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ABSTRACT: The rheology of chemically modified plant
oils was determined to aid in their processing for polymers
and other applications. Epoxidized and acrylated triglycer-
ides were derived from various plant oils and model trig-
lycerides. The viscosity of the unmodified oils decreased as
the level of oil unsaturation increased. However, the viscos-
ity of the epoxidized oils increased slightly as the level of
epoxidation increased. Furthermore, the viscosity of the ac-
rylated oils increased exponentially as the level of acrylation
increased because of increased polarity. In addition, the
viscosity of the acrylated oils increased as the average dis-
tance of the acrylate groups from the fatty acid chain ends
decreased. Chemically modified and unmodified oils did

not exhibit any shear-thinning behavior or any memory of
shear history. The temperature dependence of the viscosity
followed the Arrhenius law, and the activation energy de-
creased linearly with the level of acrylation. The addition of
comonomers, such as styrene, reduced the viscosity of the
acrylated oils exponentially as the comonomer concentration
increased. However, the glass-transition temperature and
modulus of the triglyceride-based polymers decreased as
the styrene content decreased. © 2004 Wiley Periodicals, Inc.
J Appl Polym Sci 95: 774–783, 2005
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INTRODUCTION

Refined oils, such as soybean oil, are composed of at
least 99% triglyceride molecules.1 Triglycerides are
three fatty acids connected by a glycerol center (Fig. 1).
Chemically modified plant oils have been used as
additives in inks and coatings,2 as toughening agents
in poly(vinyl chloride) and epoxy resins,3 and as the
major components of a number of natural resins,4

composites,5 and pressure-sensitive adhesives.6 In all
these applications, the triglycerides are chemically
modified (e.g., epoxidized or acrylated). Epoxidized
and acrylated triglycerides (Fig. 2) are usually mono-
meric liquids but can be polymerized to form solid
gels. Epoxidized triglycerides can be polymerized in
the presence of a curing agent, such as a diamine.7

Acrylated triglycerides can be free-radically polymer-
ized with or without a comonomer, such as styrene.4

These chemically modified triglycerides are excel-
lent candidates for use as liquid molding resins.4 Ther-
mosetting liquid molding resins contain monomers,
an initiator, and possibly fillers and a promoter (a
chemical that promotes initiator breakdown at low
temperatures to allow for room-temperature curing of
the monomers).8 In free-radical systems, one mono-
mer is a linear chain extender (e.g., styrene), whereas

the other is a crosslinking agent (e.g., acrylated trig-
lycerides or vinyl ester) with a functionality of 2 or
greater.

Liquid molding is used to manufacture many ther-
mosetting polymer composite parts, such as automo-
bile parts.8,9 Vacuum-assisted resin-transfer molding
is among the many different manufacturing processes
used to produce these composites.8,9 In all these pro-
cesses, a monomeric resin is injected into a mold con-
taining fibers (e.g., glass fibers, carbon fibers, or flax
fibers). The resin is driven into the mold with a pres-
sure differential. This pressure difference also moves
the resin into the gaps between the fibers. The resin is
then cured for some time at room temperature or at
elevated temperatures. The composite part is de-
molded and, if possible, postcured at higher temper-
atures to more completely react the monomers to max-
imize the properties of the composite part.

Currently, liquid molding resins are dominated by
epoxy resins, vinyl ester resins, unsaturated polyester
resins, and phenolic resins.8,9 These resins are petro-
leum-derived, and they are not recyclable or biode-
gradable. On the other hand, triglyceride-based resins
are derived from renewable sources and are poten-
tially biodegradable.

The composites industry has established some
guidelines for liquid molding resins.8,9 Possibly the
most stringent requirement is the resin’s viscosity,
which should be less than 500 cP. Higher viscosities
can cause problems with fiber wetting, voids may
occur in the part, and the time required for injection
increases. Increased injection time is an issue for two
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reasons. First, the longer it takes to mold a part, the
lower the production rate is of the part. In addition, if
a promoter is used, the resin could cure before it is
fully injected into the mold.

