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ABSTRACT

In this study, few-layer graphene (FLG) has been applied for oily wastewater treatment. Seven types
of oils, including engine oil, olive oil, sesame oil, corn oil, castor oil, and two types of cooking edible
oil, Oila and Aftab brands, have been examined. 0.1 g of a few-layer graphene adsorbent has been
used. The results show that it can absorb 5 mL engine oil with 99% removal efficiency, castor oil to
98%, Oila and Aftab to 97%, olive oil to 96%, corn oil, and sesame 0il to 93%. The adsorption capacity
for these seven types with more than 95% removal efficiency is 25 to 43 g/g. The increasing oil/water
ratio can cause decreasing removal efficiency for sesame oil, corn oil, Oila, and Aftab. Generally, it
indicates that removal efficiency depends on oil type and oil/water ratio. Also, the FLG can remove
real oils from oily wastewater at less than 120 s in a FLG filter column. Indeed FLG as a proper light
absorbent can decrease the wastewater total dissolved solid from 520 to 25 ppm. Also, the hybrid
of adsorption and light absorption ability of FLG can use effectively in wastewater treatment.
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1. Introduction

The water crisis and water shortage has become a signif-
icant problem in arid regions, such as Middle East [1]. It has
been estimated that 70% of the world population will face
water shortage issues by 2025 [2]. Indeed, water pollution
as a dangerous threat to the ecosystem has become a grow-
ing concern [3]. Also, increasing water demand for human
life, such as industrial and public uses, requires more water.
One of the essential supply methods is water recycling or
wastewater treatment. Generally, all water sources need a
proper treatment process. On the other hand, rapid eco-
nomic growth directly depends on global oil consumption.
QOil is a raw material source for thousands of substances and
also is the most indispensable energy source. Nowadays,
100 million tons of oil-based products produce in the world
annually. Therefore, oil pollution has become one serious
concern [4]. Oil pollution impact and environmental toxicity
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have been increased in the past few years [5]. Oil and its
products can significantly pollute the waters of oceans, seas,
and groundwater. Wherever oil and petroleum products are
produced, transported, and stored, there is a risk of spill-
age and contamination of the environment. It has been esti-
mated that between 2000 and 2011, about 224,000 tons of
oil have been released into the marine environment. One of
the main sources of water pollution is the crude oil spill.
QOil spill over the oceans and seas requires prompt attention
due to their environmental and economic impacts. Spilled
oil has an undesirable odor and causes severe water pollu-
tion and environmental damages. The spilled oil eventually
enters toxic components into the human food chains and
affects our health. Therefore, spilled oil causes enormous
environmental problems unless removed as quickly as
possible [6]. Therefore, one of the most essential environ-
mental issues is oily wastewater, especially in the Middle
East region due to large oil fields and crude oil resources
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[7]. The oily wastewater pollution affects groundwater
resources, oceans, and soil. Oily wastewater pollution affects
crop production and human health via drinking water [8].
Therefore, oily wastewater treatment techniques are so
important issues, especially for oil processing companies,
petrochemical companies, pharmaceutical, and food indus-
tries [9]. These industries are the most productive source of
oily wastewater. Moreover, oil tanker or petroleum tanker
always has the risk of an oil spill because these tankers have
been designed for bulk transport of crude oil or its prod-
uct on the oceans. However, oil-rich countries and all other
countries encounter oily wastewater treatment every day.
Also, the removal of spilled oil into the water structure has
become a global problem. The other challenge is time that is
almost so important factor. In the last years, more attention
has been focused on the treatment techniques for oily waste-
water [9]. These problems must be explored and resolved by
researchers by low-cost, and high efficient approaches [2].
The main methods for controlling oil leakage are oil adsor-
bents, in-situ combustions, chemical flocculants, and micro-
biological degradation. Oil adsorbent is the most effective
and efficient method on a large scale. Generally, other tech-
niques have some side effects and disadvantages, such as
wasting large amounts of resources at the in-situ combus-
tion method, long process time at the microbiological deg-
radation method, and secondary pollution in the chemical
dispersions method [10]. It is possible to open new paths for
oily wastewater treatment with the technology innovation
and new adsorbent materials such as graphene, few-layer
graphene (FLG), and multi-layer graphene, new carbon
nanostructures, etc. [11-13]. One of the efficient methods
for the removal and absorption of oil pollutants is carbon
nanostructures while the water adsorption will not occur.
The exotic physical properties of graphene and graphene
oxide have led to intense research activities [14-16].
The new generation of materials such as few-layer graphene
and exfoliated graphite are good choices, especially for oily
wastewater treatment. