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This paper reports a novel and effective electrochemical method to prepare epoxides using a paired
electrosynthesis. The electrochemical epoxidation of unsaturated fatty acids by HCOOOH generated in situ
from H2O2 (by oxygen reduction) and HCOOH in the catholyte, and by HOCl also generated in situ in the anolyte
by oxidation of chloride ions was studied using HCl as a catalyst. The FTIR spectra of the epoxidised castor oil,
soybean oil, and corn oil were compared to those of the parent unreacted oils. The highest relative epoxy yield
of castor oil (40%) was achieved at 25 °C and pH 6.5 after 3 h, and the epoxy value of castor oil reached
0.12 mol/100 g. The optimal passing oxygen rate, molar ratio of castor oil double bonds to HCOOH and current
density were determined to be 3 cm3 s−1, 8 and 0.3 A cm−2, respectively.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

Vegetable oils comprise the largest proportion of current renewable
raw material consumption in the chemical industry [1]. Vegetable oils
and their unsaturated fatty acids are converted to epoxides because of
the promising applications of the resulting epoxides. In particular,
these epoxides are widely used as environmental-friendly lubricants,
plasticisers, polymer stabilisers and paint and coating components;
they also serve as intermediates for various chemicals, including alco-
hols, glycols, alkanolamines, carbonyl compounds, olefinic compounds
and polymers such as polyesters, polyurethanes and epoxy resins
[2–5]. Srikanta Dinda et al. studied the epoxidation of cottonseed oil by
peroxyacetic acid generated in situ from hydrogen peroxide and glacial
acetic acid in the presence of liquid inorganic acid catalysts. A 78% relative
conversion to oxirane with minimal oxirane cleavage can be obtained
using in situ techniques [6]. Snĕzana Sinadinovíc-Fĭser et al. studied the
epoxidation of castor oil in benzene with peracetic acid generated in
situ from acetic acid and hydrogen peroxide in the presence of an ion-
exchange resin catalyst. The highest relative epoxy yield of 78.32% was
achieved at 323 K after 8 h when 0.5 mol of acetic acid and 1.5 mol of
30 wt.% aqueous hydrogen peroxide per mole of double bond in oil
were used in the presence of 15 wt.% of Amberlite IR-120 [7]. Epoxide
preparation still presents deficiencies, such as high equipment demand,
large energy consumption, high cost, formation of by-products, and envi-
ronmental pollution. Castor oil, soybean oil and corn oil are abundant in
unsaturated fatty acids. Therefore, these oils can become a good material

for various applications [8,9]. In the present paper,weprovide a novel and
effective electrochemical method to synthesise epoxides. The same com-
pound is synthesised in both the cathodic and anodic compartmentswith
this paired electrosynthesis method. A schematic of the epoxide prepara-
tion is shown in Scheme 1. Compared with the current technology, the
proposed method presents considerable advantages, such as simpler
equipment and technological process, lower cost, less environmental
pollution and easier reaction control.

2. Experimental

2.1. Materials

Castor oil, soybean oil, corn oil and HCOOH (85%) and other
chemicals were obtained from Tianjin Petrochemical Corporation
(China). HCl (37.5%) was formulated as 0.1 mol L−1 solution to be the
catalyst and maintain pH. NaHCO3 was formulated as 0.02 mol L−1 so-
lution to adjust pH. All reagents were analytical grade and all aqueous
solutions were prepared with deionized water.

DC Regulated Power Supply (WYJ-30V10A) was obtained from
Shanghai Hong Ji Electrical Equipment Co. Ltd. (China). Cation exchange
membrane (N117) was obtained from Beijing Foxconn Technology Co.
Ltd. (China). Electronic energy-saving temperature control device
(ZNHW-II, Zhengzhou Asia-Instrument Co. Ltd., Zhengzhou, China)
controlled the temperature with sensor into the solution.

