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Abstract In this work, a highly efficient adsorbent consisting of the ZnO/Graphene composite was

prepared for the first time via the sonification route using urea as an alkaline precursor. The syn-

thesized ZnO/Graphene composite provides the highest specific surface area comparing to other

ZnO/Graphene composites synthesized by different approaches presented in the literature. For

all we know, this is the first time the obtained ZnO/Graphene composite was used as an adsorbent

for the transformer oil purification. The results showed that the ZnO/Graphene composite has a

higher purification capacity than the conventional adsorbent, a commercial zeolite. Several factors

that may underpin this outstanding result, such as the unreduced oxygen functional groups, the

vacancy defects on the surface of the RGO flake, the high specific surface area, and the suitable pore

size of the ZnO/Graphene composite for oil refining. Besides, the 3D structure of the ZnO/Gra-

phene composite can enlarge the residence purification time of the transformer oil, helping to

improve the purification capacity of the ZnO/Graphene composite.
� 2020 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open

access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Transformer oil is an indispensable part of a high-voltage
transformer because it provides reliable isolations and remov-
ing heat from the hot parts. However, the hydrocarbons in the
oil can be degraded by several factors such as high working
temperature (70–80 �C), the entrance of atmospheric moisture,

and the presence of metallic compounds such as iron, copper,
and lead. This degradation is the principle of reducing oil insu-
lating properties in the transformer (Rafiq et al., 2016;

Safiddine et al., 2019).
The mechanism of the degradation of the transformer oil is

resumed in Fig. 1:

– The degradation process starts with the formation of the
hydrocarbon radical (R�)

– The hydrocarbon radical (R�) reacts with oxygen in the air

to form peroxy radicals (RO2
� )
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Fig. 1 Mechanism of the formation of sludge in the transformer oil (Hydraulic Fluids � 1st Edition, s. f.)
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– The hydroperoxide (ROOH) is formed from the reaction

between the peroxy radical (RO2
� ) and the hydrocarbon

molecules.
– Ketones, alcohols, aldehyde, and organic acids are formed
from the degeneration of the hydroperoxides. In addition,

organic acids can form esters and resin. Therefore, after
the oxidation process, the oil acidity will increase, and sev-
eral products such as sludges, and oil coagulating are cre-

ated (HodgesBSc and Pet., 1996).

It is well to know that the generated sludge may accumulate

on the transformer surface, avoiding oil circulation and reduc-
ing oil dielectric strength. Therefore, the sludge may cause fail-
ure in the power transformer during its working time.
Additionally, the acidic provokes corrosion of the metal sur-

face in the transformer. And the water generated in oil might
reduce the oil dielectric strength (Liu et al., 2019; Salvi &
Paranjape, 2017). Consequently, it is necessary to purify the

aged oil in the transformer to eliminate formed sludges, water,
and regular acidic degrees in the oil transformer.

Recently, adsorbent materials are the best candidate to use

for the purification of transformer oils. Many adsorbents are
widely used for the oil purification, such as activated bauxite
(Oumert et al., 2017), microparticles of carbonated calcium

phosphate (CACP)- biopolymers of chitosan polysaccharide
(Laurentino et al., 2007), activated carbon (Sulaiman et al.,
2011), zeolite (Fofana et al., 2004) and Kaolin clay (Hafez
et al., 2015). However, the use of the mentioned adsorbent
materials still has some drawbacks. The use of bauxite miner-

als can generate a large volume of waste (Oumert et al., 2017).
High generation cost is the main disadvantage of biopolymers
in oil purification (Laurentino et al., 2007). Microparticles of

CACP are not considered an optimum adsorbent due to their
low specific surface area (Laurentino et al., 2007). In recent
times, metallic oxides, zeolite compounds are intensively
employed to eliminate unwanted pollutants in the aged trans-

former oil (Oumert et al., 2017).
In recent times, reduced graphene oxide (RGO) is an excel-

lent adsorbent material for wastewater treatments due to its

high adsorption capacity (Ali & Sandhya, 2014; Minitha
et al., 2017; Gupta & Khatri, 2017; Ramesha et al., 2011).
The unique surface adsorption properties of RGO flake make

the adsorption process faster than other materials (Xiao et al.,
2016). Additionally, its unreduced oxygen functional groups
and vacancy defects on the surface provide a high adsorption

capacity. The large specific surface area is also the main reason
to make RGO becoming an outstanding adsorbent (Vinh
et al., 2019).

The combination of RGO and metal oxide composites, for

example, ZnO/RGO composite, has been widely studied as
adsorbents (Seredych et al., 2012a, 2012b; Seredych &
Bandosz, 2011). The presence of several oxygen groups on
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the surface of RGO helps it make bonds with active metal
oxide parts. Thus, those oxygen functional groups may change
the active sites on the surface of adsorbents and their chemical

heterogeneity making the RGO/metal oxides composite
become a superior adsorbent (Seredych et al., 2012a). Among
several RGO/metal oxide composites, the ZnO/Graphene

composite gains much attention. The ZnO/Graphene compos-
ite is widely used for several applications such as photodetector
(Zhu et al., 2018), photocatalyst (Durmus et al., 2019), or

adsorbent for wastewater decontamination (Wu et al., 2019,
p. 2). However, to the best of our knowledge, ZnO/RGO com-
posite is not recently used to purify aged oil. Significantly, the
purification of the aged transformer oil is a new application

field for this composite.
According to the literature, numerous methodologies for

the fabrication of ZnO/Graphene composite have been

reported, such as solvothermal (Atchudan et al., 2016), chem-
ical vapor deposition (Liu et al., 2018), electrochemical (Hao
et al., 2018), hydrothermal (Ding et al., 2015). In most of the

synthesis method, graphene was prepared separately before
the ZnO/Graphene composite fabrication. Those synthesises
always imply using Zn salts and hazardous reducing com-

pounds, such as hydrazine and NaBH4 for GO reduction
(Kumar et al., 2015). The other moderate synthesis approaches
require different solvents or microwave energy under tempera-
ture or pressure (Guo et al., 2016). Consequently, it is essential

to develop a green, scalable, and economical route to fabricate
ZnO/Graphene composite to meet the advanced applications
for this material.

The sonification route is a promising alternative approach
for obtaining composite nanoparticles (Sebastian et al.,
2019). Base on the theoretical, ZnO nanoparticles can be easily

synthesized using the sonication method under alkaline condi-
tions (Noman et al., 2019). The GO can also be reduced to
RGO under alkaline conditions, such as urea (Vinh et al.,

2019). Therefore, in this work, we combined the reduction of
GO with the synthesis of ZnO nanoparticles in only one step
using the sonification route. This approach weighs over
reported literature methodology, as no toxic reducing agents,

temperature, or pressure are used.
The synthesized material in this work was denoted as ZnO/

Graphene composite and purified aged transformer oil for the

first time. The ZnO/Graphene composite’s purification capac-
ity was compared with zeolite ZSM-5, a commercial zeolite, an
aluminosilicate zeolite belonging to the pentasil family of zeo-

lites. Recently, this zeolite is widely used in purification and
separation purposes.

2. Experimental details

2.1. The preparation of Graphene Oxide

For the ZnO/Graphene composite preparation, Graphene
Oxide (GO) was prepared using Graphite flake as a raw mate-
rial via the modified Hummer method (Vinh et al., 2019). The

lateral size of the Graphite flake is in the range from 50 to
100 mm.

20 g of Graphite and 20 g of sodium nitrate were mixed by

mechanical agitation with 500 mL of 98 wt% sulfuric acid. The
mixture was placed in an ice-bath to low down the temperature
until 5 �C. At that point, 70 g of potassium permanganate was
gradually added into the cooled mixture. It is very vital to keep
the mixture temperature below 50 �C during the addition of
potassium permanganate.

After adding potassium permanganate, the reaction mix-
ture was treated at 40 �C for 5 h for a complete oxidation pro-
cess. Then, 200 mL of demineralized water was poured into the

mix to stop the reaction. Consequently, 10–15 mL of H2O2

(30 wt% in water) was introduced to remove the rest of the
potassium permanganates. At this moment, the reaction mix

was turned to a light-yellow color. Subsequently, 100 mL of
HCl 20% was added to eliminate the manganese oxide formed
during the oxidation reaction. Finally, the Graphite oxide with
bright yellow color was obtained. The synthesized material was

dried at 40 �C in the oven for three days to obtain dried pow-
der Graphite Oxide.

The GO dispersion was obtained by exfoliating Graphite

Oxide in demineralized water using ultrasonic equipment
750 W. The unexfoliated Graphite Oxide was separated by a
centrifugation step at 3000 rpm for 10 min. The concentration

of the GO dispersion was adjusted to 2 g/L.

2.2. The preparation of ZnO/Graphene composite

In this work, the single step of the fabrication of ZnO/Gra-
phene composite is a combination of two processes: the forma-
tion of ZnO nanoparticles by the reaction of zinc salt precursor
and urea (Tan et al., 2019) and the reduction of GO by urea

(Vinh et al., 2019). Urea was employed for the precipitation
of ZnO nanoparticles, and at the same time, urea acts as a
reducing agent of GO. A typical mixture of 2.19 g of Zn(CH3-

COO)2�7H2O, 6 g urea, and 300 mL dispersion of GO of 2 g/L
was ultrasonicated in an ultrasonic bath 100 W. The prepared
mixture then was sonicated at 80 �C for 5 h. After that, the

obtained solid was collected by vacuum filtering and washing
with an abundant amount of demineralized water. Finally,
the obtained solid was dried in the oven at 60 �C for one

day. The sample was designated as ZnO/Graphene composite.

