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The self-esterification of partially maleated castor oil was studied using conventional and microwave
heating. Reactions were followed by measuring the acid number and reaction products were character-
ized by FTIR and 'H-NMR. A kinetic model, that fit the experimental data, was found. The reaction was
non-catalytic, first-order with respect to hydroxyl-groups concentration and first-order with respect
to acid-groups concentration. This reaction proceeded more quickly when microwaves were used and
showed the presence of non-thermal effects of microwave heating, which were evidenced by the 10%
decrease in the activation energy and the 182% increase in the pre-exponential factor.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Maleinization reactions have been used to chemically modify
vegetable oils through Diels-Alder reactions (conjugated dienes),
esterifications (alcohols), and “ene-reactions” (compounds with
allylic hydrogens) [1,2]. These reactions have been employed to
increase the hydrophilicity of olefinic compounds and unsaturated
fatty acids. These products and their derivatives are used as dry-
ing oils, water-soluble paints, surfactants, and biomodifiers for
biodegradable polymers [3,4]. For this last application, maleated
castor oil (MACO) has been widely investigated [5-7]. MACO is
produced by the esterification of castor oil with maleic anhy-
dride and this reaction proceeds in two stages, as shown in Fig. 1.
The first stage (without condensation) is fast, non-catalytic, and
first-order with respect to each reactant [8], while the second
stage (self-esterification, with condensation) is a slow equilibrium
reaction that can be catalyzed with acids, such as sulfuric acid,
and is enhanced by removing water [9]. Therefore, environmen-
tal concerns related to the disposal of salts formed during the
final neutralization of acids and technical problems associated with
their use, such as corrosion and separation operations, constitute a
strong driving force to search for alternatives.

The use of microwaves as heating source is an interesting alter-
native technology to promote esterification reactions; for instance,
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reductions in reaction times have been observed using microwave
heating in the esterifications of lauric acid with 1,2-propanediol
using commercial lipases [10], propionic acid with ethanol using
Amberlyst-15 [11], free fatty acids from palm oil with methanol
using H,SO4 and cationic resins [12,13].

Microwave heating is an efficient and a relatively new tool in
chemistry, which widens the scope of conventional thermal heat-
ing and gives chemists novel and exciting possibilities. Microwave
irradiation produces efficient internal heating by direct coupling
of microwave energy with the molecules of solvents, reagents or
catalysts. The radiation passes through the walls of the vessel
directly into the bulk reaction mixture volume and an inverted tem-
perature gradient, as compared to conventional thermal heating,
results. Three main effects of microwave irradiation on reactions
are distinguished: (i) thermal effects, (ii) specific thermal effects,
and (iii) non-thermal effects. Thermal effects are those resulting
from dielectric heating which may cause a different temperature
regime. In the majority of cases the reason for the observed rate
enhancement of chemical processes is purely a thermal effect, i.e.,
the high reaction temperature achieved rapidly under microwave
irradiation of polar materials increases the chemical reaction rate
according to the Arrhenius law.

Specific thermal effects are caused by the unique nature of
microwave heating. These effects should be defined as accelera-
tions of chemical transformations in a microwave field that cannot
be achieved or duplicated by conventional heating, but essen-
tially are still thermal effects. Hot spots and liquid overheating
are the most common specific thermal effects. Most non-thermal
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Fig. 1. Reaction scheme.

effects are electrostatic polar effects, which lead to dipole-dipole-
type interactions between the dipolar molecules and charges in
the electric field. Therefore, more polar states appear to be more
stable in the electric field. These effects lead to (i) increased pre-
exponential factor A of the Arrhenius equation (collision efficiency
can be improved by mutual orientation of polar molecules involved
in the reaction); (ii) decreased activation energy (AG # ), which is
the main non-thermal effect. When considering the contribution of
enthalpy and entropy to AG* (AG#* =AH# —TAS#), it may be
predicted that the magnitude of the —TAS# term would decrease
in a microwave-induced reaction, this being more organized when
compared with classical heating as a consequence of dipolar polar-
ization. To justify the reduction in the energy of activation one must
assume stabilization of the transition state by the microwaves. This
is presumably true when the transition state is more polar than the
ground state [14-16].

