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Abstract  -  In this work, the grapheme oxide (GO) and GO/ZnO nanocomposite were successfully obtained 
from the oxidation of graphite and characterized by X-ray diffraction (XRD), scanning electron microscopy 
(SEM), transmission electron microscopy (TEM), and thermogravimetric analysis (TGA). In the GO/ZnO 
nanocomposite, the GO sheets were coated with aggregated ZnO nanoneedles with ca. 20 nm of diameter. The 
obtained materials were used as heterogeneous catalysts for acetylation of Soybean Fatty Acids Methyl Esters 
(FAME), promoting the epoxy ring-opening using acetic anhydride. The epoxy ring was almost completely 
opened in the presence of GO or GO/ZnO nanocomposites, with conversion rates up to 99% and selectivity of ca. 
90%, and partially opened using only ZnO. The GO/Zn and GO catalysts were reused three times with conversion 
rates of ca. 85 and 74%, respectively.
Keywords: Graphene oxide; ZnO; Nanocomposite; Epoxide ring-opening; Acetylation.

INTRODUCTION

Graphene oxide (GO) and related materials such as 
graphene/metal oxide composites have received great 
attention due to their low cost, easy obtainability and 
compatibility with various substrates (Nie et al., 2016; 
Sakthivel et al., 2017). Also, synergistic effects provided 
by the combination of metal oxides and graphene can 
improve their catalytic performance compared to the 
individual metal oxides (Nie et al., 2016; Sakthivel et 
al., 2017). Among these, particularly ZnO (Guo et al., 
2016; Nasrollahzadeh et al., 2014) has excelled because 
of its strong oxidizing power, non-toxic nature, low cost 
and its catalytic ability in both acidic and basic medium 
(Huang et al., 2012; Joonwichien et al., 2012). 

One of the ways most widely used to obtain GO 
is through the Hummers method (Hummers and 

Offeman, 1958), which is based on the exhaustive 
oxidation of graphite under strong acid conditions, 
using concentrated sulfuric acid, permanganate and 
hydrogen peroxide. In the synthesis of GO by the 
Hummers method, a series of functional groups 
containing oxygen, such as alcohols, epoxides and 
carboxylates, as well as a small quantity of sulfate 
groups, are introduced to the graphene plane, acting, 
thus, as Brønsted acids (Wang, et al., 2013), making 
these materials very active as catalysts in a myriad 
of organic molecule transformations (Navalón et al., 
2018). Moreover, GO/metal oxide composites have 
the advantage of having both strong Brønsted as 
well as Lewis acid properties (Marso et al., 2017). 
Thus, the introduction of different functional groups 
makes GO and its composites excellent catalysts for 
many synthetic transformations, such as sulfide, thiol 
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(Dreyer et al., 2010), C-H bond (Jia et al., 2011), 
alcohol and alkene oxidation (Dreyer et al., 2010), 
hydrogenation of nitrobenzene (Gao et al., 2011) 
and epoxide ring opening (Acocella et al., 2016; 
Dhakshinamoorthy et al., 2012). These solid materials 
can act as heterogeneous acid catalysts, which prevent 
the dispersion in water, enhance the mechanical 
properties and interact easily with nucleophilic centers 
(Cheng et al., 2016; Garg et al., 2014).

Epoxidation followed by a ring-opening reaction, 
particularly of vegetable oils or Fatty Acids Methyl 
Esters (FAME), has been studied with the intent of 
utilizing the epoxidized products as intermediates 
for polymer preparations (Diciccio and Coates, 
2011; Nicolau et al., 2012), such as polyesters, 
polyurethanes, biolubricants (Sharma et al., 2015; 
Sharma and Dalai, 2013), and epoxy resins (Samper et 
al., 2012), or as stabilizer for plastics. FAME, produced 
from many different sources (Ruschel et al., 2016), 
have been used as biofuel (biodiesel) to partially or 
completely substitute diesel fuel. Because of the poor 
low temperature performance, and low oxidative and 
thermal stability of some vegetable oils and their 
derived FAME, epoxidation was also suggested to 
improve these undesired properties (Biresaw and 
Bantchev, 2013; Wang et al., 2013).

After the vegetable oil or FAME is epoxidized, the 
first modification step performed is the oxirane ring-
opening, followed by an acylation step. Recent studies 
have shown that ring-opening, esterification and/or 
acetylation result in: i) improved viscosity index; ii) 
better low temperature flow properties; iii) increased 
thermal and oxidative stability; iv) lower coefficients 
of friction, and v) enhanced lubricity characteristics 
(McNutt and He, 2016). Nevertheless, epoxy ring-
opening, using acetic anhydride, is performed with 
strong acid or basic catalysts, excess of reagents, 
high temperatures, and long times, as well as high 
mass fractions of heterogeneous catalysts. In this 
context, the relatively acid catalysts GO and GO/ZnO 
were used in the ring-opening reaction of epoxidized 
soybean FAME.

