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Polyesters were prepared using epoxidised methyl esters of oleic acid (EPOAME) and epoxi-
dised biodiesel (mixture of methyl esters) from sunflower oil (EPSOME) and linseed oil
(EPLOME) with cis-1,2-cyclohexanedicarboxylic anhydride and triethylamine. The kinetic
of partial processes involved in the polymerisation were elucidated and related to epoxy
rings position in the fatty acid chain. The activation energies (Ea) for the epoxy ring opening
by the catalyst are 298, 216 and 136 kJ/mol for EPOAME, EPSOME and EPLOME respectively. The
reactions of the epoxy rings in the positions C9–C10, C12–C13 and C15–C16 with anhy-
dride require average activation energies of 116, 32 and 22 kJ/mol, respectively. The com-
pensation effect between activation energy and pre-exponential factor is observed. The
polymerisation enthalpy, molecular weight, glass transition temperature and electrical
properties were determined. The polyesters studied show promising properties for use
in various technological applications.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction

Renewable resources, such as vegetable oils and animal
fats, have great potential to substitute petrochemical
derivatives. They tend to be biodegradable and therefore,
less aggressive on the environment, less expensive and
more diverse [1,2]. Vegetable oils are fatty acid triglycer-
ides, which have different degrees of unsaturation. Fatty
acids differ in the length of their carbon chain, the number
and the position of double bonds. The unsaturated fatty
acids with 18 carbons are the dominant constituents of
vegetable oils (over 80%). Oleic acid (C18:1) presents only
one unsaturation, which is located at C9–C10 position. Lin-
oleic acid (C18:2) includes two unsaturated bonds at C9–
C10 and C12–C13 positions, while linolenic acid (C18:3)
has three unsaturations at C9–C10, C12–C13 and C15–
. All rights reserved.
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C16 positions [1,2]. Depending on the double bonds distri-
bution in the fatty acids, the materials produced from them
have specific physical and chemical properties. A good
knowledge in polymerisation of triglycerides was achieved
in the last decades. Larock and co-authors [3] have pro-
duced polymers using the cationic copolymerisation of dif-
ferent vegetable oils. The chemical, physical, thermal and
mechanical properties of the polymers were investigated
as a function of the vegetable oil composition [3]. Polyure-
thane networks have been synthesised from polyols based
on different vegetable oils [4–6].

From the other side, biodiesel polymerisation still
counts with limited number of studies. Concerning synthe-
sis and characterisation of polyesters obtained from bio-
diesel Martini et al. [7] investigated the reaction kinetics
of epoxidised biodiesel from linseed oil with different cyc-
lic anhydrides. Similarly, Reiznautt et al. [8] studied poly-
ester formation using epoxidised sunflower biodiesel.
Nicolau and co-authors reported the properties of linear
polyesters produced from oleic acid and the respective
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methyl oleate in solution [9] and bulk [10]. Other impor-
tant contributions in this area are given by Bunker and
co-authors that produced high molecular weight polymers
from methyl oleate [11].

To obtain polyesters from biodiesel, the respective veg-
etable oil has to be transesterified. The reactivity of mono-
alkyl esters, obtained as biodiesel, needs to be improved by
the introduction of other functionalities to the molecules.
Epoxidation has an important role in the functionalization
of fatty acid derivatives [12–15]. Epoxides are very versa-
tile structures in organic synthesis and are susceptible to
a large number of nucleophilic, eletrophilic, acidic, alka-
line, and reducing and oxidising agents. Because of this
versatility, the epoxides are susceptible to polymerisation
process when submitted to heat in the presence of reticu-
lation agents, which are, generally, amines and anhydrides
[16].

In the present work, epoxidised methyl esters of oleic
acid, sunflower and linseed oils were used to synthesise
polyesters. The polymerisation processes were evaluated
in terms of the double bonds content and their position
in the fatty acid chain. For first time, according to our
knowledge, it was possible to determine the activation en-
ergy and the respective pre-exponential parameters of the
epoxy rings located at different positions in the fatty acid
chain. Nuclear magnetic resonance (1H and 13C NMR),
infrared spectroscopy (FTIR), gel permeation chromatogra-
phy (GPC), thermal analysis (DSC, TGA) and electric imped-
ance spectroscopy (EIS) techniques contributed for the
elucidation of the chemical process and the characterisa-
tion of the polyesters produced. Additionally, this study
evaluates the relation of resistivity, capacitance and dielec-
tric relaxation of the polyesters with the average number
of epoxy rings in the fatty acid methyl esters. Assuming
that the average number of epoxy rings, affects the struc-
ture of the obtained polyesters, through ramification or
even crosslinking, it is to expect differences in the electri-
cal properties. The properties of the studied polyesters are
promising for different technological applications. These
materials can be used as adhesives, plasticizers, thermal
and electrical insulators, as well as intermediates for
polyelectrolytes.
Table 2
2. Experimental

2.1. Materials

Sunflower oil, linseed oil (Farmaquímica, Porto Alegre –
Brazil) and oleic acid P.A (Synth, São Paulo – Brazil) were
used as raw materials in this work. Table 1 summarises
the fatty acid composition of the oils used. Other materials,
Table 1
Molar compositions of the mixtures in terms of XEPOAME, XEPSOME, XEPLOME,
XAN and XTEA, where X is the molar fraction of the components.