This manuscript presents results on the kinetics of the self-
esterification of partially maleated castor oil, using conventional
and microwave heating. Kinetic parameters were determined, i.e.,
rate constants, activation energies, pre-exponential factors, as well
as thermodynamic properties of activation. Comparison of these
kinetic and thermodynamic properties was done to investigate
the effects of microwave irradiation. The product of this reaction
(SEMACO) is an interesting polyol for the synthesis of polymers
such as polyurethanes and polyesters, because the hydroxyl value
is decreased and the molecular weight is increased, compared to
MACO. Besides, it can be prepared keeping some acid groups that
introduce more functionality to the molecule [7].

2. Materials and methods
2.1. Materials

Castor oil (CO) USB-grade (hydroxyl value 159.5 mg of KOH/g,
930 g/mol) and commercial-grade (Merck, Whitehouse Station, NJ,

USA) maleic anhydride (MA), were used. A thermocouple | was used
to measure and control the temperature. The microwave oven was
an ETHOS (MLS GmbH, Leutkirch, Germany) with a nominal power
of 1000 W.

2.2. Synthesis of partially maleated castor oil (PMACO)

Maleic anhydride (32.7 g) and castor oil (311 g) were added to
a 250 mL four-necked and round-bottom flask equipped with a
mechanical stirrer (turbine, 500 rpm), a thermometer, and an inlet
of dry nitrogen. The reaction proceeded with continuous stirring
at 100°C. Final product was washed with water to remove the
excess anhydride and/or maleic acid. FTIR spectra of the prod-
uct showed that the band at 3450cm™!, related to —OH groups,
decreased while the band at 1644 cm™1, related to carbon double
bonds, was increased, compared to the castor oil spectra. Signals at
1779 and 1849 cm™!, corresponding to cyclic anhydride were not
observed indicating total consumption of maleic anhydride. The
esterification level of a MACO sample obtained at 100 °C was calcu-
lated from '"H-NMR analyses. The signal at 0.8 ppm, corresponding
to methyl groups, was taken as standard. Using this value and the
area of the signal at 3.54 ppm, related to the proton of the car-
bon atom attached to the OH, the conversion of hydroxyl groups
was ca. 30%. The reaction was considered efficient because, under
the experimental conditions, the theoretical esterification percent-
age should be 37.9% to obtain the mono-ester. Signals at 6.27 and
6.39 ppm, related to the anhydride (double-bonded carbons vicinal
to the anhydride group), were not found in the spectra, confirming
the formation of the ester. Product (PMACO) had a hydroxyl value
of 89.9 mg KOH/g and an acid number of 58.9 mg KOH/g.

2.3. Synthesis of self-esterified maleated castor oil (SEMACO)

Partially maleated castor oil (PMACO, 343.7 g), obtained in
the first stage, was self-esterified without catalyst. The reaction
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Fig. 2. Evolution of the acid number for the self-esterification reaction using con-
ventional heating. Dotted curves are the kinetic model.

proceeded with continuous stirring (turbine, 500 rpm) at vari-
ous temperatures (150, 180 and 210°C). Water was removed to
eliminate reverse hydrolysis reactions and to avoid effects of the
interaction of water with microwaves. Water removal was achieved
by introducing nitrogen as described by Skrzypek et al. [9]. A nitro-
gen flow of 6 mL/s was used. Under these conditions, Karl-Fisher
titration did not show the presence of water in the reacting liquid.
Other reaction conditions were: reaction volume of 0.351 L, initial
molar concentration of acid groups (Ca) of 0.95 mol/L, initial molar
concentration of hydroxyl groups (Cg) of 1.57 mol/L. Experiments
were performed in triplicate and the data averaged.