2.3. Treatment process

In this study, transformer oils (in service for five years) were

collected from the sub-station located in HABAC NITRO-
GENOUS FERTILIZER & CHEMICALS COMPANY
LIMITED were used. The oil was taken from a 10 MVA,

30/10 kV power transformer.
The experiment was performed at room temperature. A

typical mixture consists of 2 g ZnO/Graphene composite was

mixed with several volumes of aged oil: 50 mL, 100 mL,
150 mL. The mix of aged oil and ZnO/Graphene composite
was mechanically stirred for 1 h. After that, the ZnO/Gra-

phene composite was separated from the aged oil by the
decantation process. The treated oils were denoted as G-oil-
50; G-oil- 100; G-oil-150, according to the used volume of oils.

The purifying capacity of the as-prepared ZnO/Graphene

composite was compared with the conventional material, zeo-
lite ZSM5. This material was purchased from Alfa Aesar,
under the commercial name Alfa AesarTM Zeolite ZSM-5.

The molar ratio between SiO2 and Al2O3 is 30:1 with a specific
surface area of 364 m2/g.

A 2 g of a zeolite ZSM-5, commercial zeolite, was used to

treat several volumes of aged oil: 50 mL, 100 mL, 150 mL.
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The treated samples were denoted as Z-oil-50; Z-oil- 100; Z-
oil-150, according to the used volume of oils.

2.4. Characterization of the ZnO/Graphene composite

The X-ray diffraction (XRD) spectra were analyzed by a Bru-
ker D8 Advance instrument operating at 40 kV and 40 mA

using Cu Ka radiation (k = 0.15406 nm). The crystal size val-
ues were calculated from the XRD pattern by using Scherrer’s
equation (dXRD). The sample´s morphology was examined by

scanning electron microscopy (SEM, FEI Quanta FEG 650
model). Transmission electron microscopy (TEM, JEOL-
JEM 1010 Microscope 300 kV). The instrumental contribution

to line broadening was taken into account. The Raman analy-
sis was recorded on a micro-Raman spectrophotometer
(JASCO Raman NRS-3000) using a 633 nm excited laser at
room temperature. The ZnO/Graphene composite’s elemental

composition was examined by means of LECO CHN-2000 and
FRX spectroscopy (SRS 3000 Bruker).

All the N2 isotherm results were obtained on a Micromerit-

ics ASAP 2020 analyzer. The Brunauer–Emmett–Teller (BET)
equation was employed to estimate the ZnO/Graphene com-
posite’s specific surface area. The degasification was carried

out at 150 �C and established under vacuum condition for
10 h before measurement. The BET results were determined
by the amount of adsorbed versus relative pressure (P/P0 from
0 to 0.30). The total pore volume (Vp) and pore size distribu-

tion were determined at P/P0 = 0.98 using N2 adsorption iso-
therms (77 K) by using the Barrett-Joyner-Halenda (BJH)
model.
Fig. 2 The high resolution of SEM images of Graphene O
2.5. Characterization of the treated oil

The characterization of the treated oil was measured following
the International Electrotechnical Commission (IEC) and the
International Organization for Standardization (ISO) standard

specifications. The following techniques were used for the
characterization of oils:

� The breakdown voltage was measured by the KEP OLT-

80A tester.
� The acidity index was measured by using Burette TITR-
ETTE. The amount of acid presented in the oil was deter-

mined by the number of mg potassium hydroxide (KOH)
used to neutralize 1 g of aged oil. Phenolptaline was used
as an indicator to control the endpoint of the titration.

� The oil color was measured by Spectrophotometric
Colorimeters OKATON C-105.

� The viscosity was measured by Ostwald’s viscometer.

3. Results and discussion

3.1. Characterization of the ZnO/Graphene composite

3.1.1. Scanning Electron Microscope (SEM) analysis

SEM technique was used to study the general morphology of
the ZnO/Graphene composite. Fig. 2 shows the typical high-

resolution SEM images of the Graphene Oxide (GO) flake
(Fig. 2a and b), and the as-prepared ZnO/Graphene composite
xide (a) and (b); ZnO/Graphene composite (c) and (d).
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(Fig. 2c and d). It can be observed that the GO consists of a
transparent layer and flat flake structure before the formation
of the ZnO/Graphene composite. Fig. 2c and d display that the

ZnO nanoparticles are homogeneously distributed on the sur-
face of the RGO. The ZnO/Graphene composite’s wrinkle
assembly shows that GO was wholly converted into RGO with

a 3D structure.

3.1.2. Transmission electron microscopy analysis

The TEM image is an essential tool for the comprehensive

observation of the particle size and its distribution. At low-
resolution TEM images, both material GO and the ZnO/Gra-
phene composite present a characteristic 2D structure with the

lateral size around 10 mm (Fig. 3a and d). The high-resolution
TEM image of Fig. 3b exhibits the flat, thin layer structure of
GO before the reduction process. Meanwhile, Fig. 3e shows a

homogenous distribution of ZnO nanoparticles on the surface
of RGO. The size of ZnO is around 10 nm and has a represen-
tative lattice size of 0.26 nm, representing the polar size (002)
plane of ZnO (Tan et al., 2019).

