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ABSTRACT: In the present work, the aim is to synthesize reduced
graphene oxide (rGO) and zinc:reduced graphene oxide composite
catalysts (ZnO:rGO) for esterification of acetic acid with n-
heptanol. The physical and chemical characteristics of the rGO and
rGO-metal oxide composite catalysts such as textural surface
characteristics, surface morphology, thermal stability, functional
groups, and elemental analysis were studied. The surface areas of
rGO, ZnO(0.5 M), and ZnO(1 M) were recorded, respectively, at
31.72, 27.65, and 36.19 m2 g−1. Furthermore, esterification reaction
parameters such as the reaction time, catalyst dosage, and reaction
temperature for acetic acid were optimized to check the feasibility
of rGO-metal oxide composites for a better conversion percentage
of acetic acid. The optimized catalyst was selected for further
optimization, and the optimum reaction parameters found were 0.1
wt % of catalyst, 160 min reaction duration, and 100 °C reaction temperature with a maximal yield of 100%. At 110 °C, the reaction
conducted in the presence of 0.1 g of catalyst displayed more yield than the uncatalyzed reaction.

1. INTRODUCTION

Energy sustainability will be one of the challenges for the next
40 years due to the rapid exhaustion of fossil fuel reserves for
continuous energy generation demands.1 Esters are one of the
examples of alternative energy sources that are sustainable,
renewable, and nontoxic due to fact that they can be
synthesized with edible or inedible oils.2 In addition, esters
possess a high cetane value, flash point, and similar lubricity to
conventional diesel wherein it can perform in the diesel engine
without a need for modification.3

Esters can be produced though catalytic esterification of fatty
acids and alcohols in the presence of acidic catalysts. Strong
acidic catalysts such as sulfuric acid, phosphoric acid,
hydrochloric acid, perchlorous acid, and nitric acid work
with high FFA and water content of low-quality feedstocks
such as waste cooking oil, Jatropha oil,4 palm fatty acid
distillate (PFAD),5 lard oil,6 and animal fats.7 However, these
homogeneous catalysts are not available for recovery and
recycle as well as they create wastewater upon biodiesel
purification and are corrosive toward reactors over a longer
time.8 As a solution, a solid acid catalyst has been introduced
to overcome the stated problems by providing an environ-
mentally friendly and cost-effective alternative with better
catalyst recovery and reusability.9

Over the past two decades, various types of solid acid
catalysts have been produced for catalytic esterification, for
instance, nanosized metal-based catalysts,10 zeolites, sulfonate
resins, sulfonated carbon-based catalysts, and sulfonated oxide
catalysts. These solid catalysts are designated with different
structural properties that would influence the catalytic
performances by having specific active sites for the reaction
to take place between the reactants.11,50 For example,
ZnAl2O4-SO3H possessed a high surface area of 352.39 m2

g−1 and high acid density of 1.95 mmol g−1 and successfully
esterified 95% PFAD-based biodiesel.12 Saba et al. prepared a
zeolite precursor-impregnated KOH catalyst (KOH/ZSM5)
for producing biodiesel from sunflower oil that was reused for
three consecutive runs with >90% yield before catalyst
deactivation due to active site leaching.13 A Nafion/silica
composite (SAC-13) was utilized for a triglyceride hydrolysis-
esterification reaction of FFA and was regenerated for four
reusability cycles by methanol washing.14 Catalyst deactivation
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tends to happen after consecutive times of catalyst reusability,
especially toward metal-based nanocatalysts due to weak metal
bonding, among which the nanoparticles are allowed to
aggregate and clump.15,16 Considering that carbon-based
catalysts derived from waste biomass provide sustainability
and cost savings for ester production, they have attracted the
interest of researchers. The waste carbon material can be
transformed into activated carbon and derived as a catalyst
support.17 The activated carbon support provides high
stability18 and a large surface area with a specific pore diameter
for active site attachment19 and is easy to functionalize by
undergoing modification through sulfonation or impregnation
of acidic metals.20 Recent biomass wastes used as sulfonated
carbon catalysts were coconut shells,21 Jatropha hulls,22 rice
husks,23 empty fruit bunch,24 corn cobs,25 etc. Jenie et al.
synthesized a mesoporous sulfonated magnetic biochar catalyst
to esterify oleic acid optimized at 97.6% (reaction conditions:
5 wt % catalyst loading, 150 °C reaction temperature, 1:8
methanol-to-oil ratio, and 1.5 h reaction time).26