2.4. Characterization methods

Reactions were monitored by determining the acid number
according to the ASTM D4662-03 method and titrating with KOH
ethanol-solution (0.1 mol/L). Hydroxyl value (OH) was measured
by titration according to the ASTM D4274-05 method. The molec-
ular structures of castor oil and MACO were analyzed by using
proton nuclear magnetic resonance (!H-NMR) and Fourier trans-
form infrared (FTIR) techniques. For 'H-NMR inspection, samples
were prepared by dissolving approximately 20 mg of product in
0.5 mL of CDCl;3. This solution was then analyzed by using a Varian
Mercury plus 300 NMR spectrometer (Palo Alto, CA, USA, 300 MHz,
spectrum width of 3689.22 Hz, pulse width of 4.75 s, 32 scans at
293K, 90° pulse width of 9.5 s). FTIR spectra were collected in
a PerkinElmer FTIR spectrometer (Waltham, MA, USA) within the
400-4000 cm~! wave number range at 4 cm~! resolution. Samples
were prepared by coating the reaction product on the surface of
KBr tablets.

3. Results and discussion

Reaction progress was assessed by measuring the acid num-
ber and results are shown in Figs. 2 and 3 for conventional and
microwave heating, respectively. It is evident that the reaction pro-
ceeds more quickly when microwaves are used.

Because none of the reactants is in excess, reaction rate should
depend on the concentration of both reactants (acid and hydroxyl
groups). Therefore, assuming that the reaction is first-order with
respect to acid groups (Ca) and first-order with respect to hydroxyl
groups (Cg), the reaction rate r can be written as:

r = kCaCg 1)
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Fig. 3. Evolution of the acid number for the self-esterification reaction using
microwave heating. Dotted curves are the kinetic model.

The differential mass balance equation is shown in Eq. (2) (if
water were not removed from the system).

r— Caodn )
dt

where 1 represents the anhydride conversion, Cag is the initial
molar concentration of acid groups and t is reaction time. Because
the acid number was measured at variable reaction volume (after
water removal), it must be converted to an acid number at constant
reaction volume (without water removal). Therefore, the conver-
sion was calculated as follows:

Avg — Avy((56, 100 — 18Av/56, 100 — 18Avf))
n=
Avg

where Ay is initial acid number, and Avyis the final acid number.
56,100 is the molecular mass of KOH expressed in mg/mol and 18 is
the molar mass of water. This equation takes in account the decreas-
ing mass due to water removed from system during the reaction
course [9]. After integrating Eq. (2), the following equations were
obtained (M is the ratio Cgg/Cag):

M-n

In ———— = Cpo(M — 1)kt
R vTe ol )k

Avo(1—17)
1-(18/56,100)n
M(ekCAO(M—l)t _ 1)

p=me -1 (6)

MekCao(M-1)t _ 1

(3)

M+1 (4)

AUf = (5)

Figs. 4 and 5 show the plotting of Eq. (4) for conventional and
microwave heating, respectively. The good fitting indicates that the
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Fig. 4. Kinetic fitting of the self-esterification reaction, using conventional heating.
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Table 1
Kinetic and thermodynamic parameters for the self-esterification reaction, using
conventional and microwave heating.

Parameter Temperature (°C) Heating method
Conventional Microwaves

k (L/mol h) 150 0.04 0.23

180 0.06 0.30

210 0.09 0.53
E, (KkJ/mol) 26.06 2345
A(L/molh) 60.64 170.91
AH?# (k]J/mol) 2231 19.70
AS# (Kk]J/molK) -0.29 -0.28
AG?# (kJ/mol) 145.29 139.04

kinetic assumption is reasonable, i.e., the reaction follows first-
order kinetics with respect to each reactant at the temperatures
evaluated. Dotted curves in Figs. 2 and 3 were obtained with the
kinetic model through Egs. (5) and (6). Rate constants (k), calcu-
lated from the slopes of these plots, are shown in Table 1. The rate
constants for microwave heating were considerably higher than
those for conventional heating.