EXPERIMENTAL SECTION

Chemicals and Materials
Synthetic graphite powder (< 20 micron), zinc 

oxide (ZnO), anhydrous MgSO4 and basic alumina 
(Al2O3) were purchased from Aldrich; potassium 
permanganate (KMnO4) from Merck; 98% sulfuric 
acid (H2SO4), 30% hydrogen peroxide (H2O2), zinc 
chloride (ZnCl2), sodium hydroxide (NaOH), acetic 
anhydride, and absolute ethanol were purchased 
from Vetec. Commercial refined soybean oil was 
purchased from a local store. 99% methanol (MeOH) 
was purchased from Cromaline. Potassium hydroxide 

(KOH) and sodium bicarbonate (NaHCO3) were 
purchased from Synth. 85% Formic acid (HCOOH) 
was purchased from Dinâmica and the Nitrogen Gas 
(N2) was purchased from White Martins. All chemicals 
were analytical grade and were used as received 
without further purification.

Synthesis of Graphene Oxide (GO) and GO/ZnO 
Nanocomposite

The graphene oxide (GO) was prepared from 
graphite powder using a modified (Huang et al., 2012; 
Min and Lu, 2011) Hummers method (Hummers and 
Offeman, 1958). H2SO4 (46 mL) and graphite (2 g) 
were stirred vigorously in an ice bath, KMnO4 (6 g) was 
slowly added and stirred for about 30 min. Water (50 
mL) was added and stirred. Finally, more water (300 
mL) was added, followed by the slow addition of H2O2 
(10 mL). The dispersion obtained was centrifuged at 
6000 rpm for 15 min and rinsed repeatedly with water 
to remove the remaining salt until pH 7, washed with 
ethanol and dried at room temperature (Zhang et al., 
2011).

The synthesis of GO/ZnO nanocomposite was 
based on Li et al. (2012), in which 0.1 g of GO was 
dispersed in 40 mL of water by ultra-sonication. ZnCl2 
(1.0 mmol) and NaOH (10.0 mmol) were successively 
dissolved in the GO suspension. The mixture was 
stirred for 6h at 90 °C and then cooled to room 
temperature. The composite obtained was filtered, 
washed with water and ethanol, and dried at room 
temperature.

FAME Epoxidation and Ring-Opening Reactions
The soybean FAME was obtained by 

transesterification, as described in the literature 
(Oliveira et al., 2006; Ramalho et al., 2014), with a 
mass ratio of 6.42:57.5:1 (soybean oil:MeOH:KOH), 
in which KOH was completely dissolved in MeOH 
under magnetic stirring and nitrogen atmosphere in 
a reactor. Then, the dried soybean oil was added into 
the reactor and the mixture was maintained under 
stirring for 3 h at room temperature. The final product 
was washed repeatedly with distilled water, dried 
with anhydrous MgSO4 under vacuum, filtered on a 
basic alumina column under nitrogen atmosphere and 
stored at below 0 ºC, to prevent the oxidation of the 
unsaturation. 

Soybean FAME (ca. 30 g) was placed in a reflux 
system at 60 ºC and a mixture of H2O2 and formic 
acid was slowly added to the reaction, with a mass 
ratio of 1.42:1.92:1.88 (Soybean FAME:Formic 
Acid:Hydrogen Peroxide); then the temperature of 
the system was increased to 80 ºC and the reaction 
refluxed for 5 h. After cooling, the system was washed 
repeatedly with distilled water, dried with anhydrous 
MgSO4 under vacuum, filtered on a basic alumina 
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column under nitrogen atmosphere and stored at below 
0 ºC (Campanella et al., 2008).

After the FAME epoxidation, the oxirane ring 
opening was performed by acetylation reaction 
(Oliveira et al., 2017), in which FAME epoxide (1,0 g) 
was mixed with acetic anhydride (1,0 g) and different 
amounts of GO, ZnO and GO/ZnO catalysts were 
added to the mixture under stirring in a Schlenk tube 
at 120 ºC for 12 h or 24 h. The modified FAME was 
washed with ethanol and centrifuged at 6000 rpm 
for 15 min, then dried under vacumm for 24 h. The 
reusability of GO and GO/ZnO catalysts was measured 
in the oxirane ring-opening of epoxidized soybean 
FAME; three cycles of the catalytic experiment for 
each catalyst were carried out in optimal conditions. 
In all recycling experiments, the reaction mixture was 
centrifuged after the reaction in order to separate the 
catalysts. The GO and GO/ZnO catalysts were washed 
with water and dried at 50 ºC before being reused in 
the reaction. 