2.2. Epoxidation procedure

An electrolytic cell was equipped with an electronic energy-saving
temperature control device, a thermometer and an air bubbler. The
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cell contained two compartments separated with a cation exchange
membrane. Graphite and Ti/SnO2 + Sb2O4/PbO2 were used as the ca-
thodic and anodic electrodes, respectively. In both compartments
(300 mL each), the crude oil (40 g) was mixed with an appropriate
amount of HCOOH 85% (molar ratio of castor oil double bonds to
HCOOH 6 to 10), then 0.1 mol L−1 HCl (3 mL) was added. The pH was
adjusted at the desired value (pH 5 to 7) by adding an aqueous solution
of NaHCO3 (0.02 mol L−1). The mixture was stirred in each compart-
ment until evenly mixed. The cell was brought to the desired tempera-
ture (20 to 40 °C) using an electronic energy-saving temperature
control device. The DC power source was switched on and maintained
at the selected current density (0.1 to 0.5 A cm−2). Oxygenwas bubbled
only into the cathodic compartment at a constant rate (1 to 5 cm3 s−1)
using an air bubbler. The reaction progress was followed by withdraw-
ing a 10 mL aliquot from each compartment at defined time intervals.
The beginning of feeding oxygen was considered to be the ‘zero time’.
The separation of oil and aqueous phases was performed after
quenching and centrifugation. The oil phase sample was washed with
distilledwater until neutralised, then subjected to reduced pressure dis-
tillation, and the residue was analysed.

2.3. Analytical methods

2.3.1. Epoxy values and relative epoxy yield
The epoxy values of all samples in both compartments were

measured and averaged at each point by using a direct method with
hydrobromic acid solutions in acetic acid. The relative fractional
conversion of oxirane from epoxy was calculated from the following
expression [7,10,11]:

Relative epoxy yield:

REY ¼ EOexp
max=EOthe

� �� 100 ð1Þ

where EOmax
exp is the experimentally obtained the maximum epoxy oxy-

gen content in 100 g of oil. EOthe, which is defined as the theoretical
maximum content of epoxy oxygen in 100 g of oil, was determined to
be 4.89% from the following expression:

EOthe ¼ INo=2Aið Þ= 100þ INo=2Aið ÞAo½ �f gAo � 100 ð2Þ

where Ai (126.9) and Ao (16.0) are the atomic weights of iodine and
oxygen, respectively, and INo(81.5) is the initial iodine value of the oil
sample.

2.3.2. FTIR spectroscopy
Fourier transform infrared (FTIR) spectra were recorded on a

Shimadzu FTIR-8400 equippedwith a KBr beam splitter. For thin film de-
posits, a diffuse reflectance system was used and a NaCl plate was used
for liquid samples. A regular scanning range of 500 cm−1 to 4000 cm−1

was used for 45 repeated scans at a spectral resolution of 4 cm−1. Sam-
ples from the two compartments were obtained for analysis.

3. Results and discussion

3.1. Experimental principle

The reaction steps are as follows:

Cathodic compartment:
Cathode:

2e− þ O2 þ 2Hþ→H2O2 ð3Þ

Solution:

HCOOHþH2O2 →
Hþ

HCOOOHþ H2O ð4Þ

ð5Þ

ð6Þ

Anodic compartment:
Anode:

2Cl−→Cl2 þ 2e− ð7Þ

Solution:

Cl2 þH2O⇌HOClþHCl ð8Þ

ð9Þ

Composition in fatty acid of various oils [12–14] is presented in
Table 1.

Soybean oil and corn oil are mainly contains oleic and linoleic acids.
The formula of oleic acid and linoleic acid are as follows:

Oleic acid:

CH3 CH2ð Þ7CH ¼ CH CH2ð Þ7COOH

Linoleic acid:

CH3 CH2ð Þ4CH ¼ CHCH2CH ¼ CH CH2ð Þ7COOH

3.2. The FTIR wave length values

The FTIRwave length values of various oils are shown in Table 2. For
castor oil, the disappearance of the two C_C bands (2400 cm−1 to

Scheme 1. Schematic illustration of electrochemical epoxidation of unsaturated fatty
acids.
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