To determine the effects of microwave heating on this reaction,
the activation energy and the pre-exponential factor were calcu-
lated by using the Arrhenius equation (Eq. (7)), which correlates
these two parameters with the rate constant.

k =A x eEa/RT (7)

where T is absolute temperature, A is the pre-exponential factor,
E, is the activation energy, and R is the universal gas constant
(8.314) mol~1 K-1). Fig. 6 shows the plotting of Eq. (7) for conven-
tional and microwave heating. Because of the few points, just an
estimation of the activation energies and pre-exponential factors
was done, to obtain more precise data the reaction should be car-
ried out at other temperatures. There is a good fitting of the data,
therefore the activation energies were calculated from the slopes
of the lines and the pre-exponential factors were calculated from
the intercepts. Results are shown in Table 1.

Thermodynamic reaction parameters were calculated using the
Eyring equation derived from the transition state theory (Eq. (8))
[17,18].

k=« (k'%) x e~ AG/RT _ (kBTT) x eAS/R o g~ AH/RT (8)
Es=AH?* +RT (9)
AG#* = AH#* —TAS# (10)

where kg (1.38066E—-23]/K)), h (6.626068E—34]s), and « are the
Boltzmann’s constant, Planck’s constant, and the transmission
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Fig. 5. Kinetic fitting of the self-esterification reaction, using microwave heating.
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Fig. 6. Plotting of the Arrhenius equation, using conventional and microwave heat-
ing.

coefficient, respectively, and AG#, AS¥ and AH# are the
standard-state free energy of activation, standard-state entropy of
activation, and standard-state enthalpy of activation of transition
state at the absolute temperature T, respectively. Assuming that
« is equal to 1, i.e., there is no equilibrium between the transition
state and the reactants, it is possible to calculate the thermody-
namic properties in the transition state. Fig. 7 shows the plotting
of Eq. (8) for conventional and microwave heating. AS# was
calculated from the slope of the line and AH# was calculated
from the intercept. AG# was calculated by using Eq. (10).

Table 1 shows the kinetic and thermodynamic properties for
the reaction. The decrease (ca. 10%) in the activation energy and
the increase (ca. 182%) in the pre-exponential factor confirm the
presence of non-thermal effects when using microwave heating.
It follows from Fig. 6 that to obtain any specific value of the rate
constant a lower temperature is required with microwaves than
with conventional heating. This indicates that thermal effects of
microwaves are also present. The latter can be either rapid dielec-
tric heating or specific thermal effects.

Fig. 8 shows FTIR spectra of SEMACO (20 mg KOH/g acid value)
obtained with conventional (210°C for 10 h) and microwave heat-
ing (210°C for 2 h). These spectra show the presence of the same
functional groups in both samples. The bands at 3450cm~! are
decreased, compared to PMACO, which indicates consumption of
hydroxyl groups. From the area of the signal at 3.54 ppm in the 1H-
NMR spectra (not shown), related to the proton of the carbon atom
attached to the OH, the conversion of hydroxyl groups was ca. 36.6%
for a sample obtained after 2 h with microwave heating at 210°C.
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Fig. 7. Plotting of the Eyring equation, using conventional and microwave heating.
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Fig. 8. FTIR spectra of SEMACO obtained with conventional (210°C, 10h) and
microwave (210°C, 2 h) heating.

4. Conclusions

The self-esterification of partially maleated castor was non-
catalytic, first-order with respect to hydroxyl-groups concentration
and first-order with respect to acid-groups concentration. This
reaction proceeded more quickly when microwaves were used and
showed the presence of non-thermal effects of microwave heating,
which were evidenced by the 10% decrease in the activation energy
and the 182% increase in the pre-exponential factor.
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