In advanced studies, graphite can be converted into
graphene oxide (GO) by strong oxidizing agents. Generally,
GO is a single carbon sheet that offers a larger surface area for
metal oxide nanoparticles to evenly disperse on its surface
without agglomeration.27 GO and r-GO have been used as
catalyst supports due to their good adsorption capability, high
stability, and high surface area that are useful for photothermal
catalysis,28 dye and contamination adsorption, and catalytic
esterification.29,30 A study reported that the theoretical surface
area of GO is 2630 m2 g−1, which would enhance the catalytic
lifetime.31 In addition, GO is rich in oxygen functionality
groups such as carboxyl, carbonyl, hydroxy, and epoxy, which
can act as catalyst active sites for esterification or provide good
oxygenated bonding agreement for sulfonation and metal-GO
fabrication.15,32 Borah et al. synthesized a TiO

2
nanocatalyst

supported on reduced GO with average particle sizes of 25−30
nm for the esterification of waste cooking oil.33 In this study,
rGO and ZnO:rGO nanocomposites were synthesized and the
evaluation of physical and chemical characteristics was
conducted. Then, the catalytic performances of the rGO,
ZnO, and ZnO:rGO composites were studied based on their
effectiveness in the esterification of acetic acid and n-heptanol
and the optimized reaction conditions were determined:
catalyst screening, reaction temperature, and catalyst loading.
The reusability study was carried out using the best performing
catalyst.

2. MATERIALS AND METHODS

2.1. Materials. n-Dodecane (nDD) (99%), acetic acid
(AA) (99.85%), n-heptanol (98%), ZnO, and toluene (99.6%)
were purchased from Sigma Aldrich (Taufkirchen, Bavaria,
Germany).
Methanol (MeOH) (99.5%) and ethanol (EtOH) (96%)

were obtained from Fisher Scientific (Loughborough, England,
UK). All the chemical reagents were used as available.
2.2. Preparation of GO. GO was synthesized by oxidizing

graphite flakes using Hummer’s method with modification.
Briefly, 1 g of graphite flakes was mixed into concentrated
sulfuric acid (25 mL). The mixture was put under continuous
stirring, and the resultant mixture was cooled using an ice-
water bath to obtain the suspension. Later, under controlled
temperature (<10 °C), 3 g of potassium permanganate
(KMnO4) as an oxidizing agent was added slowly into the

suspension. In the next step, the suspension was then stirred at
room temperature for 25 min and then sonicated in an
ultrasonic bath for 8−10 min. Distilled water (125 mL) was
added into the mixture with 10 times repetition of the
stirring−sonication process. Finally, 15 mL of hydrogen
peroxide (H2O2) was added into the mixture to exfoliate
graphite oxide, which was achieved by ultrasonication of
dispersed solution for 1 h. At the end, the final mixture was
centrifuged and rGO was washed with 2 M HCl (to remove
the excess metal ions) and many times with distilled water
(until the pH was neutralized). The obtained rGO precipitates
were dried for 24 h at room temperature and labeled as rGO.