From SEM and TEM characterization results, it can be
assumed that ZnO nanoparticles were homogenously precipi-
tated on the surface of the RGO during the reduction of

GO. In this case, urea acts like a precipitation agent to fabri-
cate ZnO nanoparticle according to work (Tan et al., 2019).
Similarly, urea also acts as a reducing agent of GO following

to work (Vinh et al., 2019). Therefore, a composite made from
ZnO nanoparticles with a particle size around 10 nm and RGO
flake can be fabricated by ultrasonic treatment. The result

could lead to forming a new methodology for the fabrication
of ZnO/Graphene composite.
Fig. 3 The TEM images of Graphene Oxide flake: (a), (b
3.1.3. The X-ray diffraction analysis

Fig. 4 discloses the typical XRD patterns of the GO and ZnO/

Graphene composite in a range of 2 h from 5� to 40�. The
XRD spectrum of the as-prepared GO shows (001) diffraction
peak at 2h = 9.88�, indicating the distance between two Gra-

phene layers is 0.89 nm (Rivera et al., 2019). The result demon-
strates that Graphite was completely oxidized into Graphene
Oxide (GO) (Stobinski et al., 2014).

For ZnO/Graphene composite, the XRD pattern shows
that the (001) diffraction peak at 9.88 of GO shifted to the
diffraction peak at 26, which is the typical (002) diffraction
peak of RGO (Vinh et al., 2019). Therefore, the result reveals

that GO was reduced to RGO during the ZnO nanoparticle
precipitation (Emiru & Ayele, 2017). However, the diffraction
peak (002) of RGO indicates a short-range order of the stack-

ing effect. Furthermore, the diffraction peak of ZnO nanopar-
ticles displays the typical hexagonal wurtzite structure with the
characteristic of (002) plane, and the results are perfectly cor-

responding to JCPDS file number No. 79–2205 (Chouhan and
Yeh, 2015). Moreover, the intensive ratio of (001) and (002)
diffraction peak of ZnO nanoparticle is around 3 (I1 0 0/I0 0

2 = 3), demonstrating a large proportion of polar surfaces in
the ZnO/Graphene composite (Vu & Marbán, 2014).

The crystalline size of the ZnO/Graphene sample was esti-
mated by Scherrer´s equation using the (002) plane of ZnO

nanoparticles, giving a value of 12.4 nm. These XRD results
fully agree with the TEM results.

3.1.4. Raman spectroscopy

Raman spectroscopy is used to characterize the lattice vibra-
tion of the material. For Graphene characterization, Raman
), (c); and ZnO/Graphene composite: (d), (e), and (g).



Fig. 4 The XRD spectra of GO, and ZnO/Graphene composite.

Fig.5 The Raman spectra of GO, ZnO nanoparticles and ZnO/

Graphene composite.
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is a vital technique to determine defect formation after the
reduction process. Fig. 5 shows the Raman spectra of ZnO

nanoparticles, GO, and ZnO/Graphene composite. For ZnO/
Graphene composite, the G peak at 1615 cm�1 is related to
the sp2- hybridized carbon atoms (Ferrari et al., 2006). And

the D peak at 1354 cm�1 is associated with sp3- hybridized car-
bon atoms in hexagonal lattice structures (Vinh et al., 2019).
The D/G intensity ratio of the ZnO/Graphene composite is

1.28; meanwhile, the D/G intensity ratio of GO is 0.89. This
result demonstrates the reduction degree of GO during the
preparation of the ZnO/Graphene (Ferrari, 2007). The D/G

intensity ratio of ZnO/Graphene composite associates to the
reduction degree in sp2 domains (King et al., 2016). The
Raman results are reasonably agreed with XRD results,
demonstrating the reduction of GO to RGO during the

ZnO/Graphene composite preparation.

3.1.5. N2 adsorption/desorption measurement

The purification efficiency can be evaluated through isotherm

characterizations of the adsorbents. Fig. 6 illustrates the N2

adsorption/desorption isotherm of the three samples GO,
ZnO nanoparticles, and ZnO/Graphene composite. The iso-

therms are very unrelated, according to the unique texture
structure of the three samples. According to IUPAC classifica-
tion, the isotherms of GO and ZnO samples can be attributed

to hysteresis loop H3 with aggregates of plate-like particles,
which gave rise to the slit-shape pore. Meanwhile, the isotherm
of ZnO/Graphene composite is assigned to hysteresis loop H4,

which can be corresponded to narrow slit pores, as well as
pores in the micropore region (Cychosz et al., 2017). This char-
acteristic also approves the predominance of mesopores in the
ZnO/Graphene composite, which will be a promising material
for several specific purifications (Kalaparthi et al., 2017).

