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Abstract The kinetics of the oxirane cleavage of epoxi-

dized soybean oil (ESO) by methanol (Me) without a

catalyst was studied at 50, 60, 65, 70 �C. The rate of oxirane

ring opening is given by k[Ep][Me]2, where [Ep] and [Me]

are the concentrations of oxiranes in ESO and methanol,

respectively and k is a rate constant. From the temperature

dependence of the kinetics thermodynamic parameters such

as enthalpy (DH), entropy (DS), free energy of activation

(DF) and activation energy (DEa) were found to be 76.08

(±1.06) kJ mol-1, -118.42 (±3.12) J mol-1 k-1, 111.39

(±2.86) kJ mol-1, and 78.56 (±1.63) kJ mol-1, respec-

tively. The methoxylated polyols formed from the oxirane

cleavage reaction , were liquid at room temperature and

had three low temperature melting peaks. The results of

chemical analysis via titration for residual oxiranes in the

reaction system showed good agreement with IR spectros-

copy especially the disappearance of epoxy groups at 825,

843 cm-1 and the emergence of hydroxy groups at the OH

characteristic absorption peak from 3,100 to 3,800 cm-1.
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Introduction

Utilization of renewable resources as an alternative to fuel

and raw mineral materials has been a significant area of

recent research. In particular, vegetable oils and fats are

promising alternatives to petrochemicals because they are

relatively inexpensive and a renewable resource [1]. Fur-

thermore, a wide range of cost-competitive and

environmentally friendly products have now become

available due to advances in oleo-chemistry technology [2].

Among these, soybean derivatives have been used in many

commercial applications, including as components of ure-

thane foams and thermosetting plastics, as plasticizers and

stabilizers in chlorine- containing resins, and as additives in

lubricants [3–5].

Epoxidized soybean oil (ESO) is one of the raw mate-

rials used for the synthesis of polyurethane elastomers

(PUE), where double or multiple hydroxyl functionality is

usually required [6]. Hydroxy groups can be introduced

into soybean oil in many ways, resulting in different polyol

structures which, when converted to polyurethane, impart

different properties to the final product [7].

Assuming a single hydroxy group is introduced into each

oxirane and 100% conversion of oxirane group to hydroxy

group, the resulting polyol from this oxirane cleavage

reaction is presented in Scheme 1. Because the oxiranes are

in the middle of fatty acid chains, the hydroxy groups will

also be located in the middle of the chains. These dangling

chains (the short carbon chains after the last hydroxy group

from left to right in each fatty acid carbon chain, Scheme 1)

act as plasticizers that reduce polyurethane rigidity and

improve polyurethane flexibility [8].

The preparation of polyols from ESO with various

reactants has been the subject of many studies [8, 9]. A

number of inorganic and organic reagents such as hydrogen,

hydrochloric acid, formic acid, acetic acid, or methanol

(Me) can be used as ring openers to prepare polyols from

ESO. Among these ring openers, methanol can produce a

polyol with the highest OH content and a low viscosity, both
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of which are highly desirable of a liquid polyol for the

preparation of polyurethane materials [7]. Other advantages

of polyurethanes synthesized from soy-based polyols

include a higher thermal stability and improved dielectric

properties [1, 7]. However, limited attention has been paid

to the kinetic relationships of the ring-opening reaction of

ESO with methanol. This work aims to understand the

kinetic characteristics of the ring opening reaction of ESO,

with methanol (Me) as the ring opener.

Materials

ESO with an oxygen content of 0.385 mol of oxygen per

100 g of oxirane was kindly provided by Nanhai Oil Co.

Ltd. Other reagents (methanol [99.5%, isopropanol

[99.7%, potassium bromide, sodium carbonate 99%,

sodium hydroxide 96.0%, hydrogen peroxide 30%,

hydrobromic acid 48%, and sulfuric acid 98%) were pur-

chased from Guangzhou Chemical Reagent Co. Ltd.

Methods

ESO (40.0 g, 0.154 mol) was charged into a four-necked

round-bottomed reaction flask equipped with a reflux

condenser and was heated to the desired temperature in a

constant-temperature water bath. Methanol, was pre-

warmed to the same temperature and then quickly added to

the flask. Samples of the reaction mixture were taken at

30 min intervals during the course of the experiment and

analyzed for epoxy oxygen content (EOC) and hydroxyl

content.

EOC was determined by the direct titration of epoxy

groups with HBr according to the standard method for oils

and fats [10]. The hydroxyl values were determined

according to ASTM titration method (E 1899-02) standard

test method for OH groups through a reaction with p-tol-

uenesulfonyl isocyanate (TSI) and potentiometric titration

with tetrabutylammonium hydroxide.

An IR Prestige-21 (Shimadzu, Japan) Fourier transform

infrared (FT-IR) spectrometer was used to analyze the

structure of the polyols and ESO. Samples were prepared

as thin films on a KBr disk. The cleavage reactions were

monitored as the disappearance of the oxirane peaks at 825

and 843 cm-1. Thermal analysis was performed on a small

mass of sample (10.0 mg) under nitrogen using a differ-

ential scanning calorimeter (DSC 200-PC, Netzsch,

Germany). A heating rate of 10 k min-1 was used from

-70 to 100 �C.

Results and Discussions

Kinetic Model

In general, the kinetic form of the rate equation for the ESO

oxirane cleavage reaction with methanol can be expressed

as:

r ¼ � d Ep½ �
dt
¼ k Ep½ �m Me½ �n ð1Þ

where r is the rate of oxirane ring opening, mol min-1; [Ep]

is the molar concentration of oxiranes in ESO; [Me] is the

molar concentration of methanol; m and n are the reaction

orders with respect to oxirane and methanol, and k is the rate

constant in the reaction system. If the molar concentration of

methanol is in large excess compared to that of the oxirane

oxygen the kinetic form can be reduced to:

r ¼ k0 Ep½ �m ð2Þ

where k0 is the apparent rate constant when methanol is

used in large excess, i.e.,

k0 ¼ k Me½ �n: ð3Þ

The reaction order in oxirane was derived from

measurements at 50, 60 and 70 �C with a fixed molar

ratio of epoxy group to methanol of about 1:12. The plots

of ln([Ep]o/[Ep]) versus reaction time for the oxirane

cleavage of SBO by methanol at various temperature are

shown in Fig. 1 It can be seen from these results that

ln([Ep]o/[Ep]) has a linear relationship with the reaction

time at each different temperature, suggesting a pseudo first

reaction order in oxirane concentration. This result is in

good agreement with those reported by Goud [11], Gan

[12], and Zaher [13] et al. who studied the cleavage of the

oxirane ring by acetic acid in vegetable oils. The value of

pseudo rate constant, k0 (i.e., the slope of each linear

regression) was 4.33 9 10-5 UNIT, 1.05 9 10-4 UNIT

and 2.46 9 10-4 UNIT at 50, 60 and 70 �C, respectively.

A second series of experiments were conducted to cal-

culate the reaction order with respect to methanol. Three

concentrations of methanol (i.e., 0.997, 1.973 and

Scheme 1 Idealized synthesis

route of methoxylated polyol

based on ESO
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3.224 mol L-1) were used and the reactions were carried

out at 65 �C. Samples were withdrawn at intervals and

tested for residual epoxy oxygen content. The results of this

series of experiments are shown in Fig. 2. The pseudo-first

order rates of the reactions increased with methanol con-

centration (i.e., k0 = 1.90 9 10-5 UNIT, 7.43 9 10-5

UNIT and 1.99 9 10-4 UNIT, respectively). Fitting these

data to Eq. 3 gives ln k0 ¼ 2:01 ln Me½ � � 10:88: Therefore

the oxirane cleavage reaction was second order with

respect to methanol concentration.

Combining the results from these two sets of experi-

ments the kinetic form of the rate equation for the ESO

oxirane cleavage reaction by methanol is

r ¼ k Ep½ � Me½ �2: ð4Þ

Temperature Dependence of the Cleavage Reaction

The temperature dependence of the oxirane cleavage

reaction was modeled by the Arrhenius equation (Table 1,

Fig. 3). The activation energy of oxirane cleavage, Ea was

calculated from the slope of the Arrhenius as 78.56

(±1.63) kJ mol-1. According to Zaher et al. [13], the

activation energy of oxirane cleavage of ESO by acetic

acid is 66.21 kJ mol-1. Since acetic acid was used as the

ring opener of that oxirane cleavage reaction, which is self-

catalyzed, a decrease in the activation energy of the oxirane

cleavage reaction system is expected. The enthalpy of

activation, DH, entropy of activation, DS, and free energy

of activation, DF, were 118.42 (±3.12) J mol-1 k-1 and

111.39 (±2.86) kJ mol-1 at 25 �C [13, 14].