2.3. Synthesis of rGO@ZnO Nanocomposites. The
prepared 0.04 g of GO nanostructure was dissolved in 100 mL
of water for 30 min using ultrasonication, and then 100 mL of
aqueous solution of different concentrations of Zn-
(CH3COOH)2·2H2O was added slowly with stirring for 15
min. The prepared mixture was then added dropwise to a 1 M
hot ethanolic solution of KOH. The final mixture was stirred
for 3 h at 100 °C and ultrasonicated for 2 h. Then, the final
product was centrifuged and washed with water and methanol
several times to remove the impurities. Different concen-
trations of rGO@ZnO nanocomposites were obtained after
drying at 45 °C, and the details of the samples are shown in
Table 1.

2.4. Catalyst Characterization. The following techniques
were used to characterize the rGO and rGO@ZnO nano-
composite catalysts. Thermal degradation was carried out using
Shimazdu TGA-50. A Rigaku (Tokyo, Japan) Smart Lab X-ray
diffractometer (XRD) with Cu-Kα radiation (λ = 1.5406 Å)

Table 1. Composition Concentrations of rGO and ZnO

sample code Zn(CH3COOH)2·2H2O concentration rGO

ZnO(0.5 M) 0.5 M no
ZnO(1 M) 1 M no
ZnO(0.5 M):rGO 0.5 M yes
ZnO(1 M):rGO 1 M yes
ZnO(1 M):rGO@300 °C calcination of S5 at 300 °C, 2 h
ZnO(1 M):rGO@500 °C calcination of S5 at 500 °C, 2 h

Figure 1. Thermal degradation curves of the uncalcined GO, ZnO,
and ZnO:rGO catalysts.
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was used to determine the crystalline nature and to confirm the
phase. The Fourier transform infrared spectroscopy (FTIR)
measurements were performed in the 4000−400 cm−1 range
with a KBr pellet method on a Bruker Vertex 70 (Germany) at
room temperature. A Quantachrome Nova 2200E-BET
(surface area analyzer) was used to determine the pore size
distribution and surface area. A JEOL (Tokyo, Japan)-JCM-
6000 Plus scanning electron microscope (SEM) and JEOL-
JEM-2100 transmission electron microscope (TEM) were
utilized to observe the morphological features, particle size,
and structural parameters of β-SnWO4 nanoparticles. A JEOL-
JED-2200 series energy dispersive X-ray spectrometer (EDX)
was utilized for elemental composition determination of the
prepared samples at room temperature.
2.5. Catalytic Performance Using Esterification. The

catalytic performance of the produced rGO@ZnO nano-
composite catalyst was determined via esterification of AA with
n-heptanol. The esterification reaction was performed in a 50
mL two-neck round-bottom flask equipped with a reflux
condenser and magnetic stirring systems. The said reaction
system was immersed in an oil bath, which was assembled with
a digitally controlled magnetic stirrer and heater. The
reactants, n-heptanol and acetic acid with the produced
catalyst, rGO@ZnO nanocomposite, were put into the reactor
assembly alongside the GC internal standard, nDD. The
mixture was stirred at a fixed rate of 400 rpm under
atmospheric pressure at a specific temperature for a predefined
period of time. The effects on the yield of the reaction of the
reaction time (0−160 min), reaction temperature (70−130
°C), and catalyst dose (0.05, 0.10, and 0.15 g) were
determined, and the overall results were compared with
those obtained for the uncatalyzed reaction.
2.6. Yield Analysis of Esterified AA. A gas chromato-

gram coupled with a flame ionization detector (GC-FID,
Agilent 7890 A, USA) and equipped with a capillary column
(BPX-70, 60 m × 0.25 mm × 0.25 μm, Trajan Scientific, AUS)
was utilized to determine the quality and yield of the esterified
acetic acid profile. Hydrogen gas, as the carrier gas, was
employed at a flow rate of 40 mL min−1, and the GC-oven’s
temperature was set to increase from 100 to 250 °C with a
temperature ramp rate of 10 °C min−1. Briefly, 0.5 mL aliquots
of the reaction mixtures were carefully collected after every 20
min using a glass syringe, centrifuged, and then injected into
the GC-FID. Thus, the area of the chromatograms of esterified

acetic acid was calculated via eqs 1−4 to determine the percent
yield:

=K

M
M
S
S

o

o (1)

=X
XM S

SAA
o

o (2)

= −Y M XAA AA (3)

= ×C
Y
M

(%) 100AA
(4)

where M/Mo and S/So are the AA/nDD feedstock (by mole)
and the peak area ratios, respectively, K is the conversion
factor, XAA and YAA are the number of moles of AA
unreacted and converted, respectively, and C(%) is the
conversion percentage of AA under the experimental
conditions.

3. RESULTS AND DISCUSSION
3.1. Thermal Degradation Analysis. Before catalyst

activation through pyrolysis at high temperatures, the thermal
degradation of uncalcined samples, rGO, ZnO, and ZnO:rGO,
was studied, and the results are presented in Figure 1 and
Table 2. The first stage of degradation that occurred at a
temperature range of 20−160 °C was attributed to the removal
of adsorbed moisture on the catalyst’s surface. For the rGO
sample, a significant weight loss of 70.13 wt % from 156 to 235
°C was due to the breakdown and loss of labile oxygen
functionality groups such as carboxyl, anhydride, or lactone
compositions.28 Meanwhile, a slight weight loss of 12.05 wt %
at a temperature beyond 235 °C was attributed to the
degradation of stable oxygen components such as phenol,
quinone, and carbonyl.29 Both ZnO samples, ZnO(0.5 M) and
ZnO(1 M), showed decomposition of acetate ion residue curves
at a temperature range of 140−380 °C, with resulting weight
losses of 13.06 and 18.83 wt %, respectively.30 The further
thermal degradation that happened up to 700 °C presented
that the ZnO samples had achieved stability at high
temperatures, as claimed by Kozlowski et al.31 Upon the co-
precipitation between ZnO and rGO (ZnO(0.5 M):rGO and
ZnO(1 M):rGO), the thermal degradation curves showed
significant weight losses of 2.17 and 9.25 wt %, respectively,
at a temperature range of 140−450 °C due to the simultaneous
degradation of the acetate residue and rGO to form a stable
ZnO:rGO compounds.32 Beyond 450 °C, no major thermal
degradation occurred for ZnO(0.5 M):rGO and ZnO(1 M):rGO
since both catalysts achieved stability.

3.2. X-ray Diffraction. X-ray diffraction patterns of
uncalcined ZnO, rGO, and ZnO:rGO samples were measured
at diffraction angles of 5−80°, as shown in Figure 2, and the
crystalline structures were analyzed and confirmed with the
standard card. The diffraction peaks of ZnO were observed at
2θ = 31.76, 34.36, 36.24, 47.56, 56.62, 62.90, 67.04, 68.08, and
69.32° corresponding to the crystal planes (100), (002), (101),
(102), (110), (103), (200), (112), and (201), respectively,
that matched with JCPDS card no. 36-1451. Meanwhile, the
diffraction peaks of rGO were present at 2θ = 11.48 and 42.58°
with the crystal planes (001) and (201), respectively,
indicating that rGO was successfully synthesized.59 In addition,
the diffraction patterns for ZnO:rGO catalyst samples showed

Table 2. Thermal Degradation Analysis

sample temperature range (°C) weight loss (wt %)

rGO 25−156 13.10
156−235 70.13
235−599 12.05

ZnO(0.5 M) 25−153 1.00
153−372 13.06
372−532 1.77

ZnO(1 M) 28−143 4.72
143−348 18.83
348−700 6.14

ZnO(0.5 M):rGO 25−152 0.05
152−405 2.17
405−600 3.06

ZnO(1 M):rGO 21−146 3.24
146−435 9.25
435−600 6.97
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the combination peaks of ZnO and GO.55 Apart from that, the
ZnO peaks of the ZnO:rGO compound showed a lower
diffraction intensity in comparison to the pure ZnO due to the
dispersion of ZnO on the surface of rGO.33,50