According to the result, the ZnO/Graphene composite dis-
plays the highest specific surface area (320 m2/g), whereas GO,

ZnO nanoparticles have lower surface areas, 290 m2/g, and
88 m2/g, respectively. The commercial zeolite exposes a larger
specific surface area, 364 m2/g, compared to the ZnO/Gra-

phene composite (Fernández et al., 2014) (Table 1).
The different shapes of N2 adsorption/desorption isotherm of

the three samples can be explained by combining the Graphene

layer with ZnO nanoparticles. The presence of ZnO on the RGO
surface can prevent the aggregation of RGO layers and keep the
separation between them (Wang et al., 2012). In addition, the

increase in specific surface area by the presence of ZnO may
attribute to the enlargement in micropores due to the develop-
ment of a pore wall (Park & Kwon, 2020). This phenomenon
may explain the different isotherm between the three samples,

GO, ZnO nanoparticles, and ZnO/Graphene composite.
Table 1 shows the specific surface area, total volume, and

average pore diameter of the ZnO, GO, and ZnO/Graphene

composite.
ZnO/Graphene composite has a lower total pore volume of

0.29 cm3/g comparing with that of GO 0.33 cm3/g. But the

total pore volume of ZnO/Graphene composite is higher than
that of ZnO (0.27 cm3/g) and commercial zeolite (0.22 cm3/g).

According to the literature, we can conclude that the in-situ
synthesis of ZnO/Graphene composite (50% wt. ZnO) via

sonification in this work gives a higher specific surface area



Table 1 Parameters of specific surface area (SBET), total pore

volume (Vp) and the average pore diameter (L).

Material SBET (m2/g) Vp (cm3/g) L (nm)

ZnO 88 0.27 14.7

GO 290 0.33 15.9

ZnO/Graphene 320 0.29 2.7; 8.1

Zeolite ZSM-5

(Fernández et al., 2014)

364 0.22 1.76

Table 2 The comparison of specific surface area from

different synthesis approaches.

Methodology SBET (m2/

g)

Reference

Sonification route 320 This work

Freeze-drying and thermal

annealing

119.3 Lonkar et al.

(2016))

Wet-chemical method 125.2 Wang et al. (2019)

Sol-gel deposition 26.4 Durmus et al.

(2019)

Solution precipitation 65.2 Hieu (2018)

Chemical deposition 243 Li et al. (2012)

Wet-chemical method 158 Posa et al. (2016)

Fig. 6 The isotherm results of GO, ZnO nanoparticles and ZnO/Graphene composite.
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compared with the values of ZnO/Graphene composite synthe-
sized by other methodologies reported in the literature. A com-

parison of the specific surface area synthesized by different
approaches can be found in Table 2.

Fig. 7 shows the Barret-Joyner-Halenda (BJH) pore size

distributions of the three samples: ZnO/Graphene composite,
GO and ZnO nanoparticles with the average pore size of 2.7
and 8.1; 15.9; 14.7 nm, respectively (Table 1). According to

IUPAC nomenclature and the average pore diameter pre-
sented in Table 1, it can be concluded that the ZnO/Graphene
composite are mesoporous material (Gupta & Khatri, 2017).
The average pore diameter of the ZnO/Graphene composite

is 2.7 and 8.1 nm, which may be suitable for the oil purifying
(Hsu et al., 2013).

3.1.6. Elemental analysis

The elemental analysis of the ZnO/Graphene composite, ZnO,
GO was carried out by LECO combustion analysis and X-ray
Fluorescence analysis (FRX analysis) (Table 3). Carbon,

hydrogen, sulfur, and oxygen determination are detected by
the combustion and pyrolysis process. And the ash after com-
bustion was characterized by X-ray Fluorescence analysis to

determine the Zn content. The elemental analysis was pre-
sented in Table 3. The C/O ratio in the sample GO is about
1; after the formation of ZnO/Graphene composite, by deduct-

ing the amount of oxygen in ZnO, the C/O ratio of the Gra-
phene sample is 4.

For the ZnO/Graphene composite, the elemental analysis

implied that the 9.6 wt% of the total oxygen content
(18.3 wt%) belonged to ZnO material by considering the Zn:
O stoichiometry in Table 3. Therefore, 9.2 wt% of the total
oxygen content (18.3 wt%) belonged to Graphene material.

Thus, the C/O ratio of Graphene in the ZnO/Graphene sample
is 4; meanwhile, the C/O ratio in the sample GO is approxi-
mately 1. The result showed that GO is completely reduced



Table 3 Elemental analysis of the ZnO, GO, and ZnO/

Graphene composite by LECO combustion and Fluorescence

analysis.

Element, wt % ZnO GO ZnO/Graphene composite

C 0 49.8 40.3

O 19.6 46.6 18.3

S 0 1.2 0.9

H 0 2.4 1.3

Zn 80.4 0 39.4

Fig. 7 The pore size distribution results of ZnO/Graphene composite (a), GO (b), and ZnO nanoparticles (c).
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during the fabrication of ZnO/Graphene composite, and the
mass weight ratio between ZnO and Graphene in the compos-

ite sample is around 0.95.