Sample Molar fractions (X)

(1) XEPOAME = 0.5 XCH = 0.5 XTEA = 0.0085
(2) XEPSOME = 0.33 XCH = 0.67 XTEA = 0.0085
(3) XEPLOME = 0.33 XCH = 0.67 XTEA = 0.0085
including triethylamine 99%, cis-1,2 cyclohexanedicarb-
oxylic anhydride 99%, 1,4-butanediol diglycidyl ether 95%
and deuterated chloroform CDCl3 99.8% in deuterium with
0.03% w/w TMS (tetramethylsilane) were from Aldrich
Chemical Co. Methanol 99.9%, potassium hydroxide
(KOH) 85%, toluene 99.5% and formic acid 85% were from
Synth (São Paulo – Brazil). Acetone 99.5%, sodium hydrox-
ide (NaOH) 98.1% and hydrogen peroxide 29.0% w/w in
water were from Nuclear (Diadema, Brazil). Sulphuric acid
(H2SO4) 98% was obtained from Merck.
2.2. The epoxidation procedure

Sunflower (SO) and linseed (LO) oils used in this study
were transesterified using the TDSP-transesterification
double step process [17] to obtain biodiesel samples,
namely sunflower (SOME) and linseed (LOME) oil methyl
esters. The quality of biodiesel was tested using standard
analysis [17]. Oleic acid (OA) was esterified with methanol
using acidic catalysis to obtain oleic acid methyl ester
(OAME) as reported in previous publications [9–10].

The samples OAME, SOME and LOME were epoxidised
with performic acid generated in situ. The synthesis of
the epoxides was carried out in a completely stirred tank
reactor of 500 mL equipped with a reflux condenser. The
molar ratio of hydrogen peroxide/formic acid/double bond
was 20/2/1. For each 30 g of methyl ester, 100 mL of tolu-
ene was added. Hydrogen peroxide (H2O2, 30%) was added
dropwise into the reaction mixture. The reactor tempera-
ture was slowly raised to 80 �C to complete the reaction.
This procedure demanded about 3 h for OAME, 12 h for
SOME and 15 h for LOME. Then the organic layer (contain-
ing the epoxide) was washed with water to remove resid-
ual hydrogen peroxide. Anhydrous sodium sulphate was
used to dry traces of water, and the epoxy was concen-
trated on a rotary evaporator.
2.3. The characterisation techniques and the study of the
polymerisation reaction by DSC

Three different families of polyesters were prepared
using the EPOAME, EPSOME and EPLOME. The curing agent for
the polymerisation was cis-1,2-cyclohexanedicarboxylic
anhydride (CH), and triethylamine (TEA) as catalyst.
Table 2 summarises the molar compositions of the
mixtures before the polymerisation reaction in terms of
XEPOAME, XEPSOME and XEPLOME, where x is the molar fraction
of the components. The samples had a constant TEA molar
fraction, XTEA = 0.0085. The composition of the reaction
The main fatty acids in oils used in this work.

% Fatty acid

C18:1 C18:2 C18:3

Oleic acida >95 –
Sunflower oilb 18–24 64–67 <1
Linseed oilb 19–22 16–24 52–56

a According to the supplier.
b Taken from Refs. [1–3,5,6].
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mixtures were chosen taking into account the average
number of epoxy groups in the methyl esters.

To evaluate the evolution of the chemical reaction, dif-
ferential scanning calorimetry experiments were per-
formed on a DSC 2920-TA instrument. Samples of the
uncured reaction mixtures (approximately 5 mg) were
sealed in DSC pans, and the reaction was followed by
DSC in the range between 40 and 280 �C.

For the isothermal curing, the mixtures were placed in
sealed glass recipients, stirred and then heated in an oven
at 165 �C for 3 h. The obtained materials were then stored
in desiccators at room temperature.

The chemical structures of the materials involved and
the synthesised polyesters were characterised using pro-
ton and carbon nuclear magnetic resonance (1H and 13C
NMR) and Fourier transform infrared (FTIR) spectroscopy.
The NMR spectra were acquired on a 300 MHz Varian
instrument (model Innova). The NMR samples were pre-
pared in CDCl3 using tetramethylsilane as a reference.
The FTIR spectra were recorded on a Shimadzu-FTIR-8300
using KBr cells.