FT-IR Spectroscopy

FT-IR spectra of the prepared soybean polyols based on the

oxirane cleavage reaction are presented in Fig. 4. In com-

parison with the spectrum of the unreacted ESO, the

disappearance of epoxy groups at 825, 843 cm-1, and the

emergence of hydroxy group at 3,452 cm-1 are obvious.

These data are similar to those presented by Guo et al. [7]

in a similar system and provide evidence for the oxirane

cleavage reaction of ESO by methanol without the pres-

ence of a catalyst to form the methoxylated hydrins of the

triglycerides or polyols. The peak at 3,452 cm-1 is indic-

ative of the hydroxyl content of the polyols formed and

although it cannot be quantified because of interference

from moisture in the air, the normalized (based on the area

of ester carbonyl group) FT-IR spectra on the characteristic

hydroxyl peak at the spectrum range from 3,100 to
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3,800 cm-1 showed that the hydroxyl content of polyols

gradually increased at a chosen reaction time when the

reaction temperature was varied from 50 to 80 �C. This

result suggested the higher the temperature is the faster the

oxirane cleavage reaction goes.

Thermal Properties Analysis

Thermograms of the prepared soy-based polyols after one

(ESO-Me/1 h) and 2 h (ESO-Me/2 h) reaction at 70 �C are

presented in Fig. 5. Both polyols from the ESO had three

melting peaks and a crystallization peak consistent with

observations of similar systems reported by Guo et al [7].

Multiple peaks in the polyols and ESO are ascribed to

different crystalline polymorphs that are also present in

soybean oil [15]. ESO displayed crystallization before

melting that was characterized by a sharp peak at -9.6 �C.

The methoxylated polyol (ESO-Me/2 h) had three low

temperature melting peaks at -45.4,-22.7 and -8.1 �C

but is still liquid at room temperature.

Due to the size of melting peaks is controlled by the

crystallization rate and the physical state is largely deter-

mined by hydrogen bonding. Decreasing the oxirane

content caused an increase in hydroxyl content and vis-

cosity and an eventual transition from the liquid state into

the grease state. The melting peaks of the polyol at -8 �C

was wider at longer reaction times. It suggest that the

introduction of more hydroxy functional groups in ESO by

the oxirane cleavage reaction with methanol caused the

shift and deformation of the melting peaks.

Conclusion

In this work the polyol was synthesized by oxirane ring

opening in ESO with methanol without a catalyst and a

kinetic model r = k[Ep][Me]2 has been established. Ther-

modynamic parameters such as enthalpy, entropy, free

energy of activation and activation energy in the oxirane

cleavage reaction are found to be 76.08 kJ mol-1,

-118.42 J�mol-1 k-1, 111.39 kJ mol-1, and 78.56 kJ mol-1,

respectively. The higher activation energy of oxirane

cleavage reaction compared to the report by the other

authors studied on the oxirane cleavage reaction by acetic

acid, is due to the fact that methanol was not used along

with a proton acid catalyst in this work. The methoxylated

polyol was also characterized by chemical and physical

means. Differential scanning calorimetry revealed the

crystalline structure and melting peaks of the polyol. The

polyol displayed as a liquid at room temperature, with two

melting peaks and behavior of crystallization before

melting. The disappearance of epoxy groups in the spec-

trum of fingerprint region and the emergence of the

hydroxy groups at its characteristic absorption peak in the

Fig. 4 FT-IR spectra of ESO and the polyols

Table 1 The reaction rate constants for oxirane cleavage of ESO by

methanol at various temperatures

Temperature

(�C)

[Me]

(mol�L-1)

k0 = k[Me]2

(10-5min-1)

k (10-6mol-2

L2 min-1)

50 2.966 4.33 4.92

60 2.933 10.5 12.3

65 1.973 7.43 18.8

70 2.905 24.6 29.2
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Fig. 5 DSC thermograms of ESO and polyols formed by reaction at

70 �C
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FT-IR spectra showed good agreement with the results of

residual epoxy oxygen content in the oxirane cleavage

reaction system by the chemical analysis via titration.
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