3.2. Characterization of the treated oil

3.2.1. Effect of treatment on acidity number of oil

It is already known that oil degradation generates dissolved

acids, which harms the power transformer. It is vital to remove
the oil acidity number for the proper working of the power
transformer. Table 4 shows the acidity of the fresh oil, aged
oil, and purified oil using commercial zeolite and ZnO/Gra-

phene composite. The table specifies that acidity is decreased
by raising the number of adsorbent materials. The oil sample
treated by ZnO/Graphene composite, G-oil-50, provides the

closest value compared to the fresh oil. Thus, the dissolved
acids were almost entirely removed by using a certain amount
of absorbent, ZnO/Graphene composite.

3.2.2. Breakdown voltage

The aged oil has a higher breakdown voltage than the fresh oil
due to the moisture, organic acids, formed sludge. In the trans-

former, if the breakdown voltage parameter of the oil is lower
than the limit value, several failures may occur during its func-
tion. In this work, the breakdown voltage of oil samples was

measured by KEP OLT-80A oil breakdown voltage tester
(According to IEC 60156). Tables 5 shows the breakdown
voltage value of the fresh, aged, and treated oil samples. The

oil samples treated by ZnO/Graphene composite has a higher
breakdown voltage value than the oil samples treated by the
commercial zeolite. The ZnO/Graphene composite sample’s

breakdown voltage value is very close to the value of the fresh
oil.

3.2.3. Viscosity

In power transformers, the oil with low viscosity provides a
better cooling effect. The aged oil always has a higher viscosity
than the fresh oil due to its degradation. Then, it is crucial to

decrease the viscosity of the aged oil. Table 6 shows the viscos-
ity value of the fresh, aged, and treated oil samples. The viscos-
ity of the purified oil is lower than the aged oil. Further, the

oil-treated by ZnO/Graphene composite has a better viscosity
value than the oil-treated by the commercial zeolite. Moreover,
the viscosity value of the G-oil-50 sample, treated by ZnO/
Graphene composite, is very close to the fresh oil.

3.2.4. Color

The oil color represents the deterioration of the oil in the

power transformer. The fresh oil is colorless; thus, the oil dete-
rioration can be determined by the color after its utilization in
power transformers. The aged oil usually presents a dark color
because of its impurities. In this work, the color of the aged oil

was determined by Spectrophotometric Colorimeters OKA-
TON C-105, according to ASTM D1500 (Petroleum
products-determination of color- ASTM scale). The variation

of the color after purifying is presented in Table 7. The results
demonstrate a fundamental enhancement in the color of the
treated oil using ZnO/Graphene composite.

Fig. 8 shows the comparison of the three oils’ color: oil
samples treated by ZnO/Graphene composite, the aged oil,
and the oil-treated by the commercial zeolite. It is noticeable
that the oil sample treated by ZnO/Graphene composite has

the colorless compared with the oil sample treated by zeolite
and aged oil.



Table 4 The acid number TAN (mg KOH/g, standard measurement IEC 62021) of the fresh, aged and treated oil.

Fresh oil Aged oil G-oil-50 G-oil-100 G-oil-150 Z-oil-50 Z-oil-100 Z-oil-150

0.15 0.384 0.18 0.26 0.27 0.30 0.33 0.35

Table 5 The breakdown voltage values (kV, standard measurement IEC 60156) of the fresh, aged and treated oil.

Fresh oil Aged oil G-oil-50 G-oil-100 G-oil-150 Z-oil-50 Z-oil-100 Z-oil-150

75 33.4 72 68 66 65 50 39

Table 6 The viscosity value (standard measurement 40 �C ISO 3104) of the fresh, aged and treated oil.

Fresh oil Aged oil G-oil-50 G-oil-100 G-oil-150 Z-oil-50 Z-oil-100 Z-oil-150

6.5 7.77 6.89 6.92 7.01 7.64 7.69 7.73

Table 7 The color measurement of the fresh, aged and treated oil.

Fresh oil Aged oil G-oil-50 G-oil-100 G-oil-150 Z-oil-50 Z-oil-100 Z-oil-150

0.5 3.0 0.8 1.2 1.5 1.3 1.7 2.2
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The results above conclude that the ZnO/Graphene com-
posite shows higher efficiency treatment than the commercial

zeolite. All the treated oil parameters by ZnO/Graphene com-
posite are very close to the fresh oil compared with the oil sam-
ple treated by zeolite. The results can be explained by the ZnO/

Graphene composite’s textural structure, which has a higher
specific surface area compared with the commercial zeolite
(Guliyev et al., 2018). Furthermore, a suitable average pore
Fig. 8 The visual aspect of the oil-treated by ZnO/Graphene

composite, aged oil and the oil treated by the commercial zeolite.
diameter of the ZnO/Graphene composite considers an agree-
ment between high purification capacity (large pore size) and

short black-run (small pore size) (Bockisch, 1998). Moreover,
the 3D structure of the ZnO/Graphene composite with high

mechanical resistance (Blanco, 2020), suitable pore size, low

tendency to become stuck (Dou et al., 2020). may improve

the purification capacity of the ZnO/Graphene composite.