The molecular weight measurements were performed
with GPC Waters 510 gel permeation chromatography
equipment. Four polystyrene/divinylbenzene Styragel
Waters Millipore columns of different porosities (100,
1000, 10,000 Å and a mixed one) were connected to a
refractive index detector (RI-410), and tetrahydrofuran
was used as the solvent.

DSC and TGA were used to evaluate thermal properties
of the products. For TGA analysis was used a TA-model
2050 thermogravimeter operating under an inert N2

atmosphere.
Electrical impedance spectroscopy (EIS) experiments

were carried out on a potentiostat with a frequency re-
sponse analyser, AUTOLAB PGSTAT 30/FRA2, over the fre-
quency range between 1 Hz and 1 MHz, as previously
described elsewhere [18,19].

3. Results and discussion

3.1. Chemical structure of the biodiesel and epoxidised
biodiesel

The chemical characterisation of the OAME, SOME and
LOME by NMR was presented in previous publications
[7,8,10]. The average number of double bonds (DB) of these
materials was obtained by 1H NMR spectral analysis [20]
using Eq. (1):

DB ¼ K
2NF

; ð1Þ

where K is the area of the resonance signal of the double
bonds at d = 5.3 ppm. NF (normalisation factor) is the area
of a peak that does not change after the reaction divided by
the number of corresponding protons. For this reason, we
choose the signal at 2.31 ppm, which corresponds to the
three methylene hydrogens adjacent to the ester group in
oleic acid, sunflower oil and linseed oil. The results indi-
cated that the DB of OAME, SOME and LOME were, respec-
tively, 0.9, 1.3 and 1.9.The epoxidation reactions were
confirmed by the disappearance of the signal at
d = 5.3 ppm and the appearance of epoxide hydrogens at
d = 2.9–3.1 ppm in the 1H NMR spectra of EPOAME

(Fig. 1a), EPSOME (Fig. 1b) and EPLOME (Fig. 1c). In addition,
the disappearance of the peak at d = 2.02 ppm (hydrogens
adjacent to the double bond) and appearance of the peak
at d = 1.5 ppm (hydrogens adjacent to the oxirane ring)
also confirmed the epoxidation of these substrates. In the
case of SOME and LOME, we also observed the disappear-
ance of the peak at d = 2.8 ppm (hydrogens between dou-
ble bonds) and the appearance of a peak at d = 1.7 ppm
(hydrogens between oxirane rings) [20,21]. In these figures
the singlet at d = 3.67 ppm corresponds to the methyl
group of the ester function. The epoxidised methyl esters
were obtained with a yield approximately 90% according
to AOCS Cd 9-57.

3.2. Polymerisation reactions followed by DSC

In this step of the work the polymerisation reactions
were studied in terms of kinetic and thermodynamics.
The characteristic exothermic peak of the epoxy-anhydride
reaction was observed (Fig. 2). The polymerisation enthalpy
(DH) is obtained through the integration. The DHtot of the
reactions prepared with EPOAME, EPSOME and EPLOME were,
respectively, DHEPOAME = 90 J/g, DHEPSOME = 125 and
DHEPLOME = 215 J/g. Considering the composition of the
samples, the epoxy equivalent values EEEPOAME = 346,

EEEPSOME = 243, EEEPLOME = 171 and the selectivity of
approximately 90% in the epoxidation reaction, the corre-
sponding enthalpies expressed in terms of epoxy equiva-
lent are DHEPOAME = 56, DHEPSOME = 69 and DHEPLOME =
82 kJ/EE. These results, expressed in terms of reactivity,
demonstrated that DH is related not only to the total num-
ber of epoxy rings per molecule, but depends on the epoxy
ring position.The combination of the biodiesels used in this
study (Table 2) permitted to differentiate the reactions
according to the epoxy ring positions. In the case of oleic
acid methyl ester the predominant position is the C9–C10.
In the sunflower biodiesel the positions are C9–C10 and
C12–C13 and finally in the linseed biodiesel the positions
C9–C10, C12–C13 and C15–C16 are presented. The effect
on the reactivity of the epoxy rings, according to their posi-
tion in the fatty acid methyl esters was elucidated. The
Barrett method [7,22–24] was used to evaluate the kinetic
parameters of the reactions.The extent of the reaction (a)
is related to the enthalpy of the reaction by Eq. (2):

a ¼ DH
DHTOT

ð2Þ

where DH is the partial enthalpy of the reaction and DHTOT

is the total enthalpy.
The general kinetic rate Eq. (3) is given by:

da
dt
¼ kðTÞ:f ðaÞ ð3Þ

Considering only one process, characterised by one acti-
vation energy (Ea) and one frequency factor (A), the Eq. (3)
can be transformed in the Eq. (4):

da
dt
¼ Aexpð�E=RTÞ:f ðaÞ ð4Þ



Fig. 1. The 1H NMR spectra of the (a) EPOAME (b) EPSOME and (c) EPLOME.
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In the dynamic DSC measurements the relation between
time, temperature and the extent of the reaction (a) is given
by Eq. (5) where / is the instrumental heating rate :

da
dt
¼ da

dt
dt
dT
¼ 1

U
da
dt

ð5Þ

Substituting Eqs. (5)–(12), Eq. (6) is obtained:

da
dT
¼ A

U
expð�E=RTÞ:f ðaÞ ð6Þ

Assuming that: (i) the process is a first order one and (ii)
the extent of the reaction a is proportional to the partial
enthalpy of the reaction. The Eq. (6) can be written as:

da
dT
¼ A

U
expð�E=RTÞ:ð1� aÞn where n ¼ 1 ð7Þ

The respective logarithmic form is :

lnK ¼ ln
da
dT

� �
� nlnð1� aÞ þ ln U

¼ lnA� E
RT

� �
where n ¼ 1 ð8Þ
Eq. (8) includes the experimental information: (i) tem-
perature derivative of a, (ii) the values of a as defined in
Eq. (1), (iii) the heating rate of the experiment and (iv)
the temperature variation. The graph of lnK versus 1/T is
providing the pre-exponential factor (A) and the respective
activation energy of the process. However, in cases with
different processes the linear parts of the Eq. (8) would
provide the pre-exponential factors and activation energies
of the corresponding processes. Fig. 3 demonstrates the
graph of ln k versus 1/T for the reactions of EPOAME/AN/
TEA, EPSOME/AN/TEA and EPLOME/AN/TEA. The EPOAME curve
was shifted by a factor +4, the EPLOME by a factor �4 in or-
der to visualise better the respective curves. It is observed
that all of these curves are composed by different linear
parts. The first linear part of these curves must correspond
to the epoxy ring opening by the initiator and conse-
quently followed by the consecutive reactions of the other
epoxy rings with anhydride [25]. The evaluation of these
linear parts is capable to provide the kinetic parameters
of the respective processes. Table 3 shows that epoxy ring
opening for EPOAME occurs in temperature below 195 �C
with Ea approximately 298 kJ/mol. In the case of EPSOME



Fig. 2. DSC thermograms of the reaction mixtures based on EPOAME/AN/TEA, EPSOME/AN/TEA and EPLOME/AN/TEA.

Fig. 3. The graph ln k versus 1/T of the reaction mixtures based on EPOAME/AN/TEA, EPSOME/AN/TEA and EPLOME/AN/TEA.
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and EPLOME the epoxy ring opening occurs below 170 �C
with Ea approximately 216 and 136 kJ/mol, respectively.
The reaction main process of the EPOAME is obtained in
the range between 195 and 260 �C, with Ea of 107 kJ/mol.
As it can be seen in Table 3 similar activation energies
130 kJ/mol (210–260 �C) and 112 kJ/mol (230–260 �C)
were obtained, respectively for the sunflower and linseed
epoxidised biodiesels. A detailed evaluation of the Fig. 3



Table 3
Activation energy (Ea) and preexponential factor (lnA) involved in the polymerisation of the samples EPOAME/AN/TEA, EPSOME/AN/TEA and EPLOME/AN/TEA.

Epoxy ring opening 15–16 epoxy ring reaction 12–13 epoxy ring reaction 9–10 epoxy ring reaction

EPOAME/CH/TEA T.R = below 195 �C – – T.R = 195–260 �C
Ea = 298 KJ/mol Ea = 107 KJ/mol
lnA = 74.5 lnA = 22.4

EPSOME/CH/TEA T.R = below 170 �C – T.R = 210–260 �C T.R = 170–210 �C
Ea = 216 KJ/mol Ea = 28 KJ/mol Ea = 130 KJ/mol
lnA = 53.1 lnA = 1.07 lnA = 30.1

EPLOME/CH/TEA T.R = below 166 �C T.R = 166–183 �C T.R = 183–230 �C T.R = 230–260 �C
Ea = 136 KJ/mol Ea = 22 KJ/mol Ea = 37 KJ/mol Ea = 112 KJ/mol
lnA = 31.9 lnA = 0.33 lnA = 4.7 lnA = 24.8

TR = temperature range.

A. Nicolau et al. / European Polymer Journal 48 (2012) 1266–1278 1271
indicates that in the case of EPSOME the reaction of the 12–
13 epoxy rings occurs in the range between 170 and 210 �C
and with activation energy of approximately 28 kJ/mol. In
the case of EPLOME the reaction of the rings in the position
15–16 occurs in the range between 166 and 183 �C, with Ea

of 22 kJ/mol, while the 12–13 occurs between 183 and
230 �C characterised by Ea approximately 37 kJ/mol.
Apparently the epoxy rings in position 12–13 and 15–16
do not possesses very difference Ea. This observation leads
to the conclusion that the epoxy ring in 9–10 position re-
acts with the highest Ea. The Ea is being decreased with
the proximity of the oxirane ring to the end of the chain.

In order to evaluate the compensation effect, the values
of Ea versus lnA were plotted in Fig. 4. A good linear corre-
lation is obtained between these parameters. Considering
the complexity of the studied systems, this linearity con-
firms the compensation effect. The three different epoxy
rings behave similarly, conferring to the reaction mixtures
similar kinetic conditions. However, the linear correlation
between Ea and lnA has to be further studied for other sim-
ilar polymerisation reactions.
Fig. 4. Activation energy (Ea) versus pree
3.3. The chemical structure of the polyesters

In order to elucidate the steps of transformation from
biodiesel to polyesters we present a systematic series of
FT-IR spectra in Fig. 5. This figure includes the infrared
spectra of the SOME, EPSOME, cis-1,2-ciclohexanedicarboxy-
lic anhydride, the reaction mixture (EPSOME + anhy-
dride + TEA) before reaction and the product of the
reaction. In the SOME spectrum, the bands at 3009 and
1655 cm�1 are due to the axial deformation in C–H of sp2

carbons and C@C respectively. The disappearance of these
bands in the EPSOME and the appearance of the bands at 824
and 843 cm�1 indicates the conversion of the double bonds
to oxirane rings. In the FTIR spectrum of the reaction mix-
ture the band at 1736 cm�1 characterises the C@O stretch-
ing of the EPSOME, while the bands at 1855 and 1786 cm�1

are related to the carbonyl stretching of the anhydride. The
substitution of these three bands by a new one at
1736 cm�1 in the polyester spectrum indicates the anhy-
dride ring opening and the disappearance of the bands at
827 and 843 cm�1 are related to the opening of the epoxy
xponential factor logarithm (lnA).



Fig. 5. The infrared spectra of the (A) SOME, (B) EPSOME, (C) cis-1,2-ciclohexane anhydride, (D) the reaction mixture (EPSOME + anhydride + TEA) before
reaction and (E) the respective polyester.
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ring. The infrared spectra of the polymers obtained from all
epoxidised methyl esters were similar. This indicates that
the obtained products contained mainly the same func-
tional groups. The spectra of the products showed a strong
band at 1736 cm�1, which characterises the stretching of
the C@O in the carboxylic group. The bands at 1250 and
1170 cm�1 indicate C–O–C ester linkages.

The 1H and 13C NMR spectra of the polymers presented
similar peaks. The 1H and 13C spectra are illustrated in Figs.
6a and 6b, respectively, for the polymer obtained from
EPLOME. The appearance of a resonance at d = 4.98 ppm
indicates incorporation of the anhydride, creating an inter-
nal ester linkage [8,26]. In addition, peaks observed at
d = 1.79, d = 2.06, d = 2.60 and d = 2.86 ppm, are related to
the hydrogens of the cyclohexane ring of the anhydride.
Additionally, the disappearance of the peak at d =
0.95 ppm, characteristic of the EPLOME, confirms ones more
the opening of the respective oxirane ring. The new ester
linkage was also confirmed by 13C NMR due to the appear-
ance of a signal at d = 73.7 ppm [8,26]. The peaks at d = 42.2
and d = 44.5 ppm were attributed to the tertiary carbons of
the cyclohexane ring of the anhydride.

A comparison of the spectroscopic data indicated that
the polymers produced from different biodiesel samples
were polyesters. Size exclusion chromatography (SEC)
measurements indicated that the average molecular



Fig. 6a. 1H NMR of the polyester based on EPLOME/AN/TEA.

Fig. 6b. 13C NMR of the polyester based on EPLOME/AN/TEA.
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weight (Mw) increased with the average number of double
bonds of the starting oil. The Mw obtained for polymers
synthesised with oleic acid, sunflower oil and linseed oil
were, respectively, 2.5 � 103, 5.3 � 103 and 14 � 103 g/
mol.
3.4. Thermal and electrical properties

Fig. 7 presents the thermograms of the polyesters ob-
tained by DSC technique after isothermal curing. The glass
transition temperature (Tg) of the product obtained using



Fig. 8. Derivative TGA curves of polyesters based on (a) EPOAME/AN/TEA,
(b)EPSOME/AN/TEA and (c) EPLOME/AN/TEA.
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EPOAME is approximately �59 �C. This Tg value is compara-
ble to those reported for acrylated methyl oleate polymers
[11]. The polymers based on EPSOME and EPLOME exhibited
Tg values of �11 and �6 �C, respectively. Therefore, the Tg

seemed to depend on Mw and average number DB. Glass
transition temperature values lower than room tempera-
ture, such as the ones of the materials prepared in this
study, are required for pressure-sensitive adhesive applica-
tion [11].

