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Abstract— Kinetics reaction between castor oil
and maleic anhydride without condensation and cat-
alyst was studied. On the other hand, the products
concentration, kinetics and thermodynamics para-
meters were determined using mathematical model-
ing and were validated with experimental data. The
reaction was carried out in a semi-batch reactor at
constant temperature. The reaction was conducted
through the determining of the acid number (ASTM
D4662-03), and showed first order kinetics with re-
spect to the anhydride. For the modified oil, the hy-
droxyl value (OHv) was quantified through titration
following (ASTM D4274-05). The distribution of mo-
lecular weights was determined using gel permeation
chromatography (GPC), and functional group analy-
sis was determined using infrared spectroscopy (IR).

Keywords— Castor oil, anhydride maleic, esteri-
fication, Kinetics, mathematical model

I. INTRODUCTION

Castor oil is a viscous pale yellow non-volatile and non-
drying oil with a bland taste and is sometimes used as a
purgative. India is the world largest exporter of castor
oil; other major producers are China and Brazil. The
chemistry of castor oil is centered on its high content of
ricinoleic acid and the three points of functionality ex-
isting in the molecule. These are: (1) the carboxyl group
which can provide a wide range of transesterifications,
hydrolysis, saponification, reduction; (2) the single
point of unsaturation which can be altered by hydroge-
nation or epoxidation or vulcanization or addition reac-
tions; and (3) the hydroxyl group which can be esteri-
fied or acetylated or alkoxylated, may be removed by
dehydration to increase the unsaturation of the com-
pound to give a semi-drying oil, can be split at that point
by high-temperature pyrolysis and by caustic fusion to
yield useful products of shorter chain length. The rici-
noleic acid comprises over 89% of the fatty acid of the
oil (Ogunniyi, 2006).

Although castor oil is not edible, it is more versatile
than other vegetable oils as it is widely used as a start-
ing material for many industrial chemical products be-
cause of its unique structure. It is one of those vegetable
oils that have found usage in many chemical industries.

It is a raw material for paints, coatings, inks, lubri-
cants and a wide variety of other products.

Because of its hydroxyl functionality, the oil is suit-
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able for use in isocyanate reactions to make polyure-
thane elastomers (Quipeng et al., 1990), polyurethane
millable (Yeganeh and Mehdizadeh, 2004), adhesives
and coatings (Trevino and Trumbo, 2002; Somani ef al.,
2003), interpenetrating polymer network from castor
oil-based polyurethane (Xie and Guo, 2002) and some
semi-rigid polyurethane foams that have potential uses
in thermal insulation were produced when castor
oil/polyether mixture was reacted with toluene diiso-
cyanate (Ogunniyi et al., 1996).

Maleinization reaction has been used to make chem-
ical modification of vegetable oils through Diels-Alder
(conjugated dienes), esterification (alcohols) and “ene”
reactions (compounds with allylic hydrogens) with
maleic anhidride.

Main modifications that have been made to olefinic
compounds with the aim to increase its hydrofilicity are
“ene” reactions and many adducts can be prepared
through Diels-Alder reactions of unsaturated fatty acids
with maleic andydride. Those products and their deriva-
tives are employed as dry oils, water-soluble paints and
surfactants to metals, some applications of these reac-
tions with vegetable oils are described by Bickford et al.
(1942), Candy et al. (2005), Plimmer (1949); Teeter et
al. (1948), Tomodaa et al. (1998) and Warth ef al.,
(1997); which are carried out at higher temperatures to
250 Celsius degrees, where is possible decomposition of
the oil and undesirable by-products. Wang et al. (2008)
obtains biodegradable foams from maleated castor oil
(MACO), obtained by esterification of hydroxyls using
maleic anhydride in a temperature range from 80 to 120
Celsius degrees. The mechanism of addition of nucleo-
philes to reactive carbonyl compounds is a subject of
continuing interest (Andrés and de Rossi, 2005; Skrzy-
pek et al., 1998).

In this work we have proposed study the kinetics of
this reaction without condensation, determine some
thermodynamics and kinetics parameters through ma-
thematical modeling and validated the model obtained
with experimental data.