4. Conclusion

For the first time, the ZnO/Graphene composite was fabri-
cated through the reduction of GO in the presence of urea
via sonochemical routes. The urea acts as a reducing agent

to reduce GO and acts as a precipitation agent to obtain
ZnO nanoparticles. The SEM and TEM characterizations
show that the ZnO nanoparticles are homogeneously dis-
tributed on the layer of RGO. XRD analysis reveals that

ZnO nanoparticles have high polar surfaces, and the GO was
highly reduced to RGO. The ZnO/Graphene composite syn-
thesized in this work shows a higher specific surface area than

many others synthesized by other approaches. Besides, its
average pore size discloses that this material is a mesoporous
material with the size suitable for the aged oil purification.

As far as we know, this is the first work that has used ZnO/
Graphene composite as an adsorbent for the transformer oil
purification. The result shows that the aged oil sample treated

by the ZnO/Graphene composite has a larger enhancement
property comparing with the aged oil sample treated by the
commercial zeolite. This result may due to the mesoporous
structure of the composite ZnO/Graphene, its 3D structure,

and the unreduced oxygen functional groups and the vacancy
defects on the surface of the RGO flake, which could provide a
high purification capacity for aged transformer oil.
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Gutiérrez, C., Ureta-Zañartu, M.S., 2014. Electrooxidation of 2-

chlorophenol and 2,4,6-chlorophenol on glassy carbon electrodes
modified with graphite–zeolite mixtures. J. Appl. Electrochem. 44

(12), 1295–1306. https://doi.org/10.1007/s10800-014-0763-2.

Ferrari, A.C., Meyer, J.C., Scardaci, V., Casiraghi, C., Lazzeri, M.,

Mauri, F., Piscanec, S., Jiang, D., Novoselov, K.S., Roth, S., Geim,

A.K., 2006. Raman spectrum of graphene and graphene layers.

Phys. Rev. Lett. 97 (18), 187401. https://doi.org/10.1103/

PhysRevLett.97.187401.

Ferrari, Andrea C., 2007. Raman spectroscopy of graphene and

graphite: disorder, electron–phonon coupling, doping and nonadi-

abatic effects. Solid State Commun. 11.

Fofana, I., Wasserberg, V., Borsi, H., Gockenbach, E., 2004. Drying

of transformer insulation using zeolite. Electr. Insulat. IEEE 20,

20–30. https://doi.org/10.1109/MEI.2004.1266362.

Guliyev, N.G., Ibrahimov, H.J., Alekperov, J.A., Amirov, F.A.,

Ibrahimova, Z.M., 2018. Investigation of activated carbon

obtained from the liquid products of pyrolysis in sunflower oil

bleaching process. Int. J. Ind. Chem. 9 (3), 277–284. https://doi.org/

10.1007/s40090-018-0156-1.

Guo, Y., Chang, B., Wen, T., Zhao, C., Yin, H., Zhou, Y., Wang, Y.,

Yang, B., Zhang, S., 2016. One-pot synthesis of graphene/zinc

oxide by microwave irradiation with enhanced supercapacitor

performance. RSC Adv. 6 (23), 19394–19403. https://doi.org/

10.1039/C5RA24212F.

Gupta, K., Khatri, O.P., 2017. Reduced graphene oxide as an effective

adsorbent for removal of malachite green dye: Plausible adsorption

pathways. J. Colloid Interface Sci. 501, 11–21. https://doi.org/

10.1016/j.jcis.2017.04.035.

Hao, J., Ji, L., Wu, K., Yang, N., 2018. Electrochemistry of

ZnO@reduced graphene oxides. Carbon 130, 480–486. https://

doi.org/10.1016/j.carbon.2018.01.018.

Hieu, N.H., 2018. Synthesis of zinc oxide/graphene oxide nanocom-

posites as antibacterial materials against staphylococcus aureus and

escherichia coli. Vietnam J. Sci. Technol. 55 (1B), 266 https://doi.

org/10.15625/2525-2518/55/1B/12118.

HodgesBSc, Peter Keith Brian, Pet., F.lnst., 1996. Analysis of Used

Hydraulic Oil. Hydraulic Fluids. Butterworth-Heinemann.

Hsu, S.-H., Lin, Y.-F., Chung, T.-W., Wei, T.-Y., Lu, S.-Y., Tung, K.-

L., Liu, K.-T., 2013. Mesoporous carbon aerogel membrane for

phospholipid removal from Jatropha curcas oil. Sep. Purif.

Technol. 109, 129–134. https://doi.org/10.1016/j.

seppur.2013.03.005.

Hafez, A.I., Gerges, N.S., Elnagar, K.E., Mohamed, S.E., Hashem, A.

I., 2015. Reclamation of old transformer oil using kaolin clay. Int.

J. Adv. Sci. Techn. Res. 5, 752.

Kalaparthi, V., Palantavida, S., Mordvinova, N.E., Lebedev, O.I.,

Sokolov, I., 2017. Self-assembly of multi-hierarchically structured

spongy mesoporous silica particles and mechanism of their

formation. J. Colloid Interface Sci. 491, 133–140. https://doi.org/

10.1016/j.jcis.2016.12.027.