Thermogravimetric analysis indicated that the prod-
ucts, without any treatment, obtained from the different
biodiesels were thermally stable in air below 200 �C. The
thermogram of all samples showed a two-stage thermal
degradation process above this temperature, as can been
seen in Fig. 8. Two-step degradation has also been ob-
served for other polymers obtained from vegetable oils
[6]. The first step degradation was attributed to the decom-
position of unreacted components, as well as the saturated
methyl esters and oligomers with lower molecular
weights. The second stage corresponds to the degradation
of the polymer structure. The maximum thermal degrada-
tion temperatures for each step (Tmax1 and Tmax2) were
approximately 230 and 370 �C for each polymer.

The electrical impedance spectroscopy was performed
to evaluate the resistance and capacitance of the polyesters
obtained. Models of dielectric behaviour are based on ser-
ies and/or parallel combinations of resistance (R) and
capacitance (C) that can account for the contribution of
all active mechanisms to the overall dielectric polarisation
[18,19,27,28]. An R–C parallel circuit represents an
adequate model of the dielectric response of the studied
material. The impedance, Z, is represented in terms of its
real (Z0) and imaginary (Z0 0) components:

Z ¼ Z0 � jZ00 ð9Þ
Fig. 7. Thermograms of the polyesters obtained by DSC technique after isothermal curing.
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Z0 ¼ R

1þx2C2R2
Z00 ¼ xCR2

1þx2C2R2 ;

where x = 2pf and j = �1.
Fig. 9. Nyquist diagrams obtained by electric impedance spectroscopy for polye
TEA.

Fig. 10. Bode diagrams obtained by electric impedance spectroscopy for polyeste
Quantitative evaluation of the R and C can be carried
out by different representations of the impedance as
Nyquist and Bode diagrams. In the case of Nyquist plot,
the value of the resistance is obtained from the intersec-
tion of the semicircle and the Z’ axis. The value of the
capacitance is determined from the Nyquist plot using
Eq. (10):
sters based on (a) EPOAME/AN/TEA, (b) EPSOME/AN/TEA and (c) EPLOME/AN/

rs based on (a) EPOAME/AN/TEA, (b) EPSOME/AN/TEA and (c) EPLOME/AN/TEA.
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C ¼ 1
2pfZ00maxR

ð10Þ

Fig. 9 shows the Nyquist plots for the three studied sys-
tems. This figure shows well-defined Nyquist semicircles;
in other words, these samples present resistive and capac-
itive properties. The increase in the average number of car-
bon–carbon double bonds of the biodiesel caused an
increase in the resistivity value, which was indicated by
an increase in the semicircle diameter.

Bode diagrams are based on a representation of the
modulus value of complex impedance, |Z|, where
[Z]=[Z’2 + Z’’2] by plotting log |Z| as a function of the
Fig. 11. Z’’ versus log f diagrams for polyesters based on (a) EP

Table 4
Average number of the carbon–carbon double bonds (DB), molecular weight (Mw)

Sample DB Mw (g/mol) aqNyquist � 108 (X cm) aq

XEPOAME/CH/TEA 0.9 2.5 � 103 1.18 1
XEPSOME/CH/TEA 1.3 5.3 � 103 2.67 2
XEPLOME/CH/TEA 1.9 14 � 103 17.3 16

XTEA = 0.0085 for all samples.
a q = R � K, where K is the cell constant (K = S/L), S is the electrode area and L
b Capacitance values (C) normalised by cell constant K.
logarithm of the frequency (Fig. 10). The value of the resis-
tance is obtained from the intersection of the frequency-
independent horizontal line and the log |Z| axis. The value
of the capacitance is calculated from Eq. (11):

C ¼ 1
2pZ

ð11Þ

where the impedance, Z, is obtained by extrapolating the
straight line with a slope -1 to the point where log f = 0.
These plots allow representation of the impedance as an
explicit function of frequency. According to Fig. 10, the
polymers prepared from EPOAME, EPSOME and EPLOME were
OAME/AN/TEA, (b) EPSOME/AN/TEA and (c) EPLOME/AN/TEA.

, resistivity (q), capacitance (C) and time constant (s) of the polyesters.

