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ABSTRACT: The objectives of this study were to investi-
gate the effect of epoxide content (24–88 mol %) on the
mechanical properties and characteristics of epoxidized
soybean oil (ESO) and to compare the mechanical proper-
ties of ESO–organoclay nanocomposites with different
epoxide contents (40 and 100 mol %). ESO was synthe-
sized by in situ epoxidation with acetic acid and hydrogen
peroxide. We prepared ESO bioplastic sheets from ESO by
curing with methyltetrahydrophthalic anhydride and
1-methylimidazole. The tensile properties and tear
resistance of the synthesized bioplastic (ESO40, where the
number indicates the molar percentage of epoxidation)
were investigated and compared with ESO bioplastic
sheets prepared from commercial ESO with 100 mol %
epoxidation (ESO100). The tensile modulus, tensile
strength, tensile toughness, and tear strength of the ESO
bioplastics increased with increasing epoxide content,
whereas the elongation at break of the ESO100 bioplastic
was lowest. No trend was observed in the bioplastics pre-
pared from ESO24–ESO88. Dynamic mechanical thermal

analysis showed increases in the storage modulus and
glass-transition temperature as the epoxide content was
increased. Thermal degradation also increased with
increasing epoxide content. The crosslink density and
chain flexibility controlled the mechanical properties and
characteristics of the ESO bioplastics. ESO–organoclay
nanocomposites were prepared by in situ intercalative
polymerization. The addition of organoclay increased the
mechanical properties of the ESO bioplastics. The effect of
organoclay content (1–8 wt %) on the mechanical proper-
ties was similar to the effect of the epoxide content. The
sESO100 nanocomposite showed a higher modulus but
lower tensile strength and elongation at break than the
ESO40 nanocomposite. Intercalation of the organoclay in
the ESO nanocomposites was observed by transmission
electron microscopy and X-ray diffractometry. VC 2009 Wiley
Periodicals, Inc. J Appl Polym Sci 114: 3057–3067, 2009
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INTRODUCTION

Recently, the industrial sectors and researchers have
paid more attention to biobased plastics for many
reasons. For example, raw materials produced from
petrochemicals are becoming more and more expen-
sive because of the increase in oil price and the
lower supply. With greater public demand for
environmentally friendly products and greater con-
cern about global warming, problems arising from

conventional plastic production are becoming an
important issue. As a result, plastics from renewable
agricultural products are being developed and will
become the next generation of plastic materials.
Soybean oil (SO) is one of the raw materials with a
high potential for new bioplastics. Modified SO is a
promising alternative in many applications, includ-
ing plastic sheet-molding compounds, coatings, and
adhesives.1 The synthesis of epoxidized soybean oil
(ESO) was already been patented2–4 and published.5

ESO with 100 mol % epoxidation (ESO100) was com-
mercialized under various trade names and is used
in lubricant application and as a plasticizer of poly
(vinyl chloride). Until now, many researchers have
worked on the chemical modification and new appli-
cations of ESO. The degradation of the epoxide ring
in ESO was studied by Campeanella and Baltanas.6,7

The chemical modification of ESO by the ring open-
ing of the epoxide ring has been widely studied to
obtain new products, including polyol,8,9 lubricant
additive,10 synthetic lubricant,11 SO–styrene–divinyl-
benzene copolymer,12,13 SO monoglyceride maleate–
polystyrene copolymer14 and epoxy methyl esters.15
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ESO has been used on its own as a PVC plasti-
cizer,16 in coatings (without other polymers),17,18 and
in coatings with other polymers, including terpino-
lene resin,19 epoxy resin,20 and styrene/acrylic
copolymer.21 Polyurethane foam was synthesized
with polyol derived from modified ESO.22 Because
of the flexible hydrocarbon backbone, ESO was used
as a toughening agent for thermosetting plastics,
including phenolic resins23,24 and epoxy resin.25–29

The high reactivity of the epoxide ring makes ESO
able to crosslink with a suitable hardener. The
so-called bioplastic could be applied to thermoset-
ting derived from crosslinked ESO. Sheet-molding
compound resins prepared from acrylated ESO have
been reported.30,31 The viscoelastic properties of
crosslinked ESO have been studied in terms of
effects of different curing agents32 and hydrogel
properties.33 Although ESO nanocomposites are very
interesting because the in situ intercalation can be
easily prepared, not many studies have been
reported in this field. Titanium(IV) oxide anatase
with a particle size of 32 nm was mixed in ESO.34

There are a few publications reporting nanocompo-
sites prepared from organoclay and ESO.35–37 Orga-
noclay was also used in ESO–polymer blends. For
example, Liu and Erhan38 prepared organoclay
nanocomposites of epoxy/ESO blends. Lu and
Wool39 used organoclay to reinforce ESO liquid
rubber blended with polystyrene. The organoclay
frequently used in those studies was Cloisite 30B,
and the curing agent frequently used was triethyle-
netetramine. Additionally, the ESO used in all of the
previous studies was a commercial grade containing
100 mol % epoxidation (ESO100). No mechanical
properties of ESO or ESO nanocomposites contain-
ing epoxide contents of less than 100 mol % were
reported. The commercial ESO100 may not be
suitable for the preparation of bioplastics because of
high brittleness. The new approach is to seek new
ESOs that provide higher ductility or toughness.
Therefore, it is necessary to develop new ESOs
containing various epoxide contents and determine
their mechanical properties and characteristics.
ESO–organoclay nanocomposites should be exten-
sively researched to obtain better mechanical
properties.