King, A.A.K., Davies, B.R., Noorbehesht, N., Newman, P., Church,

T.L., Harris, A.T., Razal, J.M., Minett, A.I., 2016. A new raman

metric for the characterisation of graphene oxide and its deriva-

tives. Sci. Rep. 6 (1), 19491. https://doi.org/10.1038/srep19491.

Kumar, N., Srivastava, A.K., Patel, H.S., Gupta, B.K., Varma, G.D.,

2015. Facile synthesis of ZnO–reduced graphene oxide nanocom-

posites for NO2 gas sensing applications. Eur. J. Inorg. Chem. 2015

(11), 1912–1923. https://doi.org/10.1002/ejic.201403172.

Li, B., Liu, T., Wang, Y., Wang, Z., 2012. ZnO/graphene-oxide

nanocomposite with remarkably enhanced visible-light-driven

photocatalytic performance. J. Colloid Interface Sci. 377 (1), 114–

121. https://doi.org/10.1016/j.jcis.2012.03.060.

Liu, H., Xiang, M., Shao, X., 2018. Graphene/ZnO nanocomposite

with seamless interface renders photoluminescence quenching and

photocatalytic activity enhancement. J. Mater. Sci. 53 (19), 13924–

13935. https://doi.org/10.1007/s10853-018-2605-9.

Liu, Q., Venkatasubramanian, R., Matharage, S., Wang, Z., 2019.

Effect of oil regeneration on improving paper conditions in a

https://doi.org/10.1039/C4RA05702C
https://doi.org/10.1016/j.jphotobiol.2016.07.019
https://doi.org/10.1016/j.jphotobiol.2016.07.019
https://doi.org/10.3390/jcs4020042
https://doi.org/10.1016/B978-0-9818936-0-0.50012-3
https://doi.org/10.1016/B978-0-9818936-0-0.50012-3
https://doi.org/10.1205/psep06057
https://doi.org/10.1205/psep06057
https://doi.org/10.1016/j.matchemphys.2017.03.048
https://doi.org/10.1016/j.matchemphys.2017.03.048
https://doi.org/10.1039/C6CS00391E
https://doi.org/10.1039/C5RA00884K
https://doi.org/10.1039/D0TA03617J
https://doi.org/10.1039/D0TA03617J
https://doi.org/10.1002/slct.201803635
https://doi.org/10.1002/slct.201803635
https://doi.org/10.1016/j.ejbas.2016.11.002
https://doi.org/10.1016/j.ejbas.2016.11.002
https://doi.org/10.1007/s10800-014-0763-2
https://doi.org/10.1103/PhysRevLett.97.187401
https://doi.org/10.1103/PhysRevLett.97.187401
http://refhub.elsevier.com/S1878-5352(20)30335-X/h0075
http://refhub.elsevier.com/S1878-5352(20)30335-X/h0075
http://refhub.elsevier.com/S1878-5352(20)30335-X/h0075
https://doi.org/10.1109/MEI.2004.1266362
https://doi.org/10.1007/s40090-018-0156-1
https://doi.org/10.1007/s40090-018-0156-1
https://doi.org/10.1039/C5RA24212F
https://doi.org/10.1039/C5RA24212F
https://doi.org/10.1016/j.jcis.2017.04.035
https://doi.org/10.1016/j.jcis.2017.04.035
https://doi.org/10.1016/j.carbon.2018.01.018
https://doi.org/10.1016/j.carbon.2018.01.018
https://doi.org/10.15625/2525-2518/55/1B/12118
https://doi.org/10.15625/2525-2518/55/1B/12118
http://refhub.elsevier.com/S1878-5352(20)30335-X/opttqkADzjTvr
http://refhub.elsevier.com/S1878-5352(20)30335-X/opttqkADzjTvr
https://doi.org/10.1016/j.seppur.2013.03.005
https://doi.org/10.1016/j.seppur.2013.03.005
http://refhub.elsevier.com/S1878-5352(20)30335-X/h0120
http://refhub.elsevier.com/S1878-5352(20)30335-X/h0120
http://refhub.elsevier.com/S1878-5352(20)30335-X/h0120
https://doi.org/10.1016/j.jcis.2016.12.027
https://doi.org/10.1016/j.jcis.2016.12.027
https://doi.org/10.1038/srep19491
https://doi.org/10.1002/ejic.201403172
https://doi.org/10.1016/j.jcis.2012.03.060
https://doi.org/10.1007/s10853-018-2605-9


7808 T.T. Vu et al.
distribution transformer. Energies 12, 1665. https://doi.org/

10.3390/en12091665.

Lonkar, S.P., Pillai, V., Abdala, A., Mittal, V., 2016. In situ formed

graphene/ZnO nanostructured composites for low temperature

hydrogen sulfide removal from natural gas. RSC Adv. 6 (84),

81142–81150. https://doi.org/10.1039/C6RA08763A.
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