Bode � 108 (X cm) bCNyquist (pF/cm) bCBode (pF/cm) s (ms)

.20 1.20 1.70 0.19

.70 0.35 0.51 11.7

.8 0.25 0.36 44.8

is the sample thickness.



A. Nicolau et al. / European Polymer Journal 48 (2012) 1266–1278 1277
characterised by a resistive behaviour at high frequencies
and a capacitive behaviour at low frequencies. The EPOAME

product showed a resistive behaviour until approximately
1124 Hz, and then it became capacitive. The same pattern
was observed for products from EPSOME and EPLOME until
11.8 and 2.7 Hz, respectively. Therefore, the increase in
double bond number shifted the beginning of the resistive
plateau from 1124 Hz to 2.7 Hz, indicating that relaxation
processes occur with higher time constants [17,18]. The
values of the resistance and capacitance as calculated using
Nyquist and Bode diagrams are presented in Table 4. A ten-
dency to increase the resistivity and decrease the capaci-
tance with increasing DB is observed. However this
relation between DB and electrical properties is not conclu-
sive because the molecular weight (Table 4) is increasing
too. In order to elucidate this question further experimen-
tal work is necessary. The polymers produced in this work
are characterised by high resistivity and low capacitance,
making them insulator materials.

Imaginary impedance as a function of frequency was
used to evaluate the relaxation dielectric processes of the
studied systems (Fig. 11). The frequency position of the
maximum Z0 0 relaxation curve was shifted to lower
frequencies and the corresponding time constant (s) was
increased. Using the frequencies fp where Z00 reaches the
maximum, the time constant according to Eq. (12) was
calculated. The s values are shown in Table 4.

s ¼ 1
2pfp

ð12Þ

The results indicated that the utilisation of biodiesel
obtained from polyunsaturated vegetable oils, such as sun-
flower and linseed oil, allowed the production of polymers
with chemical structures that were more complex than
those prepared with oleic acid, which is monounsaturated.
It is expected that the relaxation processes are related to
dipolar polarisation, which can be detected at frequencies
lower than 109 Hz [17,18,27,28].
4. Conclusions

Polyesters were produced using the methyl ester of
oleic acid (OAME) and biodiesel of sunflower (SOME) and
linseed (LOME) oils. The OAME, SOME and LOME were
epoxidised and polymerised with cis-1,2-cyclohexanedi-
carboxylic anhydride in the presence of triethylamine.
The polymerisation reaction studied by DSC indicated that
the reaction enthalpy is related not only to the total num-
ber of epoxy rings per molecule, but depends on the epoxy
ring position.

The studied EPOAME, EPSOME and EPLOME permitted the
elucidation of the processes involved in the polymerisation.
The activation energy and pre-exponential factors for the
epoxy ring opening by the catalyst and main polymerisa-
tion reactions were obtained. The Ea values for the ring
opening by the catalyst are 298, 216 and 136 kJ/mol for
EPOAME, EPSOME and EPLOME respectively. The reaction of
the epoxy rings requires average activation energies 116,
32 and 22 kJ/mol for the positions C9–C10, C12–C13 and
C15–C16 respectively. The studied polymerisation reac-
tions demonstrated that the kinetics of this system abbeys
to the compensation principle between activation energy
and pre-exponential factor. The chemical structures of the
polyesters were elucidated using NMR and FTIR techniques.
The average molecular weights of the polyesters prepared
with EPOAME, EPSOME and EPLOME were, respectively,
2.5 � 103, 5.3 � 103 and 14 � 103 g/mol. The polyesters
presented glass transition at �59 �C for EPOAME, �11 �C for
EPSOME and �6 �C for EPLOME. The produced polyesters were
thermally stable until approximately 200 �C, and all of
them showed a two-stage thermal degradation. The resis-
tivity and capacitance values of the polymers prepared
from EPOAME, EPSOME and EPLOME were 1.20 � 108 X cm
and 1.70 pF/cm, 2.70 � 108 X cm and 0.51 pF/cm and
16.8 � 108 X cm and 0.36 � pF/cm, respectively. These
polyesters are a promising field of materials research
because of the applicability of them for use as adhesives,
thermal and electrical insulators, polyelectrolytes, plasti-
cisers and other applications.

References

[1] Güner FS, Yagci Y, Erciyes AT. Polymers from triglyceride oils. Prog
Polym Sci 2006;31:633–70.

[2] Sharma V, Kundu PP. Addition polymers from natural oils—a review.
Prog Polym Sci 2006;31:983–1008.

[3] Andjelkovic DD, Valverde M, Henna P, Li F, Larock RC. Novel
thermosets prepared by cationic copolymerization of various
vegetable oils—synthesis and their structure–property
relationships. Polymer 2005;46:9674–85.