The aims of this study were to investigate the
effect of epoxide content (24–88 mol %) on the
mechanical properties of ESO bioplastics and to
develop bioplastic nanocomposites from ESO con-
taining 40 mol % epoxidation and organoclay via in
situ intercalative polymerization. In this study, the
organoclay used was different from that used in all
of the previous studies. The polymer characteriza-
tion and morphology of bioplastics and bioplastic
nanocomposites are discussed as well. The mechani-
cal properties of synthesized ESO bioplastics and

ESO–organoclay nanocomposites were compared to
those of samples prepared from commercial ESO
(ESO100). The possible applications of these new
bioplastics and bioplastic–organoclay nanocompo-
sites are sheets or films.

EXPERIMENTAL

Materials

Commercial food-grade SO produced by Thai Vege-
table Oil Public Company Limited (Bangkok, Thai-
land) was purchased from a supermarket and was
used without further purification. Glacial acetic acid
(Labscan Co., Ltd., Gliwice, Poland), 30% v/v hydro-
gen peroxide (Merck, Darmstadt, Germany), and sul-
furic acid (Labscan Asia Co., Ltd., Bangkok, Thai-
land) were used for the in situ epoxidation.
Anhydrous sodium sulfate (Fischer Scientific, Pitts-
burgh, PA) was used for the dehydration process af-
ter synthesis. Chloroform (Labscan Co., Ltd., Gli-
wice, Poland) was used as a solvent for ESO. All of
the chemicals used were analytical grade. The Viko-
flex 7170 (100 mol % epoxidation, 7% oxirane oxy-
gen) produced by Arkema, Inc. (Philadelphia, PA)
was used as the reference oil. Bentonite-based orga-
noclays included Bengel 434 [trimethylalkyl (C14–20)
ammonium bentonite] produced by Elements Spe-
cialties, Inc. (Hightstown, NJ) and octadecyl tri-
methyl (C16) ammonium bentonite (OTAC). The
chemical structure of the surfactant is displayed in
Figure 1(a), whereby the number of carbons (n) in
trimethylalkyl ammonime and ocadecyl trimethyl
ammonium were 14–20 and 16, respectively. Benton-
ite (montmorillonite) is commonly used as a layered
silicate in polymer–clay nanocomposites. Its crystal
structure, as shown in Figure 1(b), is characterized
by a 1 nm thick silicate layer consisting of two silica
tetrahedral sheets fused to an edge-shared octahe-
dral sheet of nominally Al, Fe, Mg, or Li. Between
each silicate layer, it consists of exchangeable cati-
ons, for example, Liþ, Naþ, Rbþ, or Csþ. The gap
between each layer is called a gallery or interlayer.
Methyltetrahydrophthalic anhydride (MTHPA; Lin-
dried 46QC, produced by Lindau Chemicals Co., Co-
lumbia, SC) and 1-methylimidazole (Sigma-Aldrich,
St. Louis, MO) were used as a curing agent and a
catalyst, respectively, for the curing reaction. Deuter-
ated chloroform (CDCl3; 99.8% D; SP Industries Co.,
Warminster, PA) was used as a solvent for investiga-
tion by NMR. All chemicals were used as received.

Preparation and characterization of ESO

The in situ epoxidation of SO was carried out with
hydrogen peroxide and acetic acid. The molar ratio
of SO to acetic acid to hydrogen peroxide to sulfuric
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acid was 1 : 3 : 5 : 0.009. The average molecular
weight of the SO used was 871.79 g/mol, which was
characterized by gas chromatography (6850, Hewlett
Packard, Ramsey, MN) with an average functionality
of 4.6 carbon–carbon double bonds per triglyceride.
Our obtained molecular weight was similar to that
of other SOs.30,40 Sulfuric acid acted as a catalyst for
the epoxidation reaction. SO was added to the reac-
tor when the temperature of the water bath reached
55�C. Acetic acid and sulfuric acid were added
dropwise in the SO under continuous stirring.
Hydrogen peroxide was slowly dripped for approxi-
mately 20–30 min. The reaction temperature was
maintained at 55 � 2�C throughout the reaction
period (5–8 h). The epoxidation reaction was termi-
nated by the cooling of the reactor. ESO was neutral-
ized by distilled water until the pH of the mixture
was 7. Water was removed with a separating funnel,
and sodium sulfate anhydrous was added to the
ESO sample for dehydration. After filtration, the
degree of epoxidation was determined by 1H-NMR
spectroscopy (Varian Unity Inova 500 MHz, Palo
Alto, CA). The epoxide content was calculated with
eq. (1):41–43

Epoxide content ðmol%Þ ¼ I3:0�3:15

I3:0�3:15 þ I5:3�5:6
(1)

where I3.0–3.15 and I5.3–5.6 are the integrated values of
the peaks at d ¼ 3.0–3.15 ppm (epoxy proton) and d ¼
5.3–5.6 ppm (CH¼¼CH), respectively.5,10 The peak at
d ¼ 2.8–3.0 ppm belonged to the CH2 proton adjacent
to two epoxy groups.10 The nomenclature of the ESO
sample is based on the epoxide content; for example,
ESO40 or ESO100 represent epoxide contents of 40
and 100 mol %, respectively. SO and ESOs were also
characterized by Fourier transform infrared (FTIR)
spectroscopy (Equinox 58, Bruker, Billerica, MA).

