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ABSTRACT: A series of epoxidized oils were prepared from rubber seed, soybean, jatropha, palm, and coconut oils. The epoxy con-
tent varied from 0.03 to 7.4 wt %, in accordance with the degree of unsaturation of the oils (lowest for coconut, highest for rubber
seed oil). Bulk polymerization/curing of the epoxidized oils with triethylenetetramine (in the absence of a catalyst) was carried out
in a batch setup (1 : 1 molar ratio of epoxide to primary amine groups, 100°C, 100 rpm, 30 min) followed by casting of the mix-
ture in a steel mold (180°C, 200 bar, 21 h) and this resulted in cross-linked resins. The effect of relevant pressing conditions such
as time, temperature, pressure, and molar ratio of the epoxide and primary amine groups was investigated and modeled using
multivariable nonlinear regression. Good agreement between experimental data and model were obtained. The rubber seed oil-
derived polymer has a T, of 11.1°C, a tensile strength of 1.72 MPa, and strain at break of 182%. These values are slightly higher
than for commercial epoxidized soybean oil (Tg of 6.9°C, tensile strength of 1.11 MPa, and strain at break of 145.7%). However,
the comparison highlights the potential for these novel resins to be used at industrial/commercial level. © 2015 Wiley Periodicals, Inc.
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INTRODUCTION

Epoxy resins are widely used as structural adhesives due to their
superior mechanical properties, chemical resistance, and high
temperature service capability.! The glass transition temperature
(Ty) is one of the most important product property of an epoxy
resin as it determines the window of applications. High T,
(100-150°C) resins are typically required for structural adhesives
and sheet molding compound,™ whereas low T, ones (<30°C)
are suitable as adhesives for electronic and automotive applica-
tions.* The global market for epoxy resins is estimated to reach
8.7 billion USD by 2017.° Currently, most epoxy resins are
made from fossil resources.

Plant oils have received considerable attention as renewable
resources for the production of energy and chemicals in general
and as a starting material for polymers with product properties in
the range for commercial epoxy resins in particular.® Epoxidized
plant oils are attractive starting materials for such advanced mate-
rials and are already available on industrial scales and widely used
as plasticizers and stabilizers for the production of polyvinyl chlo-

ride (PVC).” Epoxidized soybean and linseed oils are particularly
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attractive due to their high reactivity associated with the high
content of unsaturated fatty acids. The high reactivity of the epox-
ide group offers the possibility to perform curing reactions, e.g.,
with multifunctional amines.'® For instance, epoxidized soybean
oil has been used for the synthesis of new bio-based thermosetting
resins and also as a toughening agent in epoxy resins.""'

A potentially very attractive plant oil for the synthesis of
advanced materials is the oil from rubber seeds of the rubber
tree (Hevea brasiliensis). So far, the tree has been cultivated
mainly as an industrial crop for the production of natural rub-
ber and valorization of the seeds has received limited attention.
Rubber seed oil (RSO) is particularly attractive as it has a rela-
tively high content of unsaturated fatty acids.'>'" In this article,
we report our findings on the epoxidation of RSO oil and the
subsequent application of the epoxidized rubber seed oil as a
starting material for the synthesis of novel resins.

Numerous studies have been carried out on the epoxidation of
plant oils using organic peracids such as performic acid, gener-
ated in situ using hydrogen peroxide.'*® The epoxidation of
RSO using performic and peroxyacetic acid generated in situ
has been reported in the literature.'>*° It is possible to achieve
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Figure 1. Reaction pathway for the cross-linking of ERSO with amines (RSO is represented by oleic acid and R, is the remaining triglyceride structure

consisting of different saturated and unsaturated fatty acids).

up to 91% olefin conversion to epoxides after 5 h reaction time
at 60°C (molar ratio carbon—carbon double bonds to HCOOH
to H202 of 2: 4) 20

Several studies on the utilization of epoxidized RSO (ERSO) as
plasticizer and stabilizers on PVC have also been reported.?'**
However, cross-linking/curing of ERSO with a multifunctional
amine compounds (in analogy to the curing chemistry of com-
mercial epoxy resins) for the preparation of the corresponding
resins has, to the best of our knowledge, not been reported. In
this article, a systematic study on the cross-linking of ERSO
with triethylenetetramine (TETA) to develop novel resins is
reported. The reaction envisaged chemistry for the cross-linking
of ERSO with the amine is illustrated in Figure 1.

The first part describes the synthesis of cross-linked polymers
from a series of epoxidized oils (EO, being RSO, soybean oil
(SO), jatropha oil (JO), palm oil (PO), and coconut oil (CO).
Bulk polymerization/curing of the epoxidized oils with triethyle-
netetraamine (without the use of a catalyst) was carried out in
a batch setup (1 : 1 molar ratio of epoxide to amine primary
groups, 100°C, 100 rpm, 30 min) followed by casting of the
mixture in a steel mold (180°C, 200 bar, 21 h) resulted in cross-
linked resins.

The second part describes an experimental study to correlate
process conditions, particularly temperature, pressure, molar
intake of the epoxy to amine groups, and pressing time with
relevant product properties like thermal behavior (T, and onset
decomposition temperature, T,,s). A total of 40 experiments
were performed. The Ty and T, of the resulting product were
modeled using multivariable nonlinear regression. Such quanti-
tative data are not yet available for the cross-linking of ERSO
with amines. The optimum conditions (in terms of T, and T,.
set) for the cross-linking of ERSO with TETA were also applied
to prepare a range of resins from other epoxidized plant oils
(SO, JO, PO, CO) with the objective to determine epoxide
structure—resin property relations.
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EXPERIMENTAL

Materials

The RSO oil was obtained by pressing rubber seeds from Beng-
kulu, Indonesia using a standard hydraulic press. Soybean and
coconut oil were purchased from Albert-Heijn and Deli-XL, the
Netherlands, respectively. Palm oil was obtained from IOI
Loders Croklaan, the Netherlands and jatropha oil form Dili-
gent, the Netherlands. Hydrogen peroxide (30 wt %, pro analy-
sis), triethylenetetramine (97%), epoxidized soya bean oil
(analytical standard) and CDCl; (99.8%) were obtained from
Sigma Aldrich. Toluene (99.5%) was obtained from Lab Scan
whereas formic acid (ACS reagent, 99%) was obtained from
Merck Chemicals.