II. METHODS

A. Materials

Castor oil, grade USP, with a OHv value equal to
159.51 mg of KOH/g of sample, maleic anhydride,
commercial grade.
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Figure 1. Schematic representation of the reactor (250 mL)
used for esterification reaction.
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B. Synthesis of modified castor oil.

Maleic anhydride (MA) and castor oil (1:1 by mole,
respectively) were added in a 250 mL three-necked
round-bottom flask equipped with a stirrer, a thermome-
ter, and an inlet of dry nitrogen (see Fig. 1). The reac-
tion proceeded with continuous stirring at various tem-
peratures (80, 87, 100 °C, respectively) for a period of
time (0.5-9 h).

The measurement and control the temperature with
thermocouple J is necessary. Hot plate was used during
heating process. The samples were washed with water
in order to removed excess anhydride and/or maleic
acid.

C. Characterization methods.

The kinetic experiments were performed at temperatures
of 80, 87 and 100 Celsius degrees. The reaction was
monitored through the determination of the acid number
(ASTM D4662-03), which occurring as a kinetic of first
order respect to anhydride. For the modified oil, the
amount of hydroxyls (OHv) is quantified through titra-
tion (ASTM D4274-05). Molecular weights of castor oil
and MACO were measured by using a Walter 208LC
gel permeation chromatograph (GPC) at room tempera-
ture with THF as the solvent.

Fourier transform infrared (FTIR) spectra were col-
lected by a IR Prestige Shimadzu, FTIR spectrometer
within the wavenumber range of 400—4000 cm™ at a 4
cm” resolution. All the samples were prepared by coat-
ing the reaction product on the surface of a KBr tablet.

ITII. RESULTS AND ANALYSIS
Esterification of maleic anhydride with castor oil
proceeds in three stages (Fig. 2), where: P (a,b,c): specie
to analyze, a: number of hydroxyl groups, b: number of
acid groups, c: number of ester bridges, A: maleic an-
hydride.

When there is no condensation, the number of
ester bridges between chains is zero, and this is con-
firmed through gel permeation chromatography analy-
sis, GPC made to MACO samples at 6 hours of reac-
tions, where the molecular weight no show the dimers
or trimers formation, the first peak of the chromatogram
correspond to the solvent, that in this case was tetrahy-
drofuran (Fig. 3).
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Figure 2. Esterification reactions castor oil and maleic anhy-
dride
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Figure 3. GPC chromatograms, corresponding to the tempera-
tures 80, 87 and 100 °C.

For determine if the results obtained in the kinetic
modeling represents properly the experimental data, we
decide carried out the mathematical simulation of the
esterification reactions and predict the evolution of the
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reactants and products concentration during the time of
the reaction.

Self-autocatalysis system and the simulation were
carried out in irreversibility conditions because without
condensation there is no equilibrium. The model was
resolved using Matlab 7.5. Mathematical equations of
the kinetic model for this system are:

WHIP(M,O)J[A] 0
w:kl[P(lo’o)][A]—kz[P(Z,I,O)][A] @)
MZ@P’(MOHM]—@[P(l,z,O)][A] (3)
AP fr 2ot )
Global equation

M= k[P(3.0.0)][4] 5)

A. Kinetics of the esterification of castor oil with
maleic anhidride.
To monitor the esterification reaction course, acid num-
ber was used, from which the esterification yielding can
be estimated. Figure 4 indicates that the acid number
drastically decreases at the beginning of the reaction and
then levels off due to the reduction of the component’s
concentration. It is clear that the higher reaction temper-
ature favors the reactions as a result of higher reaction
speed. The majority of the reaction is nearly completed
within 7 h at 80°C, while 2 h is sufficient for the reac-
tion at 100°C.

A kinetic study of the decreasing of the acidity
grade was made and with this value was calculated the
conversion percent, as shown:

Av, - Av, *7
7= Av,

where m is the conversion percent, Av, initial acidity
value, Avy final acidity value. The final acidity value is
only one-half of initial acidity value, and for this reason
it must be multiply by 2 into Eq. 6.

(6)
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Figure 4. Change of acid number with reaction time during
MACO synthesis at different temperatures.
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Figure 5. Variation of the concentration of the maleic anhi-
dride during the course of the esterification reaction.
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Figure 6. Variation of the concentration of the reactive species
during the esterification reaction.