Preparation of the ESO–organoclay
nanocomposites

Two different kinds of organoclays were selected for
this study: Bengel 434 and OTAC. It is not the aim of
this article to report the synthesis method and charac-
teristics of the organoclays. Nanocomposites contain-
ing Bengel 434 and OTAC were prepared by the
following method. The organoclay was dried in a
vacuum oven (model 29, Precision, Munich, Germany)
at 105�C for 24 h before use. The organoclay was dis-
persed in chloroform with an ultrasonic device at a
frequency of 60 kHz for 4 h. The required amount of
organoclay dispersion was added in ESO under con-
tinuous stirring with a magnetic bar. The mixture of
ESO and organoclay was sonicated again for 4 h.
Chloroform was eliminated with a rotary evaporator
(Rotavapor R-200, Buchi, St. Gallen, Switzerland). The
ESO organoclay mixtures were vacuum-dried at 60�C
for 24 h and kept in sealed bottles.

Preparation of the ESO bioplastic sheets and ESO
nanocomposite sheets

All of the samples of ESO and mixtures of ESO and
organoclay, except ESO100 mixed with Bengel 434,
were mixed with 60 parts per hundred of ESO by
weight (pphr) of MTHPA and 1-pphr 1-methylimi-
dazole. The curing temperature and time were
150�C and 75 min, respectively. The curing process
was performed in an oven (UFB400, Memmert,
Schwabach, Germany). Because of the appearance of
the cured sheets obtained from ESO100 mixed with
Bengel 434, it was necessary to change the chemical
composition and curing conditions. The appropriate
chemical composition became 40-pphr MTHPA and
1-pphr 1-methylimidazole, and the curing conditions
were 135�C and 60 min.

Mechanical property testing and characterization

The die-cut specimens were prepared from the sheet
samples. The tensile properties (ASTM D 412C) and

Figure 1 Chemical structures of (a) the surfactants and
(b) bentonite. [Color figure can be viewed in the online
issue, which is available at www.interscience.wiley.com.]
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tear strength (ASTM D 624, the right-angle speci-
men) were determined with a universal testing
machine (Instron 5569, Norwood, MA) with a cross-
head speed of 50 mm/min. The gauge length of the
tensile testing specimen was 35 mm. Testing was
carried out at 25�C, and five specimens were tested
for every sample. The dynamic mechanical thermal
properties were investigated by a Rheometric Scien-
tific DMTA V (Piscataway, NJ) under tension mode
with a strain control of 0.01% at a frequency of 1
Hz, and temperature scans were run from �50 to
80�C at a heating rate of 2�C/min. The presence of
nonreacted functional groups in the ESO bioplastic
sheets were characterized with a differential scan-
ning calorimeter (DSC7, PerkinElmer, Norwalk, CT)
at a heating rate of 10�C/min from 30 to 300�C.
Fresh ESO mixed with MTHPA and 1-methylimida-
zole was used to obtain the complete heat of reac-
tion (DH, heat of reaction ¼ 100%). Thermogravimet-
ric analysis (TGA 7, PerkinElmer, Norwalk, CT) was
operated at a heating rate of 10�C/min from 50 to
550�C under a nitrogen atmosphere. The characteris-
tics of the organoclay in the ESO nanocomposites
were explored by an X-ray diffractometer (D5005,
Seimen, Munich, Germany) with Cu Ka radiation (k
¼ 1.54 Å) at 40 kV/40 mA. The diffractograms were
scanned in a 2y range of 1–10� at a rate of 0.4�/min.
The ultramicrotomed sections were prepared at
�110�C for microscopy. Transmission electron mi-
croscopy (TEM; JEM2010, JEOL, Tokyo, Japan) was
applied at an accelerating voltage of 160 kV, and
images were recorded at 100,000� magnification.

RESULTS AND DISCUSSION

Determination of the prepared ESO

Figure 2 shows the 1H-NMR spectra of SO, ESO40,
and ESO100. The d assignment of characteristic pro-
tons in SO and ESO was reported by Adhvaryu and