Experimental Procedure for the Epoxidation of Plant Oils
The plant oil was mixed with toluene and formic acid (1 : 12 :
4 mol ratio with respect to the carbon—carbon double bond of
the plant oil) in a three necked round bottom flask (500 mL)
equipped with a water bath, a magnetic stirrer, a condenser, and
a dropping funnel. H,O, (1 : 25 mol ratio with respect to the
carbon—carbon double bond of the plant oil) was added drop-
wise while stirring at 400 rpm and 60°C for 0.5 h and the reac-
tion mixture was stirred for another 1-12 h. After reaction, the
water and toluene layer were separated. The toluene phase with
the EO was washed with a brine solution (5 wt % NaCl) until
no peroxide was left in the mixture (peroxide test paper as an
indicator). The toluene was removed by evaporation (55°C, 100
mbar) followed by drying in a vacuum oven (55°C, 100 mbar)
till constant weight (up to 48 h). The EO was analyzed by 'H-
NMR and FT-IR. The epoxide conversion for RSO, JO, SO, and
PO is approximately 97 mol %, whereas the conversion for CO
is around 58 mol %.

Preliminary Experiments on the Amidation of Oil with TETA
The plant oil (RSO, SO, JO, PO, and CO) was mixed with
TETA using a 1 : 1 molar ratio of carbon—carbon double bonds
to primary amine groups and mixed at three different
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temperatures, i) viz. 20°C for 15 h, 100°C for 0.5 h, and 150°C
for to 2 h. The resulting products were analyzed using "H-NMR
and FT-IR.

Cross-Linking of EO with TETA

The EO was mixed with TETA at different molar ratios of the
epoxide and primary amine groups (0.25-2). The mixture was
heated at 100°C and stirred at 100 rpm for 30 min. Afterward,
the mixture was poured into a steel mold plate (100 X 100 X
1 mm?) and pressed at 100-200 bar and 100—200°C (Schwaben-
than Polystat 100T) at different pressing times (6—48 h).

Statistical Modeling and Optimization

Nonlinear multivariable regression was used to model the experi-
mental date and for this purpose the Design Expert Version 7.0.0
software package was used. The following equation was used:

4 4 3 4

y:b0+zbixi+zbiixi2+z Z bi]-x,-j+e (1)
i=1 i=1 =1 j=it1

Where y is the dependent variables (T, and Tonse), % and x; are

the independent variables (molar ratio of epoxide to primary

amine groups, pressing time, temperature, and pressure), by, b;,

b, and b;; are the regression coefficients of the model, whereas

e is the error of the model.

The regression equations were obtained by backward elimina-
tion of statistically nonsignificant parameters. A parameter was
considered statistically relevant when the P value was less than
0.05. The best conditions to obtain products with the highest
T, were obtained using the numerical optimization function
provided in the software package.

Product Analysis
The carbon—carbon double bond conversion in the plant oil
epoxidation reaction was determined using 'H-NMR. A few
drops of the EO were added to CDCl; and then analyzed using
a 200 MHz Varian NMR. The conversion was determined by
comparing the intensity of the characteristic quartet signal of
the remaining carbon—carbon double bond in the epoxidized oil
(6 5.23 ppm) with respect to the signal of the methyl end group
of the fatty acids (6 0.9 ppm) divided by the intensity of the
characteristic quartet signal of the initial carbon—carbon double
bond in the oil (¢ 5.23 ppm) with respect to the signal of the
methyl end group of the fatty acid chain (J 0.9 ppm).

(b8

E;) O % 100%
(W) oil

Epoxide conversion = 1— (mol%)  (2)

Where,
DB carbon—carbon double bond peak area
ME methyl end group peak area

'H-NMR of EO (200 MHz, CDCl;) &y (ppm): 0.83-0.89
(CH5CH,), 1.22-1.58 (—CH,—), 1.68-1.73 (—CHOCHCH,
CHOCH—), 2.26-2.31 (—CH,COO—), 2.86-3.09 (—CHOCH—,
epoxide), 4.09-4.28 (OCH(CH,),), 5.23 (OCH(CH,),).

The epoxy oxygen content (EOC) was determined with a nonaqu-
eous titration method as proposed in the literature.> The sample
(0.5 g) was dissolved in 10 mL acetone and 10 mL of hydrobro-
mic acid (0.1 M in acetic acid). A few drops of crystal violet
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indicator were added and the solution was titrated with perchloric
acid (0.1 N) until a sharp visual end point was obtained.

The fatty acid composition of the oil was analyzed by gas
chromatography-mass spectrometry (GC-MS) using a Hewlett-
Packard 5890 series II Plus device. A detailed description of the
GC method is described elsewhere.**

The acid value of the sample was measured by an acid-base
titration using phenolphthalein as the indicator. A detailed
description of the method is described elsewhere.**

The iodine value of the oil can be estimated from the number

of carbon—carbon double bonds per triglyceride molecule as

shown in Eq. (3).%

MW,, X db
MW,

Iodine value = 100 X (mg L/g) (3)

Where,

db average number of carbon—carbon double bonds per
triglyceride molecule

MWy,
Mwoil

molecular weight of iodine (g/mol)
molecular weight of oil (g/mol).

The viscosity of a product sample was determined using a rheome-
ter AR1000-N from TA instrument. A cone-and-plate viscometer
was used with a cone diameter of 40 mm and a 2° angle. The mea-
surement was performed at 40°C with a shear rate of 155~ "%

The C and H content of the samples were determined by the
elemental analyses on an automated Euro EA3000 CHNS ana-
lyzer with acetanilide as a calibration reference. All samples
were analyzed in duplicate and the average value is reported.

FT-IR spectra were recorded on a Bruker IFS88 spectrometer
equipped with golden gate MCT-A detector.

Differential scanning calorimetry (DSC) analysis was performed
using a DSC 2920 from TA instrument with a heating rate of
10°C/min and cooling rate of 10°C/min. The glass transition
temperature, T, was determined from the inflection point of
the second scanning curve.

Tensile properties were measured using an Instrom 5565 instru-
ment using the ASTM D638 standard. Dumbell-shaped samples
obtained from the molded resin sheets were used. The samples
were measured in triplicate and average values are reported.