General Characterization
GO and GO/ZnO nanocomposites were 

characterized by X-ray powder diffraction collected 
at room temperature using a Bruker D8 with copper 
rotating anode (λkα1 = 1.5404 Å, λkα2 = 1.5444 Å, Iα2/
Iα1 = 0.5) sealed-tube fine focus X-ray source. Intensity 
data were collected in step scanning mode ranging 
from 5 to 90º (2θ), step size of 0.01º, Soller slit with 
2.5° divergence, scattering slit of 2.5° and receiving 
slit of 0.3 mm. Scanning Electron Microscopy (SEM) 
images were collected using a JEOL scanning electron 
microscope (JSM-6610) working at 15 kV. Samples 
were prepared by deposition on aluminum sample 
holders followed by carbon coating and a later gold 
coating (ca. 20 nm) to 5 mA. Transmission Electron 
Microscopy (TEM) images were obtained using a 
JEOL 1011 transmission electron microscope. Samples 
were diluted in ethanol, deposited on a copper grid, 
and dried at room temperature. The FAME products 
were analyzed by infrared spectroscopy using a FT-
IR spectrometer model IR Prestige from Shimadzu, 
with ATR Miracle cell and by 1H nuclear magnetic 
resonance spectroscopy (600 MHz, CDCl3), using 
a Bruker, model Magneto Ascend 600 with Console 
Avance III HD.

RESULTS AND DISCUSSION

Characterization of GO and GO/ZnO 
Nanocomposites

Oxidation of graphite to graphene using a modified 
Hummers method was evaluated by X-ray diffraction 
(XRD). The XRD patterns (Figure 1) show that after 
oxidation, the diffraction peaks of graphite in 2θ = 26.6º 
(dhkl = 002) and 2θ = 54.4º (dhkl = 004) disappeared, 

while for graphene a broad and characteristic peak 
appeared at a lower diffraction angle in 2θ = 13.1º (dhkl 
= 001). The absence of the characteristic diffraction 
peaks of graphite confirmed the obtainment of graphene 
oxide (Huang et al., 2012). Moreover, the introduction 
of oxygen-containing functional groups on the surfaces 
of the graphite sheet induced an interplanar distance in 
GO of ca. 6.75 Å, using Bragg’s law (2d sin θ = nλ) 
(Sheng et al., 2013), that is much larger than of graphite 
(3.35 Å), as described in the literature (Bian et al., 
2009a; Bian et al., 2009b). The diffraction peaks of the 
GO/ZnO nanocomposite are like those of hexagonal 
phase wurtzite ZnO (data_82028-ICSD); as well the 
characteristic diffraction peak of graphene was observed 
in 2θ = 13.1º (dhkl = 001), demonstrating that the GO/
ZnO nanocomposite was obtained successfully.

Microstructures and morphologies of GO and the 
GO/ZnO nanocomposite were evaluated by scanning 
electron microscopy (SEM) and transmission electron 
microscopy (TEM). In the SEM image of GO (Figure 
2), the stacked structure of graphene sheets can be seen 
with thin layers arranged like waves or wrinkles in 
the surface, whereas for the GO/ZnO nanocomposite 
the presence is observed of small particles of ZnO 
deposited on and between the GO sheet surfaces, as 
can be best seen in the TEM images (Figure 3). 

In the TEM and HR-TEM images (Figure 3) it 
is possible to distinguish the light-gray thin films, 
that are the GO sheets, from the dark regions on the 

Figure 1. XRD Patterns of graphite, graphene oxide 
(GO) and GO/ZnO nanocomposite.

Figure 2. SEM images of (a) GO and (b) GO/ZnO 
nanocomposite.
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Figure 3. HR-TEM images of (a) GO, (b) GO/ZnO, 
(c) ZnO nanoneedles are indicated by red arrows and 
(d) interplanar distance of ZnO nanoparticle.

Figure 4. Thermogravimetric curves of (a) GO and (b) GO/ZnO.

GO background that are due to the presence of ZnO 
nanoparticles. The GO sheets were decorated with 
aggregated ZnO nanoneedles with ca. 20 nm of 
diameter, in which the ZnO nanoparticles were mainly 
located at the edge of the GO sheets. The interplanar 
distance found in the HR-TEM was ca. 0.272 nm, 
which corroborates with data of interplanar spacing of 
ZnO obtained by the XRD pattern of ca. 2.47 Å, using 
Bragg’s law (2d sin θ = λ) in 2θ = 36.31º (dhkl = 101), 
Figure 1. 