[4] Monteavaro LL, da Silva EO, Costa APO, Samios D, Gerbase AE,
Petzhold CL. Polyurethane networks from formiated soy polyols:
synthesis and mechanical characterization. J Am Oil Chem Soc
2005;85:365–71.

[5] Zlatanic A, Lava C, Zhang W, Petrovic ZS. Effect of structure on
properties of polyols and polyurethanes based on different vegetable
oils. J Polym Sci, Part B: Polym Phys 2005;42:809–19.

[6] Javni I, Petrovic ZS, Guo A, Fuller R. Thermal stability of
polyurethanes based on vegetable oils. J Appl Polym Sci
2000;77:1723–34.

[7] Martini DD, Braga BA, Samios D. On the curing of linseed oil
epoxidized methyl esters with different cyclic dicarboxylic
anhydrides. Polymer 2009;50:2919–25.

[8] Reiznautt QB, Garcia ITS, Samios D. Oligoesters and polyesters
produced by the curing of sunflower oil epoxidized biodiesel with
cis-cyclohexane dicarboxylic anhydride: synthesis and
characterization. Mater Sci Eng, C 2009;29:2302–11.

[9] Nicolau A, Mariath RM, Samios D. Study of the properties of
polymers obtained from vegetable oil derivatives by light
scattering techniques. Mater Sci Eng, C 2009;29:452–7.

[10] Nicolau A, Mariath RM, Martini DD, Martini EA, Samios D. The
polymerization products of epoxidizeised oleic acid and epoxidized
methyl oleate with cis-1,2-cyclohexanedicarboxylic anhydride and
triethylamine as the initiator: chemical structure, thermal and
electrical properties. Mater Sci Eng, C 2009;30:951–62.

[11] Bunker SP, Wool RP. Synthesis and characterization of monomers
and polymers for adhesives from methyl oleate. J Polym Sci, Part A:
Polym Chem 2002;40:451–8.

[12] Milchert E, Smagowicz A, Lewandowski G. Optimization of the
reaction parameters of epoxidation of rapeseed oil with peracetic
acid. J Chem Technol Biotechnol 2010;85:1099–107.

[13] Campanella A, Baltanás MA. Degradation of the oxirane ring of
epoxidized vegetable oils in liquid–liquid heterogeneous reaction
systems. Chem Eng J 2006;118:141–52.

[14] Gan LH, Goh SH, Ooi KS. Kinetic studies of epoxidation and oxirane
cleavage of palm olein methyl esters. J Am Oil Chem Soc
1992;69:347–51.

[15] Sonnet PE, Foglia TA. Epoxidation of natural triglycerides with
ethylmethyldioxirane. J Am Oil Chem Soc 1996;73:461–4.

[16] Samios D, Castiglia S, Dasilveira NP, Stassen H. J Polym Sci, Part B:
Polym Phys 1995;33:1857–66.

[17] Samios D, Pedrotti F, Nicolau A, Reiznautt QB, Martini DD, Dalcin FM.
A transesterification double step process—TDSP for biodiesel



1278 A. Nicolau et al. / European Polymer Journal 48 (2012) 1266–1278
preparation from fatty acids triglycerides. Fuel Process Technol
2009;90:599–605.

[18] Nicolau A, Nucci AM, Martini EMA, Samios D. Electrical impedance
spectroscopy of epoxy systems II: Molar fraction variation,
resistivity, capacitance and relaxation processes of 1,4-butanediol
diglycidyl ether/succinic anhydride and triethylamine as initiator.
Eur Polymer J 2007;43:2708–17.

[19] Nucci AM, Nicolau A, Martini EMA, Samios D. Electrical
impedance spectroscopy of epoxy systems: The case of 1,4-
butanediol diglycidyl ether/cis-1,2-cyclohexanedicarboxylic
anhydride and triethylamine as initiator. Eur Polymer J
2006;42:195–202.

[20] Du G, Tekin A, Hammond EG, Woo LK. Catalytic epoxidation of
methyl linoleate. J Am Oil Chem Soc 2004;81:477–80.

[21] Aerts HAJ, Jacobs PA. Yield determination of oils and fatty acid
methyl esters using 1H NMR. J Am Oil Chem Soc 2004;81:841–6.

[22] Barret KEJ. Determination of rates of thermal decomposition of
polymerization initiators with differential scanning calorimeter. J
Appl Polym Sci 1967;11:1617–26.
[23] Miranda MIG, Samios D. Analysis and comparison of the barrett,
freeman-carrol and the time–temperature-transformation (ttt)
superposition methods: the case of a high tg diamine/epoxy
system. Eur Polymer J 1997;33:325–9.

[24] Boquillon N, Fringant C. Polymer networks derived from curing of
epoxidised linseed oil: influence of different catalysts and anhydride
hardeners. Polymer 2000;41:8603–13.
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