Erhan10 and Li and Larock.12 The 1H-NMR spectra
in this study were similar to those reported by those
authors. The important chemical shifts of regular SO
included the following peaks: 5.0–5.3 ppm (vinylic
hydrogens, ACH¼¼CHA, and methine protons of the
backbone, ACH2ACHACH2A), 4.0–4.4 ppm (methyl-
ene protons, CH2ACHACH2), and 2.4–2.6 ppm (pro-
tons in the CH2 groups between two carbon–carbon
double bonds, ¼¼CHACH2ACH¼¼), whereas the
important chemical shifts of ESO40 included the
following peaks: 5.3–5.6 ppm (ACH¼¼CHA), 5.2–
5.3 ppm (ACH2ACHACH2A), 4.0–4.4 ppm
(CH2ACHACH2), 3.0–3.2 ppm (ACHA proton of the
epoxide ring), and 2.8–3.0 ppm (CH2 proton adjacent
to two epoxide rings). The appearance of the peaks
at 2.8–3.2 ppm in ESO40 and ESO100 proved the
presence of epoxide ring. Furthermore, the peak
height at 5.3–5.6 ppm decreased in ESO40 and dis-
appeared in ESO100; this supported the degree of
epoxidation in the samples. On the basis of determi-
nation from 1H-NMR spectra, 24–88 mol % epoxide
contents were obtained in this study. Epoxide ring
opening in the ESO was determined by infrared
spectroscopy, and no OH group was detected. As
demonstrated in Figure 3, qualitative FTIR investiga-
tion showed the epoxide group at a wave number of
824–843 cm�1 in ESO40 and ESO100, and only SO
showed a sharp peak at 3010 cm�1; this represented
the double bond (C¼¼C) of triglyceride.25 We suc-
cessfully synthesized ESO containing different epoxi-
dations without a ring-opening side reaction.

Tensile properties and characteristics of ESO
bioplastics

The notion of this study was to use the minimum
amount of curing agent needed to prevent too much
crosslinking and the presence of chemical residue.
To formulate the chemical composition, a prelimi-
nary study was executed. ESO40 was selected to

Figure 2 NMR spectra of SO (bottom), ESO40 (middle),
and ESO100 (top).

Figure 3 FTIR spectra of SO (top), ESO40 (middle), and
ESO100 (bottom).
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investigate the effect of the curing agent content.
The minimum concentration of MTHPA was 50
pphr to obtain an acceptable sheet in terms of
appearance and mechanical properties, and 60-pphr
MTHPA provided the optimum tensile properties.
Thus, 60-pphr MTHPA was used for all of the sam-
ples. The ESO bioplastics in this study were thermo-
set, and the structure of triglyceride did not support
crystallization. Therefore, the mechanical properties
of the ESO bioplastics came from the crosslink
density, which was the result of the crosslinking
reaction between the epoxy ring and MTHPA.

The stress–strain curves and tensile properties of
the ESO bioplastics with various epoxide contents
are displayed in Figure 4 and Table I, respectively.
A brittle fracture manner was obtained. These ESO
bioplastics exhibited tensile behavior similar to a
conventional synthetic rubber with a low modulus
and tensile strength and a moderate elongation at
break. All specimens showed rubber elasticity; they
snapped back to the original length after failure,
except for ESO100, which was very brittle. Nonli-
nearity in the stress–strain curves was observed in

the samples that contained epoxide contents of 51
mol % or greater. The linearity and nonlinearity
involved the crosslink density; this was similar to
work done by Li and Larock.13 The linearity in
ESO24 to ESO40 was due to less crosslinking in
comparison with ESO51 to ESO100. Nonlinearity is
usually associated with plastic flow in the sample
(plastic deformation). Linearity was related to the
flexibility and hardness of the ESO bioplastics. The
hardness of these ESO bioplastics was in the range
11–96 Shore A from ESO24 to ESO100. Triglyceride
consists of short-chain molecules of three fatty acids.
To be a polymer, it needs chemical crosslinking.
Although all of the samples were polymers, unfortu-
nately, their molecular weights could not be deter-
mined. We believe that the crosslink density and
flexibility played an important role in differences in
the linearity of these ESO bioplastics. The Young’s
modulus, tensile strength, and tear resistance
increased with increasing epoxide content, which
resulted from an increase in the crosslink density.
For the elongation at break of the ESO31 to the
ESO88 bioplastics, no trend was observed. However,
these ESO bioplastics showed a much higher
elongation at break than the ESO100 bioplastic, par-
ticularly, the ESO40 bioplastic, which showed the
highest elongation at break. When the epoxide con-
tent increased, crosslinking in ESO was enhanced,
which led to a more rigid structure and less segmen-
tal mobility. The tensile toughness was obtained
from the area under the stress–strain curves, as
exhibited in Figure 4. The tensile toughness
increased with increasing epoxide content from 24 to
88 mol % and then decreased when the epoxidation
was 100 mol %, as listed in Table I. The ESO100
bioplastic showed the most brittleness and a very
low elongation at break; therefore, the tensile tough-
ness was lowest, although the modulus was very
high. These results suggest that the improvement in
the toughness of the ESO100 bioplastic was well
done in this study by the decrease in the epoxide
content, as mentioned in the previous assumption.

Figure 4 Stress–strain curves of ESO bioplastics with 60
pphr MTHPA cured at 150�C for 75 min.