Thermogravimetric curves show the thermal 
stability of GO and GO/ZnO (Figure 4). The highest 
rate of mass loss of GO occurred between 100 and 300 
ºC, indicating the release of CO, CO2 and vapors from 
the most labile functional groups during pyrolysis. 
The differential thermal analysis (DTA) curve of GO/
ZnO presents an exothermic loss due to liberation of 
CO, CO2 and vapors due to the presence of GO in the 
nanocomposite. At higher temperatures, weight loss 
continues up to 500 ºC, which could be associated to 
decomposition of reminiscent Zn(OH)2 (Moharram et 
al., 2014). Above 700 ºC, the DTA curve of GO/ZnO has 
a prominent endothermic peak which can be attributed 
to the structural reorganization of ZnO, reduction and 
sublimation of the Zn (Anthrop and Searcy, 1964), and 
the crystallization of some amorphous carbon (Araújo 
et al., 2009). These results agree with XRD pattern 
data, confirming the obtaining of the nanocomposite 
and, moreover, showing their thermal stability. 

Catalytic Performance of GO and GO/ZnO 
nanocomposite

Soybean FAME were obtained by transesterification 
as described in a previous work (Ramalho et al., 2014), 
using KOH, methanol and dried soybean oil. The final 
product was ca. 99.3% pure in FAME, measured by 
HPLC using a method previously described (Carvalho 
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et al., 2012). Moreover, soybean FAME and epoxide 
soybean FAME were evaluated by FTIR and 1H NMR 
spectroscopies (Figure 5). The main characteristic 
of the soybean FAME in the FTIR spectrum is the 
presence of an absorption band attributed to sp2 
C-H groups with a stretch at 3010 cm-1. There are 
characteristic peaks in the 1H NMR spectrum with 
chemical shifts in the region of 5.2 - 5.6 ppm (Y in 
Figure 5b), which are attributed to the hydrogens 
adjacent to the unsaturation.

When the epoxide soybean FAME is formed, the 
characteristic band in the FTIR spectrum of sp2 C-H 
of the FAME disappears and new ones arise at ca. 823 
and 842 cm-1 referring to C-O stretches present in the 
oxirane ring of the epoxy group. The 1H NMR spectrum 
shows that the typical signals of the hydrogen adjacent 
to the FAME unsaturation bond at 5.2 - 5.6 ppm (Y 
in Figure 5b) vanished. Concomitantly, the hydrogen 
signals of the epoxide ring arose between 2.8 - 3.2 
ppm, Z in Figure 5b (Jacintho et al., 2009; Oliveira 
et al., 2017). The conversion of soybean FAME to 
epoxide soybean FAME (Yinitial - Yfinal/Yinitial x 100) 
was ca. 98.4% and the selectivity of the epoxidation 
reaction (Z/Y x 100) was ca. 79.8%, because the 
2H of Y form 2H of Z, in which Y is the amount of 
hydrogen in the peak area from 5.2 - 5.6 ppm and Z 
is the amount of unshielded hydrogen in the peak area 

from 2.8 - 3.2 ppm. According to the literature, it is 
possible to identify the opening of the epoxide by the 
integration of the relative areas in 1H MNR spectra 
(Aerts and Jacobs, 2004). The peak at ca. 3.6 ppm (X 
in Figure 5b), corresponding to OCH3 hydrogens of the 
terminal ester groups of the FAME carbon chain, was 
used as internal standard for conversion and selectivity 
calculation, since it does not change in the reaction.

The epoxidation was performed aiming at posterior 
epoxy ring-opening with acetic anhydride in the 
presence of GO and GO/ZnO catalysts, resulting in 
an acetylated FAME, the di-acetyl soybean FAME 
(Figure 6). The acetylation products were analyzed by 
FTIR and 1H NMR spectroscopies. 

The disappearance of characteristic vibrational 
modes of epoxy at ca. 823 and 842 cm-1 in the 
FTIR spectrum (Figure 7) evidences the oxirane 
ring-opening, as well as the absorption band at ca. 
1234 cm-1 related to the acetyl groups present in 
the structure (Azeh et al., 2013; Wang et al., 2016). 
Another important indication of the addition of acetic 
anhydride in the modified FAME is the presence of 
the vibrational mode at ca. 1738 cm-1 related to C=O 
stretches. 