3.3. Functional Group Analysis. Figure 3 shows the
absorption bands of rGO, ZnO, and the co-precipitated
ZnO:rGO catalyst. A typical broad and intense band that was

attributed to the adsorbed moisture known as the −OH group
was found at 3434 cm−1.34 The IR bands that represent the
graphene-oxygen functional groups (Figure 3a) are assigned as
follows: 1713 cm−1 (CO, carbonyl and carboxyl stretching),
1230 cm−1 (O−C−O, epoxy), and 1049 cm−1 (C−O, alkoxy)
as well as 1624 cm−1 (CC, aromatic group stretching).35

The FTIR absorption bands at 1560 and 1436 cm−1 of ZnO,
ZnO:GO, and calcined Zn:GO are attributed to the
asymmetric vibrational band of Zn−O.36,37 In addition, the
spectra at 690 and 463 cm−1 represented the stretching
vibration between the metal and oxygen (M+−O) of the Zn−
O lattice, which proved the formation of a ZnO nano-
particle.42,43 However, the fabrication of rGO with ZnO caused
the FTIR transmittance of ZnO to be markedly reduced.

Figure 2. XRD curves of the uncalcined GO, ZnO, and ZnO:rGO
catalysts.

Figure 3. Fourier transform infrared spectroscopy (FT-IR) curves of
(a) rGO and (b) ZnO and co-precipitated ZnO:rGO catalysts.

Figure 4. XPS of rGO with a scanning range from 0 to 1200 eV
binding energies: (a) wide scan, (b) C 1s scan, and (c) O 1s scan.
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3.4. XPS Analysis. A further advanced investigation of the
surface chemical properties of representative catalysts, rGO
and ZnO(1 M):rGO, was carried out by X-ray photoelectron
spectroscopy as shown in Figures 4 and 5, respectively. The
peaks observed at 284.55, 286.25, and 288.94 eV in the C 1s
spectrum of rGO (Figure 4b) were attributed to the non-
oxygenated bonding of C−C/CC, C−OC of epoxyl/alkoxyl
groups, and carbonyl group, CO, respectively.31,44 As the
reduced graphene oxide is made up of carbon−oxygen
components, the O 1s bands (Figure 4c) were detected at
529.59 and 531.18 eV, which correspond to the CO/O
C−OH and C−OH (hydroxyl) functional groups, respec-
tively.10,45 The combination of ZnO and GO (ZnO(1 M):rGO)
reproduced likely the same binding band energies of C 1s
(Figure 5b) at 284.38, 285.95, and 288.69 eV due to carbon−
oxygen rich groups as discussed in the previous paragraph.58,60

Meanwhile, the O 1s signal of ZnO(1 M):GO in Figure 5c
reveals the formation of metal oxide and metal carbonate
functional groups at 529.61 and 531.13 eV, respectively.46,47

The ZnO bands were present at 1020.80 and 1022.59 eV, in
which both signals were attributed to the tetrahedrally (loss
two oxygen atom bonds) and hexagonally coordinated ZnO
crystals, respectively.48

3.5. Textural Surface Properties. The textural properties
of the rGO, ZnO, and Zn:rGO nanoparticle samples such as
the surface area, pore diameter, and pore volume were
evaluated using a Micrometrics ASAP-2020 under liquid
nitrogen cryogenic temperature. As shown in Figure 6a, the