Dynamic mechanical thermal analyses (DMTA) were carried out
using a rheometrics scientific solid analyzer (RSA II). The test-
ing was performed in a tension mode with a strain of 0.5% and
a mechanical vibration frequency of 1 Hz at 20°C.”

Thermogravimetric analysis (TGA) was carried out using a Per-
kin Elmer TGA 7. Samples were heated at a heating ramp of
10°C/min under nitrogen. The definition of the Ty, is pro-
vided in Figure 2.?

RESULTS AND DISCUSSION

Synthesis and Properties of Epoxidized Oils (EO)
The epoxidation of five oils with different amounts of carbon—
carbon double bonds was investigated, viz., RSO, SO, JO, PO,

J. APPL. POLYM. SCI. 2015, DOI: 10.1002/APP.42591



http://onlinelibrary.wiley.com/
http://www.materialsviews.com/

ARTICLE

100 -

80 -

60

40+

Weight (%)

600 800
Temperature (°C)

Figure 2. TGA profile for a representative sample showing the determina-
tion of the T et

and CO. The fatty acid composition of the oils was determined
(GC) and the results are shown in Table 1.

RSO, SO, and JO have a high content of unsaturated fatty acid
chains, whereas PO and CO are more saturated. The average
number of carbon—carbon double bonds per triglyceride mole-
cule was also determined ("H-NMR) and the results are pre-
sented in Table I. RSO and SO have the highest amount of
carbon—carbon double bond per triglyceride molecule (4.7 and
4.6, respectively) followed by JO (3.7), PO (1.9), and CO (0.4),
in line with the fatty acid composition as determined by GC.
The theoretical iodine value (IV) of the oils was estimated from
the number of carbon—carbon double bonds per triglyceride
and is shown in Table I. The iodine values are within the
range reported in the literature for RSO (120-136 mg I,/g), SO

Table I. Relevant Properties and Fatty Acid Composition of the Various
Oils Used in this Study

RSO SO JO PO Co

Capiric acid (C10.0) 5.6
Lauric acid (C12.0) 0.3 54.9
Myristic acid (C14.0) 1.0 1.7 216

Palmitic acid (C16.0) 8.2 10.3 151 36.5 95
Stearic acid (C1g.0) 7.3 3.4 53 3.3 2.3

Oleic acid (C1g.1) 28.1 276 419 493 4.4
Linoleic acid (C1g.2) 38.2 52.0 37.7 9.2 1.7
Linolenic acid 14.2 5.4

(Cig:3)

Carbon-carbon 4.7 4.6 3.7 1.9 0.4
double bond?

lodine value 1344 1339 1082 585 149
(mg 12/g)°

Acid value 14.1 0.3 8.9 0.9 0.2
(mg KOH/g)

@ Average number of carbon-carbon double bonds per triglyceride.
b Theoretical iodine value estimated from the number of carbon-carbon
double bonds per triglyceride.
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(120-136 mg I,/g), and JO (91-113 mg I,/g). The iodine values
for PO (44-58 mg I,/g) and CO (7-10 mg I,/g) are slightly
higher than for the range reported in the literature.* > A pos-
sible explanation is that the average number of carbon-carbon
double bonds per triglyceride molecule as estimated from the
"H-NMR spectra for PO and CO is slightly over estimated due
to inaccuracies in the integration data. The acid values for SO,
PO, and CO (0.1-0.9 mg KOH/g) are relatively low. Higher val-
ues are found for RSO (14.1 mg KOH/g oil) and JO (8.9 mg
KOH/g oil), which may affect the reactivity in the subsequent
curing chemistry. All oils were used for the epoxidation experi-
ments without further purification.

Preliminary epoxidation experiments with RSO were carried out
in a batch setup using a carbon—carbon double bonds to formic
acid to hydrogen peroxide molar ratio of 1 : 4 : 25 at 60°C.*®
The batch time was varied from 1-12 h to determine the car-
bon—carbon double bond conversion as a function of the batch
time (‘H-NMR).

Figure 3 shows that the carbon—carbon double bonds conver-
sion reached a maximum value of 97 mol % after approxi-
mately 6 h reaction time. The number of epoxide groups in the
product oils, as measured by the epoxy oxygen content (EOC),
increased also with time before it reached a maximum of 7.4 wt
% after approximately 6 h. Hence, a reaction time of 6 h is suf-
ficient for a maximum conversion of the carbon—carbon double
bonds.

Based on the preliminary experiments with RSO, the epoxida-
tion of the other oils was carried out at similar conditions (1 :
4 : 25 molar ratio of carbon—carbon double bonds: formic acid:
hydrogen peroxide, 60°C, 400 rpm) for 12 h to ensure maxi-
mum conversion of the carbon—carbon double bond and high-
est EOC values. Approximately 97 mol % conversion was
achieved for SO, JO and PO. However for CO, only 58 mol %
conversion was obtained, even after the experiment was
extended for 24 h. Thus, the epoxidation reaction is far from

——t 77
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r— B SR Ee B &1
AT e 17
90 4 e =&+ Conversion
B =16
9 -—-0-- EOC 15
g 80 :‘, ] §
= d T*E
‘w - s Q
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Figure 3. Carbon—carbon double bond conversion (mol %) of RSO and
the number of epoxide groups in the product oils Expressed as the epoxy
oxygen content (EOC, wt %) versus time (1 : 4 : 25 molar ratio of car-
bon—carbon double bonds: 60°C,
400 rpm).

formic acid: hydrogen peroxide,
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Table II. Composition and Product Properties of EOs”
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Elemental analysis

Acid value
EO O (wt %)° C (wt %) H (wt %) EOC (wt %) Viscosity (Pa s) (mg KOH/g)
ERSO 181 71.3 10.6 7.4 0.20 9.0
ESO 17.5 71.8 10.7 6.5 017 0.2
EJO 16.3 72.7 11 5.9 0.23 7.8
EPO 151 73.4 11.5 0.7 0.09 0.3
ECO 14.6 73.8 11.6 0.03 0.04 0.1

2N content in all samples below 0.01 wt %.
bBy difference.

quantitative for CO, likely due to a lower degree of unsaturation
for this particular oil.