The processing of chemically modified triglycerides
is important to the production of numerous products,
including liquid molding resins. Unmodified plant
oils are Newtonian fluids with low viscosities (ca. 50
cP), but when they are chemically modified (e.g., ep-
oxidized or acrylated), the viscosities of these oils can
increase significantly. Triglycerides can be modified to
contain various functional groups (Fig. 2) at different
levels of functionality.4 Virtually any plant oil, such as
olive oil or soybean oil, can be used to make these
chemically modified triglycerides. As a result of chem-
ical modification, the polarities of triglyceride mole-
cules change.10 Differences in the molecular polarity
can have very large effects on the rheology.10,11 Fur-
thermore, during chemical modification, unwanted
side reactions, such as etherification (Fig. 3), increase
the molecular weight of the modified triglycer-
ides.12–14 Etherification can lead to gelation and thus
can have a very large impact on the rheology.11–14

Changes in both the polarity and molecular weight
can affect the zero-shear viscosity (�0) and the viscos-
ity’s temperature dependence and can potentially in-
duce shear-thinning behavior.

Because styrene is a hazardous air pollutant and a
volatile organic compound (VOC), the Environmental
Protection Agency of the United States of America
introduced legislation to limit styrene emissions from
composite manufacturing.15 Therefore, minimizing
the styrene content in these resins is desirable, but
knowledge of the rheology is required to ensure that
the resin can be properly processed at minimal styrene
contents.

In this work, we examine the rheological effects of
epoxidizing and acrylating a series of different oils
and model triglycerides with well-defined fatty acid

distributions in the hope of gaining a fundamental
understanding of the rheology of triglyceride-based
systems. In addition, this work will allow the resin
viscosity to be tailored for any application and VOC
emissions to be minimized.

EXPERIMENTAL

Synthesis of the epoxidized and acrylated
plant oils

Epoxidized samples were made through the reaction
of the unsaturation sites of oils and model triglycer-
ides with a mixture of formic acid and hydrogen per-
oxide16 [Fig. 2(a)]. The oils used in this work had
similar molecular weights but different levels of un-
saturation1 (Table I). The amount of formic acid used
was one-third the oil mass. The amount of hydrogen
peroxide used was twice the molar ratio needed to
produce the completely epoxidized sample. This
amount of hydrogen peroxide was used to drive the
epoxidation to completion. Olive oil, cottonseed oil,
canola oil, corn oil, soybean oil, safflower seed oil,
linseed oil, and triolein (99%) were purchased from
Sigma–Aldrich (St. Louis, MO). DuPont Corp. (Wil-
mington, DE) provided the genetically engineered
high oleic soybean oil (HOSO).

The unsaturated oils were added to an Erlen-
meyer flask, which contained a magnetic stirring
bar. The appropriate mass of hydrogen peroxide
(Fisher Scientific, Fair Lawn, NJ; 30% aqueous solu-
tion) was added, followed by the formic acid (Fluka,
Buchs, Switzerland; 98%). The flask was stoppered
and stirred vigorously. The reaction was run at
ambient temperature with a water bath for cooling.
After 16 h of reaction, the samples were ether-ex-
tracted to recover purified epoxidized oils.6,16 The
ether was removed in vacuo during heating at 40°C.
The extent of epoxidation (Table I) was measured

Figure 1 Molecular structure of a typical triglyceride molecule. Three fatty acids are connected to a glycerol center.

Figure 2 (a) Epoxidation and (b) acrylation of triglycerides.
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with 1H-NMR16 (250.13 MHz, �2000-Hz spectral
window, 0.427 Hz/pt digital resolution, 16 scans at
293 K, 90° pulse width) with a Bruker (Billerica,
MA) AC250 spectrometer. Epoxidized linseed oil
(Elf Atochem, Philadelphia, PA) was used because
we were unable to synthesize a highly epoxidized
linseed oil.

Partially epoxidized soybean oil was prepared
through the reaction of soybean oil with formic acid
and hydrogen peroxide in the same concentrations
used for maximally epoxidized oils, but for different
reaction times. Epoxidized soybean oils with 1.1, 2.4,
and 3.3 epoxides per triglyceride were reacted for 1, 2,
and 4 h, respectively. These oils were purified and
analyzed in the same manner as maximally epoxi-
dized oils.

Acrylated samples were made through the reaction
of the epoxide groups of epoxidized oils and epoxi-
dized triglycerides with acrylic acid17 [Fig. 2(b)]. The
AMC-2 catalyst (Aerojet Chemicals, Rancho Cordova,
CA) was used to reduce the extent of epoxy homopo-
lymerization.18 AMC-2 was used in every sample at a
concentration of 0.02 g/mL. A hydroquinone concen-
tration of 0.0033 g/mL was used to inhibit free-radical
polymerization. The oils were maximally acrylated by
the addition of 1.1 mol of acrylic acid per epoxide

group to the reaction mixture (Table I). The effect of
the acrylation level on the polymer properties could
also be determined by the acrylation of a single oil to
different extents (Table II). Epoxidized HOSO, epoxi-
dized soybean oil, and epoxidized linseed oil were
acrylated to different extents. We selected the desired
extent of acrylation and added 1.1 times the required
amount of acrylic acid to the reaction mixture. The
reaction was run at 70°C in a silicon oil bath on a hot
plate with vigorous stirring. The acrylated oils were
purified with ether extraction.6,16 The extents of epoxi-
dation remaining and acrylation added were mea-
sured with 1H-NMR.16 With both methods, the level of
functionalization was varied from 0.6 to 5.8 acrylates
per triglyceride.