synthesized nanomaterials exhibited a type-IV mesoporous
nitrogen adsorption−desorption behavior with the H-2
hysteresis loops (ink-bottle shape pore) owing to rGO while
the rest of the samples displayed the H-3 hysteresis loop (slit-
like pore), as per IUPAC classification.38 The pore distribution
corresponding to the sample’s BET absorption−desorption
was calculated using the BJH formula, as shown in Figure 6b.
The samples consisted of a broad and multi hierarchically
organized mesoporous structure with maximum peak pore
diameters from 2 to 50 nm, which are tabulated in Table 3.
The result showed that the small mesopores indicate that pores
exist within nanosheets while large mesopores were fabricated
between stacked nanosheets.39 The surface areas of rGO,
ZnO(0.5 M), and ZnO(1 M) were recorded, respectively, at 31.72,
27.65, and 36.19 m2 g−1, respectively. A considerable decrease
in surface areas was observed after rGO and ZnO (0.5 and 1.0
M) were co-precipitated and calcined at 300 and 500 °C. This
indicated that the surface areas of both components were
occupied by each other while the calcination process
influenced the increase in the pore size by reducing the
surface area.40

3.6. Microscopy Morphology of Synthesized Cata-
lysts. The microscopy images of the synthesized rGO, ZnO,
ZnO:rGO, and calcined ZnO:rGO were observed at 30K
magnification, as presented in Figure 7. Figure 7a shows the
layered planar structure with a wrinkled surface of rGO, which
is in agreement with a previous study by Xi et al.44 The
micrograph in Figure 7b,c revealed the hexagonal structure of

Figure 5. XPS of ZnO(1 M):GO with a scanning range from 0 to 1200 eV: (a) wide scan, (b) C 1s scan, (c) O 1s scan, and (d) Zn 2p3 scan.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.1c05565
ACS Omega 2022, 7, 2786−2797

2790

https://pubs.acs.org/doi/10.1021/acsomega.1c05565?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c05565?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c05565?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c05565?fig=fig5&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.1c05565?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


the synthesized ZnO(0.5 M) and ZnO(1 M) nanoparticles,
respectively. These particles were bound together by stacking
to each other.51 Surface modification was performed after the
preparation of the ZnO:rGO nanomaterial, as shown in Figure
7d,e, for comparison with their parent morphology structures.
It is observed that various sizes of ZnO nanoparticles were
dispersed and deposited on rGO surface sheets through Zn−
O−C bonding during pyrolysis, as shown in Figure 7f,g.

3.7. Transmission Electron Microscopy Analysis.
Further insights into the morphology of ZnO and ZnO:rGO
were examined by transmission electron microscopy under
500K magnification power, as shown in Figure 8. Figure 8a
clearly shows the hexagonally coordinated ZnO structure with
orderly arrangement, which is in agreement with the SEM
images. Meanwhile, in Figure 8b, ZnO was well distributed on
the surface of GO with two different crystal orientations,
tetrahedral and hexagonal Zn atoms, as discussed in Section
3.4.

3.8. Elemental Analysis by Energy Dispersive X-ray
Spectroscopy. The elemental compositions (mass %) for the
synthesized ZnO and ZnO:rGO were measured by a JOEL-
JED:2200 series spectrometer, as shown in the measurements
in Table 4 and Figure 9. The results show that the elemental
mass percent of Zn increased proportionally with its molar
concentration for both the monocomponent (0.5 and 1 M)
and the ZnO:rGO composite nanoparticles. In addition, this
analysis proved that the ZnO:rGO nanocomposites were
successfully synthesized due to the presence of Zn, O, and C,
which was also in agreement with XRD and FTIR. The carbon
composition of ZnO(1 M):rGO was slightly lower due to the
higher distribution of ZnO on the surface of rGO, which is
clearly shown in the textural surface property analyses as well
as microscopy analyses using SEM.