TABLE I
Effect of the Epoxide Content on the Tensile Properties and Tear Strength of the ESO Bioplastics

with 60-pphr MTHPA Cured at 150�C for 75 min

Epoxide content
(mol %)

Modulus
(MPa)

Tensile strength
(MPa)

Elongation
at break (%)

Tear strength
(N/mm)

Tensile toughness
(MPa)

24 0.70 � 0.04 0.39 � 0.04 98 � 10 0.87 � 0.11 0.17 � 0.00
31 1.97 � 0.11 0.80 � 0.05 58 � 4 2.18 � 0.19 0.29 � 0.01
35 2.19 � 0.22 1.05 � 0.19 66 � 11 2.30 � 0.48 0.52 � 0.01
40 2.74 � 0.29 1.33 � 0.14 78 � 6 2.85 � 0.30 0.89 � 0.01
51 4.79 � 0.40 1.88 � 0.35 69 � 13 3.56 � 0.23 1.34 � 0.00
57 17.04 � 2.07 3.35 � 0.53 59 � 6 4.48 � 0.91 1.08 � 0.01
88 20.81 � 2.15 3.75 � 0.32 53 � 8 4.98 � 0.27 1.94 � 0.02
100 37.71 � 7.70 5.75 � 0.90 15 � 5 5.72 � 1.11 0.42 � 0.01
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Figure 5 shows the temperature dependence of
the storage modulus (E0) and the loss factor (tan
d) for all of the ESO bioplastics. E0 increased with
increasing epoxide content, similarly to Young’s
modulus. The modulus in the rubbery plateau
region also increased with epoxide content. This
modulus relates to crosslink density on the basis
of the theory of rubber elasticity, as written in
eq. (2):

E0 ¼ 3nRT (2)

where E0 is the storage modulus in the rubbery pla-
teau region, n is the crosslink density, R is the gas
constant, and T is the absolute temperature at the
rubbery plateau region, generally 30–50�C above the
a-relaxation temperature. The rubbery modulus at
70�C was selected to calculate the crosslink density
for all of the ESO bioplastics except the ESO100 bio-
plastic, whereby the rubbery modulus was calcu-
lated at 90�C. The calculated values of crosslink
density increased with increasing epoxide content in
the range 131–2610 mol/m3 from the ESO24 bioplas-
tic to the ESO100 bioplastic. This result substantiates
the hypothesis that crosslink density increased with
epoxide content.

All of the ESO bioplastics showed a broad transi-
tion from the glassy to the rubbery state because of
the plasticizing characteristics of saturated fatty
acids in the network.30 The temperature shown in
Figure 5(b) was the temperature at the maximum
tan d, which was in the range 14.7–45.8�C from the
ESO24 bioplastic (14.7�C) to the ESO100 bioplastic
(45.8�C). Park et al.5 prepared a bioplastic sheet from
ESO100 polymerized with N-benzylpyrazinium
hexafluoroamtimonate, and the glass-transition tem-
perature (Tg) determined from the tan d peak was
24�C, which was lower than that derived in this
study. This was because of the differences in the
curing agent type and concentration, although a
shorter curing time was used in this study. It is
known that the temperature at the maximum tan d
is equivalent to Tg of the polymer and Tg derived
from dynamic mechanical thermal analysis (DMTA)
is different from that derived from DSC. It has been
stated that for most thermosetting plastics, the tan d
peak at a frequency of 1 Hz generally occurs at a
temperature of 15–20�C above Tg, as measured by
dilatometry or differential thermal analysis.30 There-
fore, such Tg’s of the ESO bioplastics were approxi-
mately 30�C for the ESO100 bioplastic, 15�C for the
ESO40 bioplastic, and 0�C for the ESO24 bioplastic.
To verify the presence of unreacted functional

groups in the ESO bioplastics, sample sheets were
characterized with DSC. No exothermic peak due to
the crosslinking reaction occurring during the heat-
ing scan was observed; this suggested that all of the
epoxide rings reacted with MTHPA. The decomposi-
tion temperatures of the ESO bioplastics obtained
from TGA (listed in Table II) were determined for 5,
10, and 50% weight losses (T5, T10, and T50, respec-
tively). The abrupt weight loss occurred after T10.
The effect of the epoxide content at each decomposi-
tion temperature was different. T5 and T10 tended to
increase with increasing epoxide content from 24 to
57 mol %, whereas the T50 values of all of the
samples were similar. All of the decomposition
temperatures of the ESO100 bioplastic were slightly
different from those of the ESO57 bioplastic. T10

Figure 5 DMTA traces of ESO bioplastics with different
epoxide contents: (a) E0 and (b) tan d.

TABLE II
Decomposition Temperatures of ESO Bioplastics with

Different Epoxide Contents

Epoxide content
(mol %) T5 (

�C) T10 (
�C) T50 (

�C)

24 234.78 267.97 393.78
31 239.26 317.08 389.93
35 251.04 321.89 390.79
40 260.44 328.16 390.77
51 279.22 336.34 391.31
57 295.88 337.91 391.19

100 291.39 335.81 392.12
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could be categorized into three levels: less than
300�C, 300–330�C, and greater than 330�C. No
enhancement of thermal decomposition at T50 due to
epoxide content was derived. It is common for typi-
cal polymers that thermal decomposition generally
starts at 300�C. Because these ESO bioplastics were
crosslinked polymers, their backbone structures
were comprised of short-chain hydrocarbons, which
were triglycerides. As a result, their thermal decom-
position temperatures were relatively low compared
with other thermosetting plastics, that is, epoxy.
However, the crosslink density in the ESO bioplas-
tics may have increased the service temperature
because of the increase in T5 with epoxide content.