Figure 3 Etherification reaction causing epoxy homopoly-
merization in the presence of acids.

TABLE I
Levels of Unsaturation, Epoxidation, and Acrylation of Maximally Functionalized Plant Oils and Model Triglycerides

and Molecular Weights of Those Oils due to Functionalization and Oligomerization

Oil

Functional groups per triglyceride
Molecular weight of chemically

modified oils (g/mol)

Unsaturation Epoxides Acrylates Epoxidized Acrylated

Olive 2.8 2.7 2.5 950 1150
HOSO 3.0 2.8 2.7 970 1190
Triolein 3.0 2.9 2.8 970 1190
Cottonseed 3.8 3.5 3.3 950 1190
Canola 3.9 3.7 3.5 970 1240
Corn 4.3 4.3 4.0 960 1260
Soybean 4.6 4.4 4.2 960 1290
Safflower Seed 4.7 4.5 4.2 1020 1350
Linseed 6.4 6.2 5.8 990 1700

TABLE II
Level of Acrylation of Partially Acrylated HOSO,

Soybean Oil, and Linseed Oil and Molecular Weights of
Those Oils due to Functionalization and Oligomerization

Oil

Acrylate
groups per
triglyceride

Molecular weight
(g/mol)

HOSO 1.1 1070
HOSO 1.7 1100
HOSO 2.2 1140
HOSO 2.7 1190
Soybean 0.6 1020
Soybean 1.1 1060
Soybean 1.9 1110
Soybean 2.5 1150
Soybean 2.8 1180
Soybean 4.2 1290
Linseed 1.3 1090
Linseed 2.2 1170
Linseed 2.9 1210
Linseed 3.5 1260
Linseed 4.1 1310
Linseed 5.1 1390
Linseed 5.8 1700
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SEC of modified and unmodified triglycerides

The oligomerization of triglycerides can occur during
epoxidation and acrylation because of epoxy homopoly-
merization. Size exclusion chromatography (SEC) was
used to quantify the concentrations of triglyceride mono-
mers and oligomers.19,20 A PerkinElmer (Boston, MA)
series 200 gel permeation chromatograph was used with
two 5-�m styrene/divinylbenzene columns in series.
The columns were equilibrated and run at 45°C with
tetrahydrofuran (THF) as the elution solvent at a flow
rate of 1 mL/min. The column effluent was monitored
by two detectors operating at 25°C: a refractive-index
detector (Optilab) and a multi-angle laser light scattering
detector (Minidawn) were coupled together in a system
manufactured by Wyatt Technology Corp. (Santa Bar-
bara, CA). The samples were prepared through the dis-
solution of 2.5 mg in 1 mL of THF. A repeat run was
performed for every sample.

Resin preparation with the comonomers

Low-molecular-weight comonomers, such as styrene,
can be used to modify the viscosity of the triglyceride-
based resins. The rheological effect of four different
comonomers were studied: styrene (Aldrich, Milwau-
kee, WI; 99%), methyl methacrylate (MMA; Fisher
Scientific; 98%), ethyl methacrylate (Avocado Re-
search Chemicals, Heysham, United Kingdom; 99%),
and butyl methacrylate (Avocado Research Chemi-
cals; 99%). These comonomers were added to acry-
lated oils in different concentrations ranging from 0 to
100% comonomer.

Rheology of the unmodified and chemically
modified plant oils

The rheological character of the chemically modified
triglycerides was measured with a TA Instruments
(New Castle, DE) AR 1000 control stress rheometer.
Parallel-plate geometry with 40-mm plates was used
for all the samples. In addition, 25-mm plates were
used to test the two most highly acrylated linseed oil
samples at high shear rates. In these cases, the results
for both plate geometries were within a 1% margin of
error for the shear rates that were tested in common. A
gap distance of 1000 �m was used for all samples. Gap
spacings as low as 300 �m were used to test the
samples at shear rates greater than 2500 s�1. The max-
imum shear rate that could be obtained without gap
failure was 3000 s�1. TA Rheology Advantage Data
Analysis software (version 3.0.24) was used to analyze
the results. A repeat run was performed for every
sample.