3.9. Catalytic Performance Studies. The catalytic
esterification of acetic acid and n-heptanol was tested using
the synthesized rGO, ZnO, and ZnO:rGO catalysts in the
reflux system, which was equipped with a cold condenser. The
esterification parameters such as the reaction time (0−160 min
of 20 min interval), catalyst loading (0.05, 0.10, and 0.15 g),
and reaction temperature (70−130 °C of 20 °C interval) were
studied to achieve the optimum biodiesel conversion, as shown
in Figure 10. The amount of heptanol was fixed at 9.06 g.
Figure 10a shows the comparison of the conversion

percentages of biodiesel without a catalyst and in the presence
of the prepared catalyst at a constant reaction temperature of
110 °C and catalyst loading of 0.10 g. The conversion
percentage increased with increasing reaction time regardless
of the type of catalyst utilized in the reaction. According to the
reported result, conversion yields differed considerably to the
catalytic performances of the tested catalysts. In this experi-
ment, the uncatalyzed acetic acid with heptanol reaction was
slow and only converted 24.02% of biodiesel after 160 min.
Meanwhile, the biodiesel conversion was improved upon
catalytic esterification due to the presence of catalysts that
enhance the heptanol solubility by increasing the reaction rate
with acetic acid for conversion of ester within a shorter
reaction time.52 Generally, catalysts would speed up the
reaction rate; however, the chemical and physical character-
istics of the catalyst itself could affect the reaction mixture,
favoring either a forward or backward reaction.53,54 Among the
tested catalysts, the rGO sample catalyzed the highest biodiesel
conversion of 100% for three consecutive reaction times (120,
140, and 160 min) while the other samples barely achieved a
catalytic conversion more than 75% with the same reaction
time. Generally, the rGO sample consisted of a higher number
of oxygen functional groups that acted as active sites, which
enhanced the catalytic performance in comparison with the
other prepared catalysts.41 In addition, the rGO catalyst had a
large surface area and narrow pore diameter that enhanced and
facilitated the diffusion of acetic acid and heptanol effectively
toward the available active sites.42 Thus, the rGO catalyst was

Figure 6. (a) Nitrogen adsorption/desorption isotherms of the rGO
and ZnO and ZnO:rGO nanocomposite catalysts. (b) Pore volume
curves of the rGO and ZnO and co-precipitated ZnO:rGO catalysts.

Table 3. BET Surface Areas, Pore Diameters, and Pore
Volumes of the Prepared rGO and Composite ZnO:rGO

catalyst
surface area
(m2 g−1)

pore diameter
(nm)

pore volume
(cm g−1)

rGO 31.72 7.80 0.27
ZnO(0.5 M) 27.65 14.43 0.13
ZnO(1 M) 36.19 18.95 0.20
Zn(0.5 M):rGO 17.49 10.73 0.05
Zn(1 M):rGO 18.52 8.11 0.05
Zn(1 M):rGO@300 °C 5.63 24.88 0.04
Zn(1 M):rGO@500 °C 8.63 42.65 0.08

Table 4. Elemental Composition of rGO, ZnO, and
ZnO:rGO Composites

element (mass %)

sample C O Zn

ZnO(0.5 M) 44.43 55.57
ZnO(1 M) 24.53 75.47
ZnO(0.5 M):rGO 43.46 13.09 43.45
ZnO(1 M):rGO 29.54 14.45 56.00
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designated for further optimization reactions. Meanwhile, the
reaction rates for the esterification of acetic acid by using the
ZnO (0.5 M and 1.0 M) nanocatalyst and Zn:rGO composites
was less favorable due to the ZnO basicity characteristic56,61

that complicates the conversion process in comparison with
rGO. In addition, upon the fabrication of the composite
catalyst, the Zn ions contributed in reducing the Bronsted base

availability of the negatively charged ions of oxygen from rGO,
thus reducing the catalytic performance of ZnO:rGO.57

Catalytic esterification performance investigation on the
effect of the catalyst loading toward the conversion of biodiesel
at a constant reaction temperature, 110 °C, was conducted. As
illustrated in Figure 10b, the conversion rate increased
proportionally with the catalyst loading and reaction time. A

