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A B S T R A C T

Biodiesel is non-conventional and sustainable fuel. Till date various materials and methods were
investigated for biodiesel production. In this study two different graphene oxides as IGO (Improved
graphene oxide) and MGO (Modified graphene oxide) are synthesized and further explored in the
esterification of oleic acid with methanol. The SO3H groups in graphene oxide are chiefly responsible for
esterification. Different spectroscopic and non spectroscopic data reveal that SO3H groups are present in
the thin layered graphene oxide leaves. The effect of various reaction parameters like reaction time,
temperature, methanol to oleic acid ratio, catalyst amount and catalyst recycling were investigated. The
kinetic studies of esterification have been carried out at three operating temperatures using IGO as a
catalyst. The results revealed that the reaction followed pseudo first order kinetics in all tested
temperature (70, 80 and 90 �C) and the activation energy was calculated to be 13 kJ mol�1. Various
properties of as obtained biodiesel were determined and compared with the American Society for Testing
and Materials (ASTM) standards.

ã 2016 Elsevier Ltd. All rights reserved.

1. Introduction

Basically the global shortage of fossil fuel and increasing
environmental concern with simultaneous increase in demand
have led to a rapid growth in the field of non-conventional
renewable energy sources [1,2]. Biodiesel is one the most
promising candidate used as non-conventional renewable energy
sources [3]. This is due to its potential to satiate energy demand
with abating green house gases and consequently global warming
[4,5]. In addition, the basic characteristics of biodiesel are very
close to diesel fuel [6,7]. Globally, the total production of biodiesel
has proliferated from 179 thousand barrel per day in 2007 to about
431 thousand barrel per day in 2012 with the consumption raised
175–419 thousand barrel per day in the same time period [8].

Traditionally, the immobilized lipase, homogeneous acids and
homogeneous bases were usually in practice as a catalyst for the
production of biodiesel [9,10]. However, the industrial application

of these systems are not widely acceptable due to their high cost,
economic disadvantage, long reaction time and corrosion problem
[11,12]. With the rapid advancement in carbocatalyst, significant
carbon based acid catalysts have been used for biodiesel
production [13–15]. Especially the sulfonic acid functionalized
carbocatalyst as an active protonic catalyst has recently been paid
much attention by researchers [16,17]. Moreover, it has been
proved that carbocatalysts bearing �SO3H groups possesses high
catalytic activity towards the biodiesel production. But, the
leaching of active sites, complex preparation procedures, and
expensive costs restrict their application in biodiesel production
[18]. To overcome the said drawbacks it is mandatory to design
such an admirable carbocatalyst which is really inexpensive, highly
active, robust and sustainable for biodiesel production. Recently,
graphene oxide and its composites have set a new dimension
because of their unique physical, chemical, structural and
electronic properties [19,20]. It is a single layer sheet with
honeycomb like structure and possesses various oxygen containing
functionalities such as SO3H, hydroxyl, epoxy, carboxyl and
carbonyl groups at the edges and its basal plane [21]. These
oxygen containing functionalities endows acidic and oxidizing
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nature in heterogeneous catalysis and hence graphene oxide has
widely been used in oxidation, hydration, alcoholysis, Friedel-Craft
reaction, Aldol condensation and Knoevenagel reaction, esterifica-
tion, transesterification and glycerol esterification [22–25]. Re-
cently X. Gao et al. reported graphene oxide as a catalyst for
complete glycerol esterification with 90.2% combined selectivity
preferably to bioadditives diglycerol and triglycerol [22]. The
remaining SO3H of graphene oxide was considered as the active
sites responsible for esterification. Antunes et al. prepared
sulfonated graphene oxide and applied in the production of
biofuel from 5-(Hydroxymethyl)-2-furfural [23]. The authors
found that the catalytic performance of sulfonated graphene oxide
was superior to that of other catalyst [23]. Earlier graphene oxide
with hydroxyapatite (GO/HAP) nanocomposite was reported as an
efficient adsorbent by our research group [26] and later on it was
envisaged that graphene oxide may act a solid acid catalyst for
biodiesel production. So here, two different types of graphene
oxides as IGO and MGO were synthesized by using Improved
Hummer method and Modified Hummer method respectively.
Then their catalytic activity towards the esterification of oleic acid
was investigated. It is worth noting that oleic acid is the chief
constituent of several vegetable oils and so it is the most
investigated FFA for evaluating the utility of solid acid catalysts
in esterification reaction.

2. Experimental

2.1. Materials

Graphite powder (APS 7–11 mm, 99%), was purchased from Alfa
Aesar (A Johnsan Matthey Company). H2SO4, KMnO4, H2O2 and
NaNO3 were acquired from Merck India. These chemicals were
used as received. Millipore distilled water was used throughout the
experiments.