Comparing the variation of the concentration of the
maleic anhydride, during the experiment time and com-
paring the results of the simulation with the experimen-
tal data (See Fig. 5), we can see that the tendency is an
exponential decreasing, that is about to the results ob-
tained for the temperature of 87 Celsius degrees. In the
model, the effect of temperature is not considered,
which is significant for the progress of the reaction be-
cause when this increase, there is decreasing more ra-
pidly than maleic anhydride consumed, but can occur
Diels-Alder dehydration colateral and undesirable inter-
and intra-molecular cyclization reactions.

In Fig. 6, the variation of the concentration of the
active species during the course of the reaction is
showed. Besides, P(2,1,0) is the specie of interest, and
is produced in greater quantity. On the other hand, we
observe an increase in the concentration through time,
and anhydride is consumed almost entirely.

The reaction follows a first-order kinetics respect to
the decreasing of the acid groups from anhydride, which
is showed by regression model presents a r* value high.
(See Table 1).

On the other hand, we have selected the classical
transition state theory (Benson, 1969; Glasstone et al.,
1941) to calculate the kinetic parameters. The rate con-
stant, k(T), was computed using this theory assuming
that the transmission coefficient is equal to unity, as
expressed by the following relation:
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Table 1. Kinetics parameters for the esterification reaction
between castor oil with maleic anhydride without catalyst.

T (K) k (h? 1
353,15 0.431 0.9798
360,15 0.5682 0.9689
373,15 0.8015 0.8015
Table 2. Results obtained for the calculations to kinetic data.
Slope Intercept 1’ Ea (J/mol) A (b))
4027,1 -10,583 0,991 33481,3 2,5E-5
Table 3. Thermodynamic parameters for esterification
process.
AH” (J/mol) AS*(J/Kmol)  AG”(J/mol)
30378.9 300.7 -81827.2

Tabla 4. Hydroxyl values (OHv) for MACO samples, after 3
hours of reaction.

Sample Temperature OHv (KOH mg/
(°C) sample g)
MACOI134 80 134.96
MACO124 87 124.52
MACOI109 100 109.36

k(T) = (k,T | hyexp| ~AG"(T)/RT | (7
where kg, h, and R are the Boltzman constant, the
Planck constant, and the universal gas constant, respec-

tively. AG™(T) is the standard-state free energy of acti-
vation, at the absolute temperature T.

k=A *e(—AG*/RT) (8)
E,=AH”(T)+RT )
A=ek,T/hexp[ AS™(T)/R] (10)

When the temperature is increased, there is an in-
crease in the rate reaction, and in all three cases, these
values are very high (See Table 1).

Table 2 show the results obtained to the activation
energies, E,, and the pre-exponential factor A, have
been calculated using the Arrhenius Eq. 8.

The change in the sign of the enthalpy for the transi-
tion state (AH") represents an endothermic and late tran-
sition state, where occur important changes in the reac-
tants and TS polarity. The entropy change for the transi-
tion state (AS™) has positive sign indicating a decreasing
of the order in the transition state because of an increase
in the molecular collisions. Also, there is a change of
sign in the Gibbs free energy indicating a spontaneous
process.

The hydroxyl values obtained for maleinizated cas-
tor oil are showed in Table 4, for 3 hours of reaction.

According to hydroxyl values OHv, the samples are
tabulated as described in Table 4. In this Table, only
integral part is considered.

During three hours of reaction, FTIR spectra of cas-
tor oil and MACO were compared as described in Fig.
7. For castor oil, the peak at 3450 cm™ belongs to —OH
absorption, while that at 1644 cm™ can be assigned to -
C=C- double bond. When castor oil reacts with maleic
anhydride, the double bond peak is enhanced. No peaks
corresponding to cyclic anhydride at 1779 and 1849
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cm’' can be perceived in the resultant MACO, indicating
that almost all of maleic anhydride has been consumed
to react with castor oil.
IV. CONCLUSION

Maleinization reaction is an esterification reaction ob-
tained from maleic anhydride and the secondary hy-
droxyl group of castor oil. In our autocatalytic system,
this reaction follows a first-order kinetics with respect to
the anhydride concentration. At temperatures below
100°C are not observed dimers or trimers formed by
condensation. The mathematical model predicts the
concentration of active species during the reaction and
the decrease in anhydride.
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