Steady-state shear experiments were used to deter-
mine �0, the time-dependent viscosity, and the shear-
thinning behavior of chemically modified and unmod-

ified oils and model triglycerides. The samples were
equilibrated at 25°C. The shear rate was then in-
creased from 1 to 3000 s�1 and then reduced back to 1
s�1, and 10 measurements per decade were taken. At
a given shear rate, the shear stress was measured
every 2 s. The shear rate and viscosity were recorded
when the shear rate stabilized within a 5% tolerance
for three consecutive points. The samples were tested
at 25°C, and the temperature was maintained within
1% of the set point with liquid nitrogen for cooling.
However, because triglycerides with one epoxide
group per fatty acid are solid at this temperature, all
the epoxidized samples were also measured at 45°C,
at which temperature all the samples were completely
liquid. To determine if there was memory of shear
history, we sheared the samples at 50 s�1 for 5 min,
and the viscosity was measured every 2 s.

The rheological effect of the comonomers was mea-
sured through the testing of mixtures of the acrylated
oils and one of the comonomers: styrene, MMA, ethyl
methacrylate, or butyl methacrylate. These mixtures
were tested at 10 s�1 and 25°C. Steady-state shear
experiments, as previously detailed, were performed
on selected samples.

The effect of the temperature on the viscosity of oils
was measured with a temperature step experiment on
three maximally acrylated samples—acrylated HOSO,
acrylated soybean oil, and acrylated linseed oil—and
two partially acrylated linseed samples with 2.2 and
3.5 acrylates per triglyceride. The samples were equil-
ibrated at 20°C. The temperature was increased from
20 to 80°C and then reduced to 20°C in increments of
2.5°C. Higher temperatures were not studied because
of the risk of polymerization. When the set-point tem-
perature was reached, each sample was allowed to
equilibrate for 3 min. The viscosity was measured
every 20 s during the equilibration time. After 2 min of
equilibration, the samples reached a constant viscos-
ity. No hysteresis of viscosity as a function of temper-
ature was observed. In addition, the �0 values and
extent of oligomerization of these samples were mea-
sured before and after the temperature studies and
found to be unaffected by the temperature step exper-
iment. The acrylated HOSO, acrylated soybean oil,
and acrylated linseed oil were tested at constant shear
stresses of 6, 30, and 320 Pa, respectively. The partially
acrylated linseed samples with 2.2 and 3.5 acrylates
per triglyceride were tested at shear stresses of 8 and
30 Pa, respectively. These shear stresses corresponded
to a shear rate of 1 s�1 at 25°C.

The AR 1000 rheometer could not accurately deter-
mine the viscosities of the pure comonomers (i.e.,
styrene). Therefore, literature values for their viscosi-
ties were used.21,22 The viscosities of styrene, MMA,
ethyl methacrylate, and butyl methacrylate were 7.0
� 10�4, 6.0 � 10�4, 6.5 � 10�4, and 7.3 � 10�4 Pa s,
respectively.
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Polymer preparation

Acrylated oils were homopolymerized and copoly-
merized with 85 mol % styrene. The free-radical initi-
ator was Hi Point 90 at a concentration of 0.015 g/mL.
To prevent oxygen free-radical inhibition, we purged
the resin with nitrogen gas before the curing. The resin
was then poured into vertical molds. The vertical
molds consisted of a silicon rubber mold (Dow Corn-
ing, Midland, MI) sandwiched between two alumi-
num plates with binder clamps. The rubber molds had
four equally spaced slots 1.1 cm wide, 0.5 cm thick,
and 8.3 cm high. A sheet of Kapton film was used on
both sides of the silicon rubber to make a very flat
surface. All mold components were sprayed with a
poly(tetrafluoroethylene) release agent dry lubricant
(Miller-Stephenson, Danbury, CT) to ease demolding.

The samples were cured in an isotemp oven (Fisher
Scientific). The temperature was ramped from 30 to
90°C at a rate of 5°C/min. The samples were cured at
90°C for 2 h. The temperature was then ramped to
120°C at 5°C/min. The samples were postcured for 2 h
at this temperature. Finally, the temperature was al-
lowed to decrease to room temperature. The samples
were then demolded. The dynamic mechanical analy-
sis samples were polished down to approximate di-
mensions of 5.5 cm � 0.9 cm � 0.4 cm on a polishing
wheel.