2.2. Preparation of IGO

IGO was synthesized via improved Hummer’s method using our
previously reported procedure [26] with slight modification.
Typically, expandable graphite flake (1 g) was poured into a flask
(containing 23 mL concentrated H2SO4) and stirred at low
temperature (less than 10 �C) for half an hour to make the system
homogeneous. Then 3 g KMnO4 was added gradually into the
homogeneous mixture while keeping the flask under continuous
stirring. The flask was then transferred to oil bath and the
temperature was maintained at 50 �C. After 2 h stirring, 70 mL
water was added slowly and again the temperature was raised up
to 98 �C for 15 min. The reaction was terminated by adding another
70 mL water and 5 mL H2O2 (30%). The solid product was separated
by centrifugation and washed with 5% HCl. Finally the product was
repeatedly washed with water and dried for further esterification.

2.3. Preparation of MGO

MGO was synthesized via modified Hummer’s method using
previously reported procedure [27]. In brief, the method can be
described as follow. 1 g of expandable graphite flakes and 0.5 g of
sodium nitrate were added into 23 mL of 98% H2SO4 while in
stirring at low temperature (10 �C). Then 3 g of potassium
permanganate was added to the reaction mixture. After 3 h, the
ice bath was removed, and the temperature of the mixture was
increased to 35 �C for 35 min. Thereafter, 45 mL of water was added
slowly, causing violent effervescence and an increase in tempera-
ture to 98 �C. This temperature was maintained for 15 min and then
the suspension was further diluted to 140 mL with warm water and
then treated with 10% H2O2. After the addition of H2O2, the

suspension turned bright yellow. Finally the suspension was
collected and centrifuged. Using centrifuge, the paste was washed
thrice with 5% HCl, twice with 95% alcohol, and again thrice with
water in sequence, resulting in MGO. The MGO was dried at 60 �C in
vacuum oven for 12 h.

2.4. Characterization

IGO and MGO were dried in vacuum oven and stored in air tight
micro-centrifuge tubes before FTIR measurements. A Thermo
Nicolet Nexux (model 870) FTIR spectrophotometer was used to
characterize the material functional groups in the range of 4000–
400 cm�1 by mixing 0.01 g of the material with 0.1 g KBr
(spectroscopy grade). Energy dispersive X-Ray (EDX) measurement
was carried out using the Oxford instrument X-Max coupled with
field emission scanning electron microscopy (JEOL JEM1010
electron microscope). The sample was prepared by attaching
IGO and MGO powders respectively to carbon tape. But for field
emission scanning electron microscopy (FESEM) analysis the
attached IGO and MGO powder were coated with gold prior to
scanning. The sulphur content was estimated using elemental
microanalysis (Vario Micro cube, Elementar, Germany). The Raman
spectrum was recorded on a Nicolet Almega XR dispersive raman
spectrometer using Nd:YAG laser source of wavelength 532 nm.
The powder X-ray diffraction pattern was measured using Philips
PW 1710 X-ray diffractometer. The weight loss with respect to
temperature was recorded by Perkin Elemer 1 DTA-TGA instru-
ment under nitrogen flow. The nitrogen adsorption/desorption
isotherm, BET surface area and pore structure characteristics were
determined using Quantachrome NOVA 3200e instrument. Prior to
adsorption, IGO and MGO were degassed at 150 �C for 4 h. Atomic
force microscope (AFM) image were obtained using Perkin Bruker
Icon with scan analyst. Measurements were carried out in tapping
mode with OTESPA R3 probes (spring constant 26 N/m). Resolution
of 256 � 256 data points at 1.24 Hz per image was used to collect
the images. Samples were prepared by depositing some drops of
the IGO and MGO dispersion onto a glass substrate and then
vacuum dried. Light absorption spectra were recorded on UV–vis
spectrophotometer (Agilent technologies, model carry 5000).
Kinematic viscosity was measured using Cannon Fanske viscome-
ter. The flash point and pour point were determined using
Cleveland open cup apparatus and pour point apparatus respec-
tively.

2.5. Catalytic performance study

IGO mediated esterification of oleic acid was performed in
50 mL Teflon autoclave. In a typical esterification, 0.1972 mol
anhydrous methanol was mixed in 2 g oleic acid and then 0.1 g IGO
was poured in Teflon-lined stainless-steel autoclave. Then the
reaction mixture loaded autoclave was heated at 90 �C for 4 h. At
desired reaction time the autoclave was cooled in an ice water bath
and the product was analyzed using acid value (AV) calculation.
The conversion of oleic acid was calculated by the formula given
below

Conversion %ð Þ ¼ 1 � AVt=AV0ð Þ � 100% ð1Þ
Where AV0 is the initial acid value and AVt is the acid value at time
t. The effect of esterification influencing parameters like time,
temperature, catalyst dose, methanol dose and oleic acid dose
were investigated. All results shown below are the average of
triplicate bench study.

For comparison MGO mediated esterification was also per-
formed under the same condition and the effect of time was
investigated.
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