It is difficult to make a comparison of the mechan-
ical properties and characteristics among thermoset-
ting plastics because they are strongly dependent on
chemical composition and curing conditions. For
example, the mechanical properties of the ESO100
bioplastic listed in Tables I and III (0 wt % organo-
clay) were different because of different MTHPA
contents and different curing times and tempera-
tures. The ESO100 bioplastic prepared by Uyama et
al.35 showed tensile properties as follows: modulus
¼ 11 MPa, tensile strength ¼ 1.4 MPa, and elonga-
tion at break ¼ 16%, and these values were lower
than ours, which may have been due to the much
lower Tg of their sample.

Li and Larock13 reported the tensile properties of
SO–styrene thermosetting copolymers. They found
that the tensile properties strongly depended on the
styrene content and type of curing agent. For exam-
ple, with divinyl benzene as a curing agent, the
modulus, tensile strength, elongation at break, and
tensile toughness were 225 MPa, 11.5 MPa, 40.5%,
and 4.00 MPa, respectively, whereas the sample
cured with dicumyl peroxide showed a very low
modulus (6 MPa), tensile strength (0.3 MPa), and
tensile toughness (0.11 MPa) but a higher elongation
at break (60.1%). On the basis of a similar Tg, this
study showed a lower modulus and a similar tensile
strength. This was not unexpected because polysty-
rene increased modulus of the copolymer because of
the rigid benzene ring structure, whereas these ESO

bioplastics were composed of only a hydrocarbon
backbone. Additionally, this study used a higher
testing speed (50 mm/min), whereas Li and
Larock13 used a speed of 5 mm/min. A different
testing speed provides a different modulus. The
elongation at break of these ESO bioplastics was in
the same range as those copolymers.

Tensile properties and characteristics of the ESO
nanocomposites

Before we selected Bengel 434 and OTAC, a prelimi-
nary study was performed to determine the disper-
sion of organoclays in ESO and chloroform. Other
organoclays, including those in the Bentone family,
that is, Bentone SD1, Bentone SD2, Bentone SD3,
Bentone SD34, and Bentone SD38, and dioctadecyl
trimethyl ammonium bentonite were used. Bengel
434 and OTAC were the most appropriate for
ESO100 and ESO40, respectively. ESO sheets con-
taining 51 mol % or greater frequently cracked in
the mold after curing, and it was difficult to remove
from the mold. Because of the ease of sheet prepara-
tion, ESO40 was selected for comparison with
ESO100.
Figure 6 shows the stress–strain curves of ESO40

nanocomposites containing clay contents from 1 to 8
wt %. The tensile behavior was similar to that of the

TABLE III
Effect of the Organoclay (OTAC) Content on the Tensile Properties and Tear

Strength of the ESO40 Nanocomposites with 60-pphr MTHPA Cured at
150�C for 75 min

Organoclay
content (wt %)

Modulus
(MPa)

Tensile
strength (MPa)

Elongation
at break (%)

Tear strength
(N/mm)

0 2.74 � 0.29 1.33 � 0.14 78 � 6 2.18 � 0.19
1 3.22 � 0.32 1.52 � 0.15 71 � 7 2.29 � 0.18
3 4.83 � 0.42 2.18 � 0.19 74 � 6 3.53 � 0.20
5 9.73 � 0.96 2.90 � 0.32 80 � 5 4.11 � 0.18
8 8.30 � 1.17 2.87 � 0.33 76 � 3 5.28 � 0.20

Figure 6 Stress–strain curves of ESO40–organoclay nano-
composites with different organoclay contents.
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ESO bioplastics, with brittle fracture and no yield
point. No changes in the stress–strain curves after
the organoclay was loaded were observed. The
tensile behavior looked similar to soft rubbery
materials. The stress increased almost linearly with
the strain until failure, which corresponded to the
elasticity. Obviously, tensile toughness (area under
the stress–strain curves) increased with increasing
OTAC content. The stress–strain curves shown in
Figure 6 were similar to those reported by Uyama
et al.35

The effects of various OTAC contents on the ten-
sile properties and the tear resistances of the ESO40
bioplastics are summarized in Table III. The organo-
clay increased the modulus, tensile strength, and
tear resistance and showed little effect on the
elongation at break; this was similar to the results
reported by Uyama et al.35 The mechanical proper-
ties of the ESO40 nanocomposites depended highly
on the organoclay content. The 5 wt % organoclay
exhibited the highest tensile properties, whereas the
highest tear strength was derived from the 8 wt %
organoclay. The modulus increased from 2.74 to 9.73
MPa with increasing organoclay content from 0 to 5
wt %. Similarly, the tensile strength increased from
1.33 to 2.90 MPa with increasing organoclay content
from 0 to 5 wt %. However, it should be noted that
the elongation at break did not show much differ-
ence among these samples. The tear strength also
increased twofold after the organoclay was loaded
from 0 to 8 wt %. Generally, there is an optimal con-
tent for the loading of reinforcing fillers. The lower
tensile properties in the sample containing 8 wt %
organoclay compared with the sample containing 5
wt % organoclay were probably due to the
agglomeration of organoclay in the 8 wt % organo-
clay sample. These indicated the improvement in the
mechanical properties by the incorporation of
organoclay into the ESO bioplastics.

To obtain a good molded sheet of the ESO100 bio-
plastic, only a maximum of 3 wt % Bengel 434 could
be used. At higher contents, 5 and 8 wt %, a good
dispersion of the mixture was still obtained, but a
wrinkled surface appeared on the molded sheets,
which resulted in unacceptable tensile specimens.

The tensile properties and tear strength of the
ESO100 nanocomposites are listed in Table IV. Orga-
noclay increased the modulus, tensile strength, and
tear resistance. The effect of the organoclay content
on these properties was different in manner. The
modulus increased from 9.73 to 15.91 MPa with
increasing organoclay content from 0 to 3 wt %,
whereas the tensile strength increased slightly after
the addition of organoclay. The elongation at break
did not change after 1 wt % organoclay was loaded
but became lower when the organoclay content was
3 wt %. Although the tear strength was highest at
1 wt % loading, all of the values were in the same
range. The effect of the organoclay content seemed
to be superior in the modulus, whereas the other
properties showed insignificant changes. Keep in
mind that the chemical composition and curing
conditions of the samples shown in Table IV were
different from those of the ESO100 bioplastic shown
in Table I.
The mechanical property most improved by the

addition of organoclay in both the ESO100 bioplastic
and the ESO40 bioplastic was the increased modu-
lus. The organoclays did not deteriorate the
elongation at break of these bioplastics. The lower
values of modulus and tensile strength at 8 wt %
organoclay content were attributed to the inevitable
aggregation of the organoclay. The ESO100 nano-
composite revealed a higher tensile modulus and
tear strength than the ESO40 nanocomposite, but the
tensile strength of both ESO nanocomposites was in
the same range. The higher elongation at break in
the ESO40 nanocomposites resulted from fewer
functional groups, which led to a lower crosslink
density in the polymer matrix. The tensile strength
and modulus of the ESO100 bioplastic and ESO100
nanocomposite of this study were higher than those
reported by Liu et al.36 They used triethylenetetr-
amine and Cloisite 30B as a curing agent and rein-
forcing organoclay, respectively. This was probably
due to the higher Tg of this nanocomposite and the
different type of organoclay.
The effect of the organoclay (OTAC) content on E0

of the ESO40 nanocomposites is displayed in Figure
7. E0, including the modulus at the rubbery plateau

TABLE IV
Effect of the Organoclay (Bengel 434) Content on the Tensile Properties and
Tear Strength of the ESO100 Nanocomposites with 40-pphr MTHPA Cured

at 135�C for 60 min

Organoclay
content (wt %)

Modulus
(MPa)

Tensile
strength (MPa)

Elongation
at break (%)

Tear strength
(N/mm)

0 9.73 � 1.97 1.68 � 0.29 33 � 2 3.73 � 0.45
1 11.96 � 1.92 2.14 � 0.16 33 � 3 6.05 � 0.69
3 15.91 � 1.22 1.73 � 0.31 22 � 4 4.08 � 0.50
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region, increased as the organoclay content increased
from 0 to 8 wt %. All of the samples showed a broad
transition from the glassy to the rubbery state, simi-
lar to the ESO bioplastics. The Tg received from the
maximum tan d peak is listed in Table V. No signifi-
cant changes in Tg were found in the samples contain-
ing 3 wt % or lower OTAC. A remarkable enhance-
ment in Tg, from 30.3 to 36.3�C, was illustrated in the
sample containing 8 wt % OTAC. The effect of OTAC
content on the thermal degradation of the ESO40
nanocomposites is revealed in Table V. OTAC
increased the thermal degradation resistance, and the
optimum value was in the sample containing 5 wt %
OTAC. With further increases OTAC content (8 wt
%), the decomposition temperatures (T5, T10, and T50)
decreased close to those of the sample without orga-
noclay (0 wt % OTAC). The maximum increase in
thermal stability was approximately 20–30�C. It was
established that the well-dispersed layered silicate in
the exfoliated nanocomposites acted as barriers to
prevent oxidation when heated in air, whereas the
intercalated structure of the layered silicate showed
relatively poor thermal properties. It is essential to
remark that the thermal decomposition experiment
was carried out in nitrogen. Therefore, there was not
much improvement in the thermal stability, similar to
that reported by Liu et al.36

The sample without organoclay was amber in
color and transparent. After the introduction of the
organoclay, the color became darker, and the trans-
parency decreased with increasing organoclay con-
tent. The transparency of all of these ESO nanocom-
posites was so high that it was able to read letters
placed underneath the samples (Fig. 8). This appear-
ance indicated good dispersion, and few aggregates
of organoclay stacks were achieved. Figure 9 shows

TABLE V
Tg’s and Decomposition Temperatures of ESO40

Nanocomposites with Different Organoclay Contents

OTAC content
(mol %) Tg (

�C)a T5 (
�C) T10 (

�C) T50 (
�C)

0 30.3 222.80 272.36 382.24
1 29.6 223.42 281.42 388.93
3 31.6 231.48 290.94 390.21
5 33.6 241.48 299.69 390.13
8 36.3 221.29 267.49 387.67

a Temperature at the maximum tan d peak.