Product Properties of the EOs

Relevant product properties of the EOs are presented in
Table II. The EOC values are within the range reported in the
literature for ESO (6.5-6.9 wt %), EJO (5.1-6.1%), and EPO
(0.3-2.5 wt %).>>7° The oxygen content of the products as
determined by elemental analysis is highest for ERSO (18.1 wt
%), followed by ESO (17.5 wt %), EJO (16.3 wt %), EPO (15.1
wt %), and ECO (14.6 wt %). The EOC values and the oxygen
content nicely correlate, higher EOC values and thus a higher
amount of epoxide groups per triglyceride leads to higher oxy-
gen content of the product.

The viscosity of the EOs is in the range of 0.04-0.23 Pa s, with
the lowest values for EPO and ECO. It is well known that the
viscosity of epoxidized oils is higher than that of the parent
0il.'° For instance, the viscosity of EJO (0.23 Pa s) is about one
order of magnitude higher than the viscosity of JO as previously
reported in our group (0.034 Pa s).”” As such, a low viscosity
should correspond with a low amount of epoxide groups and
this is indeed the case.

The acid value of the EOs is in the range of 0.1-9 mg KOH/g
and the highest values were found for ERSO and EJO. This is
due to the higher acid value of the starting materials. However,

840 820

Absorbance unit

ECO

0.0

T ¥ T . T T T % T ¥ * —
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm™)

Figure 4. FT-IR spectra of epoxidized EOS.
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the acid value of the EOs is lower than the one of the corre-
sponding oils (Table I), indicating that ester hydrolysis is negli-
gible during the epoxidation reaction.

The FT-IR spectra of the EOs are provided in Figure 4. Epoxide
peaks at around 820 and 840 cm™ ' are particularly visible for
the EO’s with the highest amount of epoxide groups (ERSO,
ESO, and EJO). The absence of OH band in the FT-IR spectra
(Figure 4) indicates that ring opening of the epoxide to the cor-
responding vicinal diols does not occur to a significant extent.'®

Synthesis of Cross-Linked Polymers

Epoxidized plant oils not only contain reactive epoxide groups
but also ester groups which may also show reactivity with
amines and form amides. Hence, simultaneous aminolysis of
the epoxy group and amidation of the ester group may take
place during the cross-linking with amines as shown in Figure
1. The latter is normally not taken into account because amida-
tion does not hinder network formation.'* However, amidation
reduces the average number of reactive epoxy groups per tri-
glyceride molecule. This may affect the structure and properties
of the cross-linked polymers and contribute to the formation of
“structurally looser” networks.

Preliminary Experiments on the Reactivity of TETA and
Plant Oils

To gain insight in the rate and extent of the amidation of ester
groups with amines, a number of reactions were carried out
with the plant oil feed and TETA. The plant oil was mixed with
TETA at 1 : 1 molar ratio of carbon—carbon double bond to
primary amine groups. Figure 5 the shows typical '"H-NMR
spectra of RSO mixed with TETA at different temperatures and
mixing/heating times. At prolonged batch times, new signals
appeared at ¢ 3.19-3.80 ppm which indicates the formation of
amide groups —C(=0)—NH—CH, groups.'* In TETA, the
NH—CH, resonances are present at ¢ 2.89 ppm. The intensity
of the resonances between ¢ 4.09 and 4.28 ppm, originating
from the —CH, group of the triglyceride backbone, decreased
with time. Proton signals of the hydrogens attached to the -
carbon of the carboxyl group (—O—(O=C)—CH,) shifted from
0 2.3 ppm to ¢ 2.10. This indicates the occurrence of an amida-
tion reaction, as previously observed for the amidation of SO
with n-hexylamine."* From Figure 5, it can be observed that
amidation took place even at room temperature though is more
pronounced at higher temperatures and longer mixing and/or
heating times. Similar '"H-NMR spectra were also observed for

J. APPL. POLYM. SCI. 2015, DOI: 10.1002/APP.42591
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Figure 5. Typical "H-NMR spectra (CDCl;) of RSO mixed with TETA: (a)
20°C, 0 h, (b) 20°C, 2 h, (c) 20°C, 5 h, (d) 20°C, 15 h, (e) 100°C, 0.5 h,
and (f) 150°C, 2 h.

the reactions of the other vegetable oils with TETA (data not
shown for brevity) indicating that (partial) amidation also
occurred for the other oils.

The conversion of the ester group can be estimated from "*C-
NMR studies. At the most severe conditions (150°C, 2 h), the
conversion of the ester group to the amide is quantitative
(almost 100% conversion). This is evident from the disappear-
ance of the resonances from the ester carbons (—OOC—CH, ¢
172.9 and 173.4 ppm) as shown in Figure 6. A new signal
appeared at 0 173.7 ppm which indicates the presence of an
amide group, in line with the '"H-NMR data.

The FT-IR spectra as shown in Figure 7 also confirm the forma-
tion of an amide unit and characteristic peaks of the amide are
present at 1635 and 1560 cm™'. In line with the occurrence of
an amidation reaction is a reduction of the intensity of the ester
group (1735 cm 1) upon reaction with TETA.

®

| Ll ’l

@

190 180 170 160 10 140 12 120 “ﬂt 1[]:) w0 @ o @0 W W® 0 2 10
11 (pom!

Figure 6. Typical >C-NMR spectra (CDCl;) of (a) RSO and (b) RSO
mixed with TETA (150°C, 2h).
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Absorbance unit
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Figure 7. The FT-IR spectra for RSO (a), TETA (b) and RSO mixed with

TETA at (¢) 20°C, 0.5 h (d) 100°C, 0.5 h (e) 150°C, 2 h.

Thus, we can conclude that ester amidation is an important
reaction to be considered during the cross-linking of EOs with
TETA, a fact often neglected in the literature on this subject. At
higher temperatures and longer mixing and/or heating times,
the extent of amidation increases and as such may affect the
rate of the aminolysis reaction. However, the actual extent of
the amidation reaction will depend on the relative rate differen-
ces between the two competitive amidation and the aminolysis
reaction. Amidation may be of less importance when the ami-
nolysis reaction is much faster than the amidation reaction.

Screening Experiments for the Cross-Linking of EOs

with TETA

The cross-linking experiments of EOs (ERSO, ESO, EJO, EPO,
and ECO) with TETA were carried a batch setup followed by
casting of the mixture in a steel mold. Initial screening experi-
ments were carried out at conditions close to those previously
used in our group for the cross-linking of EJO with TETA®®
and involves an initial reaction/pre-mixing in a batch setup
(variable molar ratio of epoxide to primary amine groups,
100°C, 100 rpm, 30 min) followed by casting of the mixture in
a steel mold at different process conditions (Table III).