Dynamic mechanical properties

The thermomechanical properties of the triglyceride-
based polymers were tested with a Rheometrics Solids
Analyzer II (Rheometrics Scientific, Inc., Piscataway,
NJ). Before the testing, the exact sample dimensions
were measured. The samples were tested in a three-
point-bending geometry. The temperature was
ramped from �60 to 180°C at a rate of 2°C/min, with
a frequency of 1 Hz and a strain of 0.01%. The tem-
perature was controlled with a Rheometrics environ-
mental controller, and liquid nitrogen was used for
cooling below room temperature. This experiment
was repeated at least three times for each sample. The
temperature corresponding to the maximum in the
loss modulus was taken as the glass-transition tem-
perature (Tg) of the polymer.23

RESULTS AND DISCUSSION

SEC characterization

The light scattering detector did not record any sig-
nificant peaks during the SEC characterization of the
modified and unmodified oil samples. Therefore,
there were no polymeric molecules within these sam-
ples. The refractive-index detector observed a single
peak for the unmodified samples (Fig. 4). This peak
eluted at 13.30 mL and was due to individual triglyc-

eride molecules. No oligomers were observed in the
unmodified samples. The refractive-index detector ob-
served three peaks for the epoxidized samples (12.3,
12.65, and 13.28 mL) and two peaks for the acrylated
samples (12.45 and 13.10 mL; Fig. 4). The peak that
evolved at 12.3 mL represents trimers. This peak was
only observed in the epoxidized HOSO and epoxi-
dized safflower seed oil samples. The 12.45–12.65-mL
peak represents dimers, and the last peak eluted rep-
resents monomers. The ether-extraction process re-
moved the trimers from the acrylated product. The
elution time of the peaks decreased as the samples
went from being unmodified to epoxidized to acry-
lated because the molecular weight of the triglycerides
increased as a result of these reactions.

The ratios of the peak areas (Fig. 4) were used to
determine the molar fraction of oligomerized triglyc-
erides (O):

O �
Aoligomers

Aoligomers � Amonomers
(1)

where Amonomers and Aoligomers are the areas of the
monomer and oligomer peaks, respectively. The ex-
tent of oligomerization was low, except for acrylated
linseed oil, and was not a function of the level of
functionalization. The percentages of oligomerized
triglycerides in the epoxidized and acrylated oils, not
including maximally acrylated linseed oil, were 7.4
� 4.3 mol % and 9.6 � 3.7 mol %, respectively; 45 mol
% of the triglycerides were oligomerized in linseed oil
with 5.8 acrylates per triglyceride. The extent of oli-
gomerization was similar for the epoxidized and ac-
rylated samples, with the exception of maximally ac-

Figure 4 SEC refractive-index chromatograph of unmodi-
fied, epoxidized, and acrylated safflower seed oil. The SEC
chromatographs of other oils were very similar.
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rylated linseed oil. This was expected because the
AMC-2 catalyst was used during the acrylation step to
prevent oligomerization. Therefore, most of the oli-
gomerization occurred during the epoxidation step. A
significant amount of oligomerization took place dur-
ing the acrylation step for maximally acrylated linseed
oil because of the long reaction times involved, caus-
ing a higher likelihood of epoxy homopolymerization
(Fig. 3).

Rheology

Effect of the unsaturation level on the viscosity of
the unmodified triglycerides

The viscosity of the unmodified oils decreased from 65
to 40 cP as the level of unsaturation increased from 2.8
to 6.4 unsaturation sites per triglyceride. The standard
error in the viscosity was no more than 5% for any
given sample. Equation (2) shows the dependence of
�0 on the level of unsaturation (U) at 25°C:

�0 � 0.115U�0.60 �Pa s] (2)

This trend was caused by the conformation of the fatty
acid chains. The cis character of the carbon–carbon
double bonds in these oils put kinks in the fatty acid
chains, which increased the average distance between
fatty acid chains. Therefore, intermolecular interac-
tions decreased as the level of unsaturation increased.
Evidence of this effect can be seen in the inverse
relationship between the melting point and level of
unsaturation for the triglycerides.24 No shear thinning
was observed in the range of tested shear rates.