The epoxy ring-opening reaction was evaluated 
by 1H NMR spectroscopy by the decrease of the 
characteristic peaks of the protons adjacent to the 
oxirane ring at ca. 2.8 at 3.2 ppm (Scala and Wool, 
2002) (Figure 8). The conversion of the epoxy ring-
opening reaction was calculated, as before, using the 
relation (Zinitial - Zfinal)/Zinitial x 100 and the selectivity of 
the acetylation reaction by A/3Z x 100, since the 2H 
of Z form 6H of A (Figure 8), an unshielded methyl 
adjacent to a carbonyl of the di-acetyl group, in which 
A is the amount of hydrogen in the peak area around 
2.0 ppm and Z is the amount of unshielded hydrogen 
in the peak area from 2.8 - 3.2 ppm. Thus, the peak at 

Figure 5. (a) FTIR and (b) 1H NMR spectra of the 
soybean FAME and epoxidized soybean FAME.

Figure 6. Epoxidation and ring-opening of epoxidized 
soybean FAME.
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ca. 3.6 ppm (X in Figure 8), corresponding to OCH3 
hydrogens of the terminal ester groups of the FAME 
carbon chain, was also used as internal standard, 
because to it does not change during the reaction. 

Acetic anhydride represents a relatively weak 
nucleophile. Therefore, the reaction usually demands 
high acidity/alkalinity, excess reagent, or long reaction 
times and high temperatures (Madankar et al., 2013). 
The GO and GO/ZnO catalysts were thermally stable 
around 150 ºC (Figure 4); thus, the acetylation reaction 
was performed at 120 ºC and 12 or 24 h using 1 or 10 
% w/w of catalysts (Table 1). Reactions carried out at 
lower temperatures (80 ºC or 100 ºC) and for a short 
time (until 12 h) present low conversion yields (ca. 30 
to 45%). The epoxy ring was almost completely open 
in the presence of GO/ZnO nanocomposite catalyst (ca. 
98.6%), partially open using only GO (ca. 88.2%), and 
poorly opened using only ZnO (ca. 59.6%) as catalysts, 
at optimal conditions, at 120 ºC for 24 h. The selectivity 
was increased when the amount of catalyst was enhanced 
to 10% w/w, being still a low amount of catalyst, mainly 
ZnO in the GO/ZnO nanocomposite, comparing with 
works in the literature with similar results using 15% 
w/w of catalyst for epoxy ring-opening in the acetylation 
reaction (Oliveira et al., 2017). The results are even 
better when the amount of GO was enhanced to 20% 
w/w, showing the efficiency of GO as acid catalyst. 

Catalytic Recycle
The reusability of GO and GO/ZnO nanocomposite 

catalysts were performed in the epoxy ring-opening of 
epoxided FAME (Figure 9), showing activities up to 
85% in all recycle reactions. There was a small mass 
loss, but after three cycles the catalytic activity was 
almost completely preserved. XRD analysis (Figure 
9b) indicates the leaching of the ZnO nanoparticles 

Figure 7. FTIR Spectra of (a) Epoxide Soybean FAME 
and oxirane ring-opening reaction of the epoxidized 
soybean FAME performed with acetic anhydride in 
the presence of (b) GO and (c) GO/ZnO catalysts.

Figure 8. 1H MNR spectra of (a) Epoxide Soybean 
FAME and oxirane ring-opening reaction of the 
epoxidized FAME performed with acetic anhydride in 
the presence of (b) GO and (c) GO/ZnO catalysts. 

Table 1. Conversion and selectivity of epoxy ring-
opening in the acetylation reaction, in the presence of 
GO, ZnO and GO/ZnO catalysts at 120 ºC for different 
times and amounts of catalysts.
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catalyst and the selectivity was enhanced when the 
amount of catalyst was increased. The epoxy ring was 
almost completely opened in the presence of GO or 
GO/ZnO nanocomposite and partially opened using 
only ZnO as catalysts, with conversion up to ca. 99% 
and selectivity of ca. 90%, showing that the proposed 
reaction could be easily performed using GO or GO/
ZnO catalysts. The catalytic activities in all recycle 
reactions were practically preserved with activities 
up to 85%. Although the activity of GO/ZnO catalyst 
decreased, probably due to the ZnO nanoparticle 
leaching, the GO catalyst showed stable catalytic 
activity and does not undergo deactivation during the 
acetylation reaction. Therefore, the GO and GO/ZnO 
heterogeneous catalysts present good conversion and 
selectivity for epoxy ring-opening in the acetylation 
reaction of epoxide soybean FAME with ease of 
separation, excellent activity, thermal stability at 120 
ºC, being great catalysts for these reactions. 
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