Typical FT-IR spectra of the cross-linked polymers are shown in
Figures 8 and 9 and indicate that both aminolysis and amida-
tion occurred during the cross-linking reaction. The C=O
vibration at 1735 cm™ ', arising from the ester bonds, decreases

Table III. Overview of Experimental Conditions for the Synthesis of
Cross-Linked Polymers from EOs and TETA

Systematic
Variable Screening study
Mold temperature, T (°C) 150 100-200
Mold pressure, P (bar) 150 100-200
Pressing time, t (h) 15 6-48
Molar ratio of epoxy to 1 0.25-2

primary amine groups (-)
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Figure 8. FT-IR spectra of (a) ERSO and (b) PERSO just after mixing
with TETA, and (c) after cross-linked with TETA (cross-linking condi-
tions: 150°C, 150 bar, 15 h, 1 : 1 molar ratio of epoxy to primary amine
group).

in intensity while two amide vibration bands at 1635 (C=O)
and 1560 cm ™' (N=H) appear for all cross-linked polymers. In
addition, a strong sharp signal around 3350 cm™' (N=H),
absent in TETA (Figure 7), confirms the presence of secondary
amide, formed by the amidation of the EOs with TETA.

The T, of the cross-linked polymers was determined by DSC,
the resulting values ranging from —3.5 to 6.2°C. ERSO-based
polymer (PERSO) had the highest T, (6.2°C) followed by ESO-
based polymer (PESO, 4.4°C) and EJO-based polymer (PEJO,
2.7°C). Palm oil-based polymer (PEPO) had the lowest T,
(—3.5°C), whereas the product of coconut oil based polymer
(PECO) had no detectable T, as measured by the DSC. In com-
parison to other cured resins, PERSO has the highest T,. Hence,
a systematic study was performed to optimize the cross-linking
of ERSO with TETA in a laboratory scale pressing machine with
the objective to obtain a high T, and Tt

Systematic Studies on the Cross-Linking of ERSO with TETA

Systematic studies were carried out to investigate the effect of
process conditions and particularly the temperature, pressure,
time and molar ratio of epoxy to primary amine group on the
Ty and Typneee of the cross-linked polymers. From the screening
reactions for the cross-linking of EOs with TETA, the pre-
heating of ERSO mixture with TETA was performed at 100°C
for 0.5 h. An overview of the ranges of process variables for the
systematic study is given in Table III. One of the experiments
was carried out six times to determine the reproducibility of the
experimental set-up. The relative error (based on the standard
deviation) on the T, and Tinse was 1.8% and 3.2%, respectively.

The results for all experiments are given in Table IV. The T,
ranged between —24 and 12.9°C, whereas the T,z between
321 and 365°C. The highest T, (12.9°C) and Tine (365°C)
within the experimental window were obtained at 1 : 1 molar
ratio of epoxy to primary amine groups, pressing temperature
and pressure of 200°C and 200 bar, respectively, with a pressing
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time of 24 h. A tensile test was performed to determine the
mechanical properties of some representative polymers, viz.
from run 3 (T 6.9°C), Run 23 (T, 4.8°C), and Run 28 (T
12.9°C) and the results are shown in Table V and Figure 10.

From Figure 10, it can be observed that the tensile strength
increased from 0.56 (Run 23) to 1.77 MPa (Run 28) as the T,
increased from 4.8 (Run 23) to 12.9°C (Run 28). The increase
in Ty may be contributed by the increase in cross-link density
and consequently lead to high modulus and strength.”’
An increase in T, and modulus normally results in a high stiff-
ness, which is normally accompanied by a low percentage of
strain at break.?’” However, we observed otherwise, likely
because the cross-linked polymers prepared in this study are
in the “leathery”® state (Tg = 10°C), which results in a higher
strength than rubbery materials and allows for higher
elongations.

Regression Model for T,

The experimental data given in Table IV were used as input for
the development of multivariable nonlinear regression model
for the T, as a function of process conditions The coefficients
for the regression model for the T, are provided in Table VI
and relevant statistical data are given in Table VII. The p-value
of the model is very low (<10™% which indicates that the
model is statistically significant. The parity plot (Figure 11)
shows that the model fits the experimental data reasonably well.
The effects of the process variables on the T, are provided in
three-dimensional response surface plots provided in Figure 12.
The model predicts the existence of an optimum T, value
within the process window [Figure 12(b—d)].

Increasing the pressing time from 6 to 24 h increases the Ty
which indicates that network formation still occurs after 6 h
reaction time. However, a further increase in the pressing time
up to 48 h results in a lowering of the T, This is most likely
due to thermal degradation as previously observed by our group
for the pressing of cross-linked EJO with amine.”® Increasing

0.7 4 " 3350 1635 ]

064 PCESO \PV’\JI\;//M‘ 4

1560 840 820

Absorbance unit

T ¥ T L T b T T -] T 1 T -
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm™)
Figure 9. FT-IR spectra of polymers derived from the cross-linking of
EOs with TETA (150°C, 150 bar, 15 h, 1 : 1 molar ratio of epoxy to pri-

mary amine group).
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Table IV. Overview of Experimental and Modeled T, and T for the Cross-Linked Polymers