Figure 7 E0–temperature curves of ESO40–organoclay
nanocomposites with different organoclay contents.

Figure 8 Photograph of ESO40–organoclay nanocom-
posites with 1–8 wt % OTAC. [Color figure can be viewed
in the online issue, which is available at www.
interscience.wiley.com.]

Figure 9 XRD patterns of ESO–organoclay nanocompo-
sites with different organoclay contents: (a) ESO100 mixed
with Bengel 434 and (b) ESO40 mixed with OTAC.
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the wide-angle X-ray diffraction (XRD) patterns of
the organoclays (Bengel 434 and OTAC) and ESO
nanocomposites with different clay contents. Bengel
434 and OTAC showed clear peaks at 2y ¼ 4.50 and
4.39�, which were attributed to the (001) plane (d001)
with a mean interlayer spacing of 19.61 and 20.10 Å,
respectively. There were no clear peaks in either the
ESO100 nanocomposite or the ESO40 nanocomposite
containing 1 wt % organoclay; this indicated the
destruction of the regular layered silicate. On the ba-
sis of these XRD patterns, exfoliation occurred in
both ESO nanocomposites. However, characteriza-
tion by TEM was necessary to verify this conclusion.
There was a very broad peak (hump) at 2y ¼ 1.90�

in the samples containing 3 and 5 wt % Bengel 434
and one sharp peak at 2y ¼ 2.00� in the sample con-
taining 8 wt % Bengel 434. The samples containing 3
wt % OTAC showed a peak at 2y ¼ 1.98�, whereas
the others showed no clear peaks. The d-spacing at
d001 calculated with Bragg’s equation is tabulated in
Table VI; it suggested the intercalation of organoclay
due to the enhancement of d-spacing. Because of
XRD analysis, the ESO nanocomposites were derived
in this study.

The morphology of the ESO nanocomposites was
observed by TEM and is shown in Figure 10. The
dark lines in the figures corresponded to the silicate
layers. No aggregation of organoclay particles was
observed; this suggested good dispersion of the
organoclay particles in the ESO matrix, as mentioned
earlier with regard to the transparency of samples.
The ESO100 nanocomposite containing 3 wt % Ben-
gel 434 [Fig. 10(a)] exhibited oriented silicate layers
(intercalation) and partly unoriented layers (exfolia-
tion); therefore, a very broad peak at the lower 2y
was observed in the XRD pattern. The dispersion of
1 wt % OTAC in the ESO40 nanocomposite [Fig.
10(b)] showed relatively more unoriented silicate
layers. All of the samples showed a similar interca-
lated structure, as shown in Figure 10. It was unam-
biguous that intercalation took place in these ESO
nanocomposites.

CONCLUSIONS

ESO bioplastics with various epoxide contents were
prepared. As the epoxide content increased, more
reactive groups were derived, which led to a higher
crosslink density after curing with MTHPA.
Therefore, the modulus, tensile strength, tear resist-
ance, Tg, and thermal stability increased with
increasing epoxide content. In contrast, the elonga-
tion at break showed no trend for samples contain-
ing epoxide contents from 31 to 88 mol %. The ESO

TABLE VI
d-Spacing of Organoclays in the ESO Nanocomposites

Sample d-Spacing at d001 (Å)

Bengel 434 19.61
ESO100 þ 1% Bengel 434 —
ESO100 þ 3% Bengel 434 46.69
ESO100 þ 5% Bengel 434 46.69
ESO100 þ 8% Bengel 434 44.12
OTAC 20.10
ESO40 þ 1% OTAC —
ESO40 þ 3% OTAC 44.57
ESO40 þ 5% OTAC —
ESO40 þ 8% OTAC —

Figure 10 TEM micrographs of ESO–organoclay nano-
composites: (a) ESO100 and 3% Bengel 434 and (b) ESO40
and 1% OTAC.
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nanocomposites were derived by the choice of an
appropriate organoclay for each ESO. Improvements
in the properties were attained at relatively low
organoclay contents (�5 wt %). The Young’s modu-
lus, tensile strength, and tear resistance increased
with organoclay content, whereas no significant
change in the elongation at break was observed. Tg

significantly increased only in the sample containing
8 wt % organoclay. XRD and TEM analysis exhibited
intercalation in these ESO nanocomposites. All sam-
ples showed an intercalation structure, and only the
sample containing 1 wt % OTAC displayed a slight
exfoliation structure. The thermal stability of the
ESO nanocomposites did not improve much because
of the occurrence of a mainly intercalated structure
of the nanocomposites and with a nitrogen atmos-
phere in the experiment. This study showed the
accomplishment of the synthesis of ESO with vari-
ous epoxide contents that provided more toughness
than commercial ESO100 and also showed success
in the preparation of in situ intercalated ESO
nanocomposites.
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