Effects of the extent of epoxidation

The viscosity of the epoxidized oils increased slightly
with the extent of epoxidation. The viscosity increased
monotonically from approximately 50 cP for unmod-
ified plant oils to as high as 750 cP for oils with 6.2
epoxide groups per triglyceride at room temperature.
At 45°C, the viscosity increased monotonically with
the level of epoxidation as high as 180 cP at 6.2 epox-
ides per triglyceride. The error in �0 was no more than
5% for any level of epoxidation.

Increases in the molecular weight11,19,20 and polari-
ty10,11 can cause such effects. Each epoxide group
added to a triglyceride molecule increased its molec-
ular weight by about 1.8%. This molecular weight
change could be observed in the SEC results, in that
the peak representing the triglyceride monomers
shifted to lower elution times when the sample was
epoxidized (Fig. 4). However, SEC results confirmed
that there was only about 7% oligomerization during
the epoxidation reaction.

The Rouse theory predicts that that the viscosity
will scale with the molecular weight (�0 � M) and
applies to molecules below their critical entanglement
molecular weight (Mc).

25 Reptation theory predicts
that the viscosity will be a stronger function of the
molecular weight (�0 � M3.4) but applies to entangled
polymers with a molecular weight above Mc.

25 Mc is
approximately 104 g/mol for most polymers and is
much higher than the molecular weight of these chem-
ically modified triglycerides,11 so the Rouse theory
should be valid. Anyway, the viscosity increases pre-
dicted by the Rouse and reptation theories were only
10 and 40%, respectively, at the maximum epoxidation
of the oils used. These increases were considerably
lower than the experimentally observed increases in
the viscosity by over an order of magnitude. Thus, the
increase in the molecular weight was not the main
factor for the increased viscosity. In fact, the failure of
the Rouse and reptation theories was expected be-
cause the chemical nature of the triglycerides changed
as a result of epoxidation, and these theories do not
account for changes in the molecular polarity. Epoxi-
dized triglycerides are more polar than unmodified
triglycerides. As a result, the polar nature of the ep-
oxide groups increased intermolecular interactions,
causing an increase in the viscosity.

Effects of acrylation on the triglyceride viscosity

The extent of acrylation had a large effect on the
viscosity of acrylated oils (Fig. 5). �0 of the acrylated
oils increased exponentially with the level of acryla-
tion (A) at 25°C:

�0 � 0.104 exp(1.34A) [Pa s] (3)

Figure 5 Viscosity as a function of the level of acrylation
for maximally acrylated oils determined experimentally and
predicted by Rouse and reptation theories.

RHEOLOGY OF CHEMICALLY MODIFIED TRIGLYCERIDES 779



Acrylated triglyceride molecules contain a very polar
hydroxyl group and ester linkage for every acrylate
group added. These groups increase intermolecular
interactions via hydrogen bonding and dipole–dipole
interactions and thus cause an increase in the viscos-
ity. The dipole moment of acrylated triglycerides was
calculated with the Debye equation and a group con-
tribution method.26,27 The calculated dipole moments
increased linearly from 0.95 to 1.25 debye/mol0.5 as
the acrylation level increased from 2.5 to 5.8. There-
fore, the increase in the oil viscosity with the level of
acrylation could at least partially be attributed to in-
creases in the molecular polarity. Furthermore, it is
possible that differences in the polarity between the
very polar functional groups and the nonpolar triglyc-
eride backbone induced clustering of the functional
groups in these oils. Neutron scattering studies would
need to be performed to determine if these oils have
such a microstructure.

The molecular weight can also have an effect on the
viscosity of acrylated oils. For every acrylate that was
attached to the triglyceride, its molecular weight in-
creased by approximately 8%. Therefore, the molecu-
lar weight of acrylated oils (�1300 g/mol) was up to
45% greater than that of epoxidized oils (�900 g/mol;
Table I). The extent of oligomerization was fairly low
(�10%) and did not change significantly with the level
of acrylation. However, the molecular weight changes
associated with the addition of acrylate groups and
oligomerization could not cause the observed in-
creases in the viscosity with the level of acrylation.
The Rouse and reptation theories severely underpre-
dicted the increase in the viscosity (Fig. 5). The Rouse
theory predicted that the viscosity of maximally acry-
lated linseed oil (5.8 acrylate groups per triglyceride)
should double with respect to that of epoxidized lin-
seed oil, and the reptation theory predicted that the
viscosity should increase by 1 order of magnitude. Yet,
the experiment showed that the viscosity increased by
3 orders of magnitude as a result of acrylation. The
failure of the Rouse and reptation models indicates
that polarity effects caused the observed viscosity in-
crease with the acrylation level.

The oil type had a small effect on the viscosity of the
acrylated oils. �0 of individual oils increased exponen-
tially with the level of acrylation (Fig. 6), just as it did
for maximally acrylated oils. Figure 6 also shows that
�0 of acrylated samples increased as the oil went from
HOSO to soybean oil to linseed oil. Error bars were
omitted because the error in the viscosity was only
approximately 5% for each sample. Oligomerization
did not cause this effect because the samples had
similar molecular weights for the same level of acry-
lation (Table II). Polar groups at the end of a fatty acid
chain are more likely to induce intermolecular inter-
actions, which cause an increase in viscosity, whereas
polar groups nearer the glycerol center mainly in-

crease intramolecular interactions. The distance of the
polar groups (i.e., hydroxyl and acrylate groups) from
the glycerol center increased from acrylated HOSO to
acrylated linseed oil. HOSO contains mostly oleic acid,
and the unsaturation sites are located at the 9 and 10
carbon atoms with respect to the glycerol center.1,24

Linseed oil contains mostly linolenic acid, and the
unsaturation sites are located up to the 15 and 16
carbon atoms.1,24 Soybean oil is between the two
oils.1,24 Because these oils are functionalized at the
unsaturation sites, the distance of the functional
groups from the glycerol center increased from HOSO
to soybean oil to linseed oil. Therefore, linseed oil has
the most functional groups at the end of its fatty acid
chains, which induce intermolecular interactions,
causing the viscosity to increase more than for the
other oils.

The viscosity of the unmodified and chemically
modified triglycerides was independent of the shear
rate and time. This was expected because the acrylated
triglycerides were not polymeric.

Effect of the temperature on the viscosity of
acrylated triglycerides

As the temperature increased, the viscosity of the resin
decreased exponentially (Fig. 7). As a result, increas-
ing the temperature of these oils slightly could reduce
their viscosities significantly, and this made them eas-
ier to process. The temperature dependence was accu-
rately modeled (Fig. 7) with an Arrhenius relation-
ship:28

� � �� exp� E�

RT� �Pa s] (4)

where �� is the prefactor, E� is the activation energy
for viscous flow, R is the ideal gas constant, and T is

Figure 6 Viscosity as a function of the level of acrylation
for acrylated HOSO, acrylated soybean oil, and acrylated
linseed oil.
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the absolute temperature. The deviation in the viscos-
ity was less than 5% at a given temperature. On the
basis of the Arrhenius fits, the activation energies were
calculated. Increasing the level of acrylation caused
the activation energy to increase linearly:

E� � 10.4A � 29.8 (kJ/mol) (5)

In fact, the addition of a single acrylate group caused
the activation energy to increase 10 kJ/mol. The in-
crease in the activation energy with the level of acry-
lation was expected because temperature disrupts in-
termolecular interactions, and this has a larger effect
on oils with more acrylate groups. On the basis of the
small molecular weight increase of these oils with the
acrylation level alone, this large change in the activa-
tion energy should not be observed. This is further
evidence that polar interactions are the main cause for
the increase in the oil viscosity as a function of the
level of acrylation.

Effect of the comonomer on the viscosity of the
triglyceride-based resins

The comonomers had a very large effect on the rheo-
logical character of the acrylated triglycerides. The
sample viscosity (�) was normalized with respect to
the pure comonomer viscosity (�comonomer) and pure
acrylated oil viscosity (�oil):

�normalized �
�

�comonomer �oil
� 1
Pa s� (6)

where �normalized is the normalized viscosity. As the
volume fraction of the comonomer (�comonomer) in-

creased, �normalized decreased in an exponential man-
ner (Fig. 8). This result was very encouraging, in that
a small amount of the comonomer could be used to
make these resin systems much easier to process. Fur-
thermore, �normalized was not a function of the oil or
comonomer (Fig. 8). �normalized was only a function of
�comonomer:

�normalized � 1.2 � 103 exp(�14�comonomer) � 1
Pa s� (7)

Equation (7) can be used to predict the viscosity of any
given solution of an oil and a comonomer. The viscos-
ity dependence of mixtures of vinyl esters and unsat-
urated polyesters with styrene29 and the viscosity de-
pendence of concentrated polymer solutions30 are
similar to the results observed for the acrylated oils.
The error in the viscosity was approximately 5% at all
comonomer concentrations, as determined by repeat
runs.

Triglyceride-based resins are similar in viscosity to
commercial resins. In comparing resins with 33 wt %
styrene, for example, we find that Dow Derakane 441-
400 (400 cP)31 has a viscosity similar to that of acry-
lated linseed oil. Therefore, using oils with fewer than
5.8 acrylates per triglyceride is desirable to reduce the
styrene content in thermosetting resins with respect to
that of Derakane 441-400. In fact, 25 wt % styrene is all
that is necessary to reduce the viscosity of acrylated
soybean-oil-based resins to 500 cP and results in an 8%
reduction in hazardous content with respect to Dera-
kane 441-400.

Figure 8 �normalized as a function of the volume percentage
of the comonomer for three samples: acrylated soybean oil
with MMA, acrylated soybean oil with styrene, and acry-
lated linseed oil with MMA.

Figure 7 Experimental temperature dependence (symbols)
of the viscosities of (a) maximally acrylated HOSO, (b) max-
imally acrylated soybean oil, and (c) maximally acrylated
linseed oil and their Arrhenius fits (lines).

RHEOLOGY OF CHEMICALLY MODIFIED TRIGLYCERIDES 781



Dynamic mechanical effects

The dynamic mechanical properties of triglyceride-
based polymers were affected by the acrylation level
and styrene content. Tg increased linearly with the
level of acrylation and was not a function of the par-
ticular oil used (Fig. 9). Tg was below 100°C at all
levels of acrylation. At room temperature, the storage
moduli ranged from 1 MPa to 2 GPa as the acrylation
level increased from 0.5 to 4 acrylates per triglyceride
and leveled off thereafter for samples with 85 mol %
styrene. For homopolymerized triglycerides, the mod-
ulus increased from 4 MPa to 1 GPa as the acrylation
level increased from 2 to 4 per triglyceride. Tg and the
modulus increased with the acrylation level because
the polymer was becoming more heavily crosslinked.
The polymer properties improved as the styrene con-
centration increased (Fig. 9). For example, for oils with
4.2 acrylates per triglyceride, Tg increased from �4 to
40°C to 62°C as the styrene concentration increased
from 0 to 20 to 33 wt %. Although increasing the
styrene concentration reduced the crosslink density,
the polymer properties increased because polystyrene
has a higher modulus (�3 GPa) and Tg (�100°C)32

than pure triglyceride-based polymers. Unlike the
resin viscosity, high styrene contents are necessary to
improve the properties of triglyceride-based poly-
mers. However, for composites that will not be used at
elevated temperatures, fairly stiff materials can be pro-
duced using resins with low styrene concentrations.

CONCLUSIONS

The viscosity of triglycerides increased as a result of
chemical modifications that increased the intermolec-
ular interactions among the molecules. The epoxi-

dized triglycerides were slightly polar and had a
higher viscosity than the unmodified triglycerides.
The acrylated triglycerides were considerably more
polar and, as a result, had a significantly higher vis-
cosity. Oligomerization only occurred to a small extent
in these oils, and the resulting increases in the molec-
ular weight were too small to account for the observed
increases in the viscosity and E�. The viscosities of the
acrylated oils were predicted accurately on the basis of
their level of acrylation alone. Furthermore, the tem-
perature dependence of the viscosity was accurately
modeled with an Arrhenius relationship, and the ac-
tivation energy could be predicted from the level of
acrylation of the triglycerides alone.

Added comonomers acted like solvents and drasti-
cally reduced the viscosity of the triglyceride-based
resins. In addition, the viscosity of a resin containing
any acrylated plant oil and any comonomer was ac-
curately predicted with only �comonomer and the vis-
cosities of the pure components. Overall, the viscosity
of these oils decreased exponentially as the distance
between the acrylate and hydroxyl groups increased,
whether this occurred through the addition of a
comonomer or a reduction in the acrylation level. As
the distance between the functional groups and the
glycerol center increased, the viscosity of the acrylated
oils increased slightly because intermolecular interac-
tions increased.

At high levels of acrylation and at styrene concen-
trations of 30 wt % or greater, triglyceride-based poly-
mers have good properties suitable for use in compos-
ite applications. Styrene concentrations in these resins
can be reduced with respect to commercial resins us-
ing plant oils with five or fewer acrylates per triglyc-
eride. However, polymer properties decrease signifi-
cantly with the styrene concentration and acrylation
level. Therefore, low-VOC, acrylate, triglyceride-
based polymers may be best suited for use in gel
coatings and other nonstructural applications.

The authors thank Sudhir Shenoy (University of Delaware)
for his rheological expertise, Shana Bunker (University of
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soybean oil.
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