Figure 7. SEM images at 30K magnification: (a)rGO, (b) ZnO(0.5 M), (c) ZnO(1 M), (d) ZnO(0.5 M):rGO, (e) ZnO(1 M):rGO, (f) ZnO(1 M):rGO@
300 °C, and (g) ZnO(1 M):rGO@500 °C.
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catalyst loading of 0.05 g of rGO converted the acetate ester at
a longer reaction time of 140 min to achieve 100%, while the
conversion using 0.10 and 0.15 g of rGO occurred after 120
and 80 min, respectively. At a lower catalyst loading, the

reactants would compete to diffuse on the active sites, and thus
it took a longer time for the conversion to complete.43

Nevertheless, there was no further result of esterification with
0.15 g of catalyst beyond 100 min due to solidification of

Figure 8. TEM image of (a) ZnO(1 M) and (b) ZnO(1 M):rGO.

Figure 9. Elemental analysis using an EDX spectrometer: (a) ZnO(0.5 M), (b) ZnO(1 M), (c) ZnO(0.5 M):rGO, and (d) ZnO(1 M):rGO.
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reactants that occurred as a result of mass transfer limitation
between reactants and the catalyst.44 The optimum catalyst
loading was identified to be 0.10 g, obtaining 100% yield
constantly for three consecutive runs with a 20 min interval
(120, 140, and 160 min).
Referring to Figure 10c, the conversion increased with the

increase in temperature, in which 100% of conversion was
obtained at 110 °C. As the temperature increased, the
esterification reaction would speed up due to the increase in
reactants’ vibrational kinetic energy (effective collision) that
enhanced the reaction rate, which led to the miscibility of
acetic acid and heptanol on the surface of active sites.45

However, the conversion reduced as the temperature exceeded
110 °C due to the evaporation of n-heptanol, and thus, the
availability of the alcohol decreased.46

The catalyst reusability of rGO was studied for at least two
catalytic cycles, as shown in Figure 10d to investigate the
effectiveness of the catalytic performance after multiple uses
under optimized reaction parameters. The obtained conversion
of the second catalytic cycle was 62.79%, which was nearly 40%
reduction from the first cycle at 160 min due to the
deactivation of the catalyst. This phenomenon might occur
as a result of agglomeration of the remaining reactants or
intermediate products on the active site surface, reducing the
number of active sites as well as inhibiting the esterification

reaction.47,49 In addition, the changes in the physical and
chemical properties of the catalyst contributed to the loss of
catalytic activities, which requires further investigation in the
future.

4. CONCLUSIONS

This research reports the successful synthesis of rGO-metal
oxide composite catalysts through a modification method for
the esterification of acetic acid (AA) with n-heptanol. It was
found that the metal oxide rGO-based composite showed
better properties than rGO in terms of textural properties,
which is important in improving the esterification reaction.
The structural properties of GO and GO-metal oxide
composite catalysts, determined by FTIR, TGA, BET, SEM,
TEM, and EDX, showed that they are effective catalysts for the
esterification of AA. The ZnO-rGO-based composite catalysts
were used for the esterification of AA, which gave a high
conversion of 100% with optimal reaction conditions of 0.1 wt
% catalyst, 160 min reaction time, and 170 °C reaction
temperature. The reusability study revealed that the catalyst is
stable for two reaction cycles; further study on regeneration
should be performed. The produced catalysts showed potential
for esterification reaction conversion; in this regard, it can be
used for other conversions such as biodiesel production.

Figure 10. Catalytic esterification of acetic acid at reaction times from 0 to 160 min with a constant amount of 9.06 g of heptanol. (a) Catalyst
screening (with a fixed catalyst loading = 0.10 g, reaction temperature = 110 °C). (b) Catalyst loading (at a constant reaction temperature = 110
°C). (c) Reaction temperature (with a fixed catalyst loading = 0.10 g). (d) Catalyst reusability (with a fixed catalyst loading = 0.10 g, reaction
temperature = 110 °C).
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