Ty (C) Tonset (°C)
Run T (C) P (bar) t (h) R(-) Data Model Data Model
1 200 200 6 0.5 1.7 41 345.0 345.4
2 150 150 6 0.75 1.2 2.4 348.0 344.8
8 150 150 15 0.75 6.9 6.0 349.3 350.8
4 150 150 15 0.75 8.4 6.0 351.2 350.8
5 150 150 15 0.75 41 6.0 345.8 350.8
6 200 100 6 0.5 2.5 0.7 340.0 340.1
7 100 200 6 1 -5.9 -10.2 342.8 340.1
8 200 150 15 0.75 6.1 8.5 351.6 355.0
9 150 150 15 1 6.2 7.3 355.7 3583
10 100 100 6 1 -17.2 -13.5 330.3 334.7
11 100 100 6 0.5 -21.2 -19.9 3234 323.7
12 150 200 15 0.75 7.8 7.7 351.6 3534
13 150 150 24 0.75 7.2 6.3 8155.5 350.9
14 150 150 15 0.5 4.3 2.6 3451 3459
15 100 150 15 0.75 -10.9 -10.4 336.5 335.8
16 150 100 15 0.75 3.5 4.3 344.5 348.1
17 100 100 24 1 —-6.7 -9.6 335.9 334.4
18 100 200 6 0.5 -12.5 -16.5 331.7 329.0
19 150 150 15 0.75 52 6.0 349.0 350.8
20 150 150 15 0.75 4.4 6.0 346.6 350.8
21 100 100 24 0.5 -16.5 -15.9 323.2 3283
22 100 200 24 0.5 -15.1 -12.6 326.7 328.6
23 200 100 24 0.5 4.8 4.7 353.6 352.7
24 200 100 24 1 8.8 7.6 3584 356.4
25 200 200 24 0.5 8.9 8.1 355.0 358.1
26 100 200 24 1 -94 -6.2 340.3 339.7
27 150 150 15 0.75 7.9 6.0 354.7 350.8
28 200 200 24 1 12.9 11.0 364.9 361.8
29 200 200 6 1 5.1 7.0 348.3 349.1
30 200 100 6 1 4.4 3.6 346.2 343.8
31 150 150 10 0.75 4.1 4.4 350.1 348.1
32 150 150 24 0.75 7.2 6.3 355.2 350.9
&3 150 150 36 0.75 0.7 1.8 340.4 342.0
34 100 100 10 1 -10.7 -11.5 337.5 336.7
895 100 200 10 1 -8.3 -8.1 340.2 342.0
36 200 200 48 0.25 -11.0 -11.5 336.1 3331
37 200 200 48 0.5 —-8.6 -6.9 338.2 338.6
38 200 200 48 1 -0.8 -4.0 341.3 342.3
39 200 200 48 1.5 -12.0 -9.6 3354 336.4
40 200 200 48 2 -23.0 —-23.6 3211 321.1

the molar ratio of epoxy to primary amine groups from 0.25 to
1 resulted also in higher T, values. A similar trend was also
observed for the cross-linking of EJO with amines.”® At a molar
ratio larger than 1, the amine likely reacts with the ester group
to form amides and free glycerol. The latter may act as a plasti-
cizer and consequently lead to a reduction in the Tg.3 8

Regression Model for T et

The effect of process conditions of the T, can be described
by a multivariable nonlinear regression model. A visualization
of the effect of process variables on the T, is not shown here
because similar trends were observed as in the case of T,. Opti-
mum conditions were observed for all the process variables
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Table V. Thermal and Mechanical Properties of the Cross-Linked ERSO with TETA for Run 3," Run 23" and Run 28¢

Run 3 (Tg: 6.9°C)

Run 23 (Ty: 4.8°C) Run 28 (Tg: 12.9°C)

Tensile strength (MPa) 1.42+0.06
Strain at auto break (%) 156.9+10.8
Modulus (MPa) 1.9+0.10
Modulus (AutYoung) (MPa) 1.31+0.05

0.56 +0.03 1.77+0.05
112.7+4.9 199+6.8

0.87+0.13 1.81+0.06
0.96+0.11 1.35+0.07

2150°C, 150 bar, 15 h, 0.75 : 1 molar ratio of epoxy to primary amine groups.
®200°C, 100 bar, 24 h, 0.5 : 1 molar ratio of epoxy to primary amine groups.

€200°C, 200 bar, 24 h, 1 : 1 molar ratio of epoxy to primary amine groups.

expect pressure. At the optimum conditions, the cross-link
density is probably the highest, which results in higher T,
and T;)nset'

Optimization

A numerical optimization function was used to predict the
highest T, for the cross-linked polymers within the range of
variables used in this study. According to the model, the highest
T, (12°C) is attainable at a 1 : 1 molar ratio of epoxide to pri-
mary amine groups, 180°C and 200 bar for 21 h. The estimated
Tonset at these conditions is 361°C. These conditions were used

T ¥ T L T ¥ T ¥ T T T ¥ T % T

T,:6.9 °C (Run 3)
15 -+ T, :487°C (Run23) ’

{ == T,:129°C (Run28)
13+

1.8+

0.9+

Stress (MPa)

0.6 4

0.3+

0.0 : o T ¥ T > T T x T T T
0.0 0.3 0.6 0.9 1:2 1.5 1.8 2.1

Strain (mm/mm)

Figure 10. Strain-stress curves of polymers derived from the cross-linking
of ERSO with TETA (refer to Table IV for the conditions of Run 3, Run
23, and Run 28).

Table VI. Coefficients for the Regression Model for T, (°C)

Variable Coefficient
Constant =il2il. 57
T 1.07

P 0.03

t 0.82

R 45.06

TR -0.07

T —-0.003
t° -0.02

R? -16.91
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for subsequent cross-linking reactions of the EOs with TETA
with the objectives to determine thermal and mechanical prop-
erties of the cross-linked polymers and to identify structure—
property relations.

Synthesis of Cross-Linked Polymers with TETA at Optimum
Process Conditions

The synthesis of cross-linked polymers from ERSO, ESO, EPO,
and EJO using TETA were carried out at the optimum condi-
tions (180°C, 200 bar, 21 h, 1 : 1 molar ratio epoxy to primary
amine groups) as predicted by the model (see previous section).
A commercial epoxidized soybean oil (CESO) was also included
as a reference. The reaction of ECO with TETA was not investi-
gated as poor results were obtained in the screening experi-
ments due to the low amount of reactive epoxide groups per
triglyceride.

Table VII. ANOVA for the T, of Cross-Linked Polymers from ERSO with
TETA

SS DF MS F p-value R2 values
Model 3445 8 431 911 <0.0001 R? 0.96
Error 151 31 52 1.9 Rejustes 095
Total 3596 39 R cdicted 0-91

g(uC )mndcl

| I (NI I T T T N S T

LI L
-24 20 -16 -12 -8 -4 0 4 8 12

Tg(”C)

data

Figure 11. Parity plot for the regression model of T
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Figure 12. Response surface showing the interaction between two parameters on the T, (a) pressure and temperature (15 h, 1 : 0.75 molar ratio of epoxy

to primary amine groups) (b) molar ratio of epoxy to primary amine groups and time (150°C, 150 bar)(c) time and pressure (150°C, 1 : 0.75 molar

ratio of epoxy to primary amine groups) (d) temperature and molar ratio of epoxy to primary amine groups (150 bar, 15 h).

Thermal and Mechanical Properties of the Products

The thermal and mechanical properties of the cross-linked poly-
mers were determined by DSC, TGA, and DMTA. The results
are presented in Table VIII. The T, of the polymers was deter-
mined by DSC. PEPO showed the lowest T, (—1.6°C), PERSO
the highest (11.1°C). These values are higher than those
obtained in the screening experiments (refer to Table III for
screening conditions). This is possibly due to higher tempera-
ture and pressure as well as longer curing time (180°C, 200 bar,
21 h). The T, of PESO is slightly lower than that of the CESO
based polymer (PCESO). This may be due to the slightly lower
EOC of ESO (6.5%) as compared to the EOC of CESO (6.9%).

The regression model predicts that the T, of PERSO is
12.0 = 1.8°C. This nicely embeds the experimental value of
11.1°C. As such, the model gives a good prediction of the

experimental dataset. The increase in the T, when comparing
PEPO and PERSO (—1.6 to 11.1°C) can be attributed to an
increase in the degree of cross-linking, which was confirmed by
DMTA measurements. The DMTA profiles of the polymers are
given in Figure 13. The cross-linking density was estimated
from the plateau storage modulus (E') and found to increase
from PEPO (136 mol/m>) to PERSO (494 mol/m’) as shown in
Table VIII. The thermal stability of the cross-linked polymers
was determined by TGA. The onset of decomposition was
between 340 and 360°C.

Tensile tests were performed to determine the mechanical prop-
erties of the cross-linked polymers and the results are shown in
Figure 14 and Table VIII. The tensile strength varies between
0.18 and 1.72 MPa, whereas the modulus is in the range of
0.32-1.77 MPa. Resins with higher T, values also show higher

Table VIII. Thermal and Mechanical Properties of Polymers Prepared at Optimum Conditions®

Tensile Strain at auto Modulus Modulus (MPa)
Polymer Tg4 (°C) Twviax (°C) v (mol/m3) strength (MPa) break (%) (MPa) (AutYoung)
PERSO 11.1 486 494 1.72 182.4 1.77 1.29
PESO 6.1 487 322 1.03 136.7 1.24 1.18
PEJO 4.1 488 248 0.94 125.5 1.21 111
PEPO -1.6 490 136 0.18 78.1 0.32 0.44
PCESO 6.9 489 373 1.11 145.7 1.28 117
Soybean oil based®”’ 9.8 511 486 1.34
Jatropha oil based®® 8.7 0.82 86.9 1.6

2180°C, 200 bar, 21 h, 1 : 1 molar ratio epoxy to primary amine groups.
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strengths and modulus. A similar trend was observed for the
strain at break, see Table V for details. This is likely because at
T, + 10°C, higher tensile strength can be coupled, as reported’
with higher strain at break.

The T, of PEJO (4.1°C) is lower than previously reported by our
group (8.7°C). This may be due to a lower temperature and
shorter pre-mixing time (100°C and 0.5 h as compared to 150°C
and 2 h) during the synthesis. These conditions were selected to
reduce the level of amidation, which is more prominent at higher
temperature and longer premixing times (Figures 5 and 7).

PERSO has the highest the cross-link density (494 mol/m’), see
Table VIII for details. Soybean oil based polymer (PESO and
PCESO) have a cross-link density in the range of 322-373 mol/
m’. These values are lower than those reported for azidated soy-
bean oil alkynated with soybean oil (486 mol/m’). Low cross-
link densities are also observed for PEJO (248 mol/m®) and
PEPO (136 mol/m?). This may be due to the lower amounts of
epoxy groups in the EOs leading to a denser cross-linked net-
work and consequently a lower cross-linked density.

In brief, we have shown that PERSO has a higher T, and tensile
strength compared to PESO, PEJO, and PEPO resins. This may
be due to the relatively high level of epoxidation. The T, of
PERSO (<30°C) indicates that the product may find applica-
tions in the field of adhesives in the electronic and automotive
sector. If necessary, other cross-linkers may be used instead of
TETA to give product with a higher T, and thus a higher mod-
ulus and strength.

CONCLUSIONS

RSO was successfully epoxidized using performic acid (gener-
ated in situ) resulting in epoxidized rubber seed oil with a high
EOC value (7.4%). ERSO was cross-linked with TETA and the
optimum conditions for high T, were determined. At the opti-
mum conditions (180°C, 200 bar, 21 h, 1 : 1 molar ratio of
epoxy to primary amine groups), the cross-linked material
(PERSO) has a T, of 11.1°C with a tensile strength of 1.72 MPa
and an elongation at break of 182%. These values are higher
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Figure 13. DMTA curves for polymers derived from the cross-linking of
EOs with TETA.
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Figure 14. Strain—stress curves of polymers derived from the cross-linking
of EOs with TETA.

than for the resin obtained by reacting commercial epoxidized
soybean oil with TETA at similar conditions (T, of 6.9°C, tensile
strength of 1.11 MPa and strain at auto break of 145.7%). This
indicates that RSO is a promising raw material for the synthesis
of renewable epoxy type resin. RSO is particularly attractive as
it has a relatively high content of unsaturated fatty acids com-
pared to, e.g., jatropha and soybean oil.

This study confirms that the seeds of the rubber tree have good
potential for further valorization and that other applications,
besides the use of the oil as a biofuel, seem viable.

ACKNOWLEDGMENTS

The authors would like to acknowledge funding from the NWO/
WOTRO for a research grant in the framework of the Agriculture
beyond food program.

REFERENCES

1. Ratna, D.; Banthia, A. K. J. Adhes. Sci. Technol. 2000, 14, 15.

2. Epoxy Adhesive Application Guide. Available at: http://www.
epotek.com/site/files/brochures/pdfs/adhesive_application_
guide.pdf, accessed on July 7, 2014.

3. Lu, J; Wool, R. P. J. Appl. Polym. Sci. 2006, 99, 2481.

4. Nitto Global Adhesive Design Technology. Available at: http://

www.nitto.com/rd/base/adhesive/specificat/, accessed on July
7,2014.

5. Epoxy Resins Market worth $8.4 Billion by 2017. Available
at: http://www.marketsandmarkets.com, accessed on May 6,
2014.

6. Stemmelen, M.; Pessel, F; Lapinte, V.; Caillol, S.; Habas, J.;
Robin, J. J. Polym. Sci. Part A: Polym. Chem. 2011, 49, 2434.

7. Kuo, M. C.; Chou, T. C. Ind. Eng. Chem. Res. 1987, 26, 277.
8. Corma, A,; Iborra, S.; Velty, A. Chem. Rev. 2007, 107, 2411.

9. Tan, S.; Chow, W. Polym. Plast. Technol. Eng. 2010, 49,
1581.

J. APPL. POLYM. SCI. 2015, DOI: 10.1002/APP.42591

Applied Polymer -


http://www.epotek.com/site/files/brochures/pdfs/adhesive_application_guide.pdf
http://www.epotek.com/site/files/brochures/pdfs/adhesive_application_guide.pdf
http://www.epotek.com/site/files/brochures/pdfs/adhesive_application_guide.pdf
http://www.nitto.com/rd/base/adhesive/specificat/
http://www.nitto.com/rd/base/adhesive/specificat/
http://www.marketsandmarkets.com
http://onlinelibrary.wiley.com/
http://www.materialsviews.com/

ARTICLE

10.

11.
12.
13.

14.

15.

16.

17.
18.
19.
20.

21.

22.

23.

24.

25.
26.

h\Tiﬂ"} WWW.MATERIALSVIEWS.COM
1

Ml

Meier, M. A.; Metzger, J. O.; Schubert, U. S. Chem. Soc. Rev.
2007, 36, 1788.

Lu, J.; Wool, R. P. Compos. Sci. Technol. 2008, 68, 1025.
Okieimen, F. Ind. Crops. Prod. 2002, 15, 71.

Okieimen, F; Bakare, O.; Okieimen, C. Ind. Crops Prod.
2002, 15, 139.

Lee, K.; Hailan, C; Yinhua, J.; Kim, Y.; Chung, K. Korean J.
Chem. Eng. 2008, 25, 474.

Campanella, A.; Fontanini, C.; Baltanas, M. A. Chem. Eng. ].
2008, 144, 466.

Petrovi¢, Z. S.; Zlatani¢, A.; Lava, C. C.; Sinadinovié¢-Fiser,
S. Eur. J. Lipid Sci. Technol. 2002, 104, 293.

FMC Corp. GB Patent 765903 1957.
Hoesch, O.; Hoesch, R. GB Patent 977407 1964.
Jourdan-Laforte, E. U.S. Patent 4215058 1980.

Gamage, P. K,; O’Brien, M.; Karunanayake, L. J. Natl. Sci.
Found. Sri Lanka. 2009, 37, 229.

Egbuchunam, T. O.; Balkdse, D.; Okieimen, E E. Polym.
Degrad. Stab. 2007, 92, 1572.

Joseph, R.; Alex, R;; Vinod, V.; Premalatha, C.; Kuriakose, B.
J. Appl. Polym. Sci. 2003, 89, 668.
Jay, R. Anal. Chem. 1964, 36, 667.
Abduh, M. Y; van Ulden, W.; Kalpoe, V; van de

Bovenkamp, H. H.; Manurung, R.; Heeres, H. J. Eur. J.
Lipid. Sci. Technol. 2013, 115, 123.

Knothe, G. J. Am. Oil Chem. Soc. 2002, 79, 847.

Daniel, L.; Ardiyanti, A. R; Schuur, B; Manurung, R;
Broekhuis, A. A.; Heeres, H. J. Eur. J. Lipid. Sci. Technol.
2011, 113, 18.

WILEYONLINELIBRARY.COM/APP

27.

28.

29.
30.

31.

32.

33.

34.

35.

36.

37.

38.

42591 (12 of 12)

Applied Polymer

SCIENCE

Hong, J.; Luo, Q.; Wan, X.; Petrovic, Z. S.; Shah, K. Bioma-
cromolecules 2011, 13, 261.

Igbal, M. PhD Thesis Synthesis and properties of bio-based
renewable polymeric products, University of Groningen: The
Netherlands, 2014, Chapter 4, p 62.

Ogunwole, O. A. Res. J. Chem. Sci. 2012, 2, 30.

Ramadhas, A. S.; Jayaraj, S.; Muraleedharan, C. Fuel 2005,
84, 335.

Thomas, A. Fats and Fatty Oils. Ullmann’s Encyclopedia of
Industrial Chemistry. Wiley-VCH Verlag GmbH & Co.
KGaA: Weinheim, 2000.

Vegetable oil yields and characteristics: Journey to Forever.
Available at: http://journeytoforever.org/biodiesel_yield.html,
accessed on September 2, 2014.

Dieckelmann, G.; Eckwert, K.; Jeromin, L.; Peukert, E;
Steinberner, U. U.S. Patent 4 1986584390 1986.

Eckwert, K.; Jeromin, L.; Meffert, A.; Peukert, E.; Gutsche,
B. Process of the epoxidation of olefinically unsaturated
hydrocarbon compounds with peracetic acid. U.S. Patent 4
1987647678 1987.

Hazmi, A. S. A; Aung, M. M.; Abdullah, L. C.; Salleh, M.
Z.; Mahmood, M. H. Ind. Crops Prod. 2013, 50, 563.
Ramirez-de-Arellano-Aburto, N.; Cohen-Barki, A.; Cruz-
Gémez, M. J. U.S. 6548609 B2 2003.

Daniel, L.; Rasrendra, C. B.; Kloekhorst, A.; Broekhuis, A.
A.; Manurung, R.; Heeres, H. J. J. Am. Oil Chem. Soc. 2014,
91, 325.

Fleischhaker, F; Haehnel, A. P.; Misske, A. M.; Blanchot, M.;
Haremza, S.; Barner-Kowollik, C. Macromol. Chem. Phys.
2014, 215, 1192.

J. APPL. POLYM. SCI. 2015, DOI: 10.1002/APP.42591



http://journeytoforever.org/biodiesel_yield.html
http://onlinelibrary.wiley.com/
http://www.materialsviews.com/

	l

