in other
research on ENR toughening of epoxy resins.>

Figure 7 shows SEM typical images of specimen and fracture sur-
faces of Zein/NRF and Zein/ENRF specimens with 15-wt % load-
ing. Many cracks can be seen on the surface of both NRF and

Table II. Tensile Properties of Toughened Zein Resins

ENRF-toughened specimens after tensile testing. Figure 7(a—c)
shows the SEM images of the Zein/NRF specimen surface after
tensile testing. It can be seen that NR fibers form bridges and
keep the two pieces of the resin specimen together. This is
because the fracture strain of NR (about 400%) is many times
that of zein (about 2%). Even when the specimen fractures, the
NR fibers with high aspect ratio do not break and they simply
stretch. This results in an increase in the toughness and a
decrease in the brittle nature of the Zein/NRF specimens. These
results were confirmed by the tensile stress—strain data for the
Zein/NRF specimens, as discussed earlier. However, from the
SEM image of the fracture surface of Zein/NRF specimen shown
in Figure 7(d), both broken NR fibers (cross section) and rubber
particles can be observed. Phase separation and weak interaction
between NR and zein resin can also be observed from Figure 7
(d), which is in line with the thermal behavior of Zein/NRF spec-
imens as discussed earlier. On the other hand, SEM images of

Toughening agent loading Fracture Fracture Young's Toughness
Specimen (wt %) stress (MPa) strain (%) modulus (MPa) (MPa)
Zein/sorbitol 0 11.85 + 0.6° 2.03+03 979.5+8.7 0.14 +£0.02
5 576+0.8 8.88+1.6 2275+ 4.4 0.44 +£0.06
10 3.88+0.8 2793 +15 474 +£52 0.89 + 0.09
15 358+ 04 2823 +1.1 465+21 081+0.1
20 218 +1.1 5022 +1.8 454+ 27 1.18+£0.04
Zein/NRF 0 11.85+0.6 203+03 979.5+8.7 0.14 +£0.02
5 777 +12 514+11 256.8 + 5.4 0.12 £ 0.05
10 4394+09 2258 +1.9 1929459 1.14 +0.07
15 1.17+05 2471 +1.7 829+4.1 0.98 + 0.07
20 1.22+0.8 68.58 + 1.6 69.7 +£ 3.7 1.45+0.12
Zein ENRF 0 11.85+0.6 2.03+0.3 979.5+8.7 0.14 £ 0.02
5 787 +05 31.33+£09 2928 +4.1 264 +£0.11
10 6.81+04 4951 +11 1992+ 3.6 4.18 +0.09
15 6.31+0.7 7326 +1.3 1413+ 43 520+ 0.26
20 206+1.1 79.88+1.4 138.7+2.1 2.734+0.08

@ Standard deviation is reported for all data.
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Figure 7. SEM images of (a—c) specimen surface after testing and (d) tensile fracture surface of Zein/NRF specimen with 15-wt % NRF loading. SEM images
of (e-g) specimen surface after testing and (h) tensile fracture surface of Zein/ENRF specimen with 15-wt % ENRF loading. [Color figure can be viewed at

wileyonlinelibrary.com]

fracture surfaces of Zein/ENRF presented in Figures 7(e-g)
clearly show the fiber network bridging the cracks created during
the tensile testing. It was observed that during electrospinning,
ENR fibers were formed in much smaller average diameters
(about 0.67 pm), compared with NR fibers (about 2.48 pm). ENR
fibers were also in the form of fiber networks. This network
structure significantly helps with the toughening of the resin as
shown in Figure 7(c). Moreover, no noticeable phase separation
was found for the Zein/ENRF specimens. This has been con-
firmed by the DSC results discussed earlier. From the typical
fracture surface of Zein/ENRF specimen, shown in Figure 7(h),
only fiber cross sections can be observed. This indicates that the
ENR fibers have very good interaction with zein resin; therefore,
very few holes were observed that suggest almost no fiber pull-
out phenomenon. This is clearly due to the crosslinking between
ENR and zein resin. These results are consistent with the tensile
and thermal behavior of Zein/ENRF specimens, as discussed
earlier.

CONCLUSIONS

Results of this study clearly indicate that the toughness of origi-
nally brittle thermoset zein resin can be enhanced significantly by
mixing electrospun NR and ENR fibers. The fibers can be mixed
in the resin while being electrospun. The mechanical properties,
particularly toughness, of the rubber-toughened zein resins with
the sorbitol plasticized resin show that zein resin toughening by
NR is more efficient than sorbitol plasticization. The results also
demonstrate that ENR fibers are significantly more effective in
toughening of zein resin than NR fibers. Toughening of zein resin
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by ENR fibers resulted in higher Young’s modulus and tensile
strength than that of NR fiber-toughened resins. The enhanced
tensile properties of ENRF-toughened zein resin were primarily
due to the crosslinking between epoxy groups in ENR and amine
and carboxyl groups in zein during the curing process carried out
by hot pressing. These reactions were investigated through ATR-
FTIR. However, crosslinking may also happen between the epox-
ide groups in ENR and amine and hydroxyl groups in zein. DSC
results indicated that all Zein/NRF specimens showed two dis-
tinctive T, values around —55 and 185 °C representing the T, of
NR and zein, respectively. This result alongside with T4 of
Zein/NRF specimens proved that only weak interactions exist
between NR and zein. On the other hand, for Zein/ENRF speci-
mens, as the ENRF loading was increased from 5 to 20 wt %, an
increase in T, (from —12 to 15 °C) and Ty (from 313 to 327 °C)
were observed. Additionally, the tensile properties demonstrated
that the addition of NRF and ENRF to zein resin improved its
toughness more effectively than sorbitol plasticization.
Zein/ENRF specimens with 15-wt % loading of ENR fibers
resulted in a significant improvement in the toughness value of
zein resin from 0.14 (control) to 5.20 MPa. This is in comparison
with sorbitol plasticized resin (0.81 MPa) and NRF toughened
resin (0.58 MPa) with the same loading. Zein/ENRF specimens
also showed the highest tensile strength and Young’s modulus.
These improvements in mechanical properties of zein resin were
predominantly due to the crosslinking between ENR and zein
while no such reactions were expected for NR and sorbitol. This
study shows that the small diameter electrospun ENR fibers could
be a promising solution to enhancing thermal and mechanical

J. APPL. POLYM. SCI. 2019, DOI: 10.1002/APP.48512
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properties, particularly toughness, of the green zein resin.
Enhanced properties can help broaden the usage of this green
resin in many applications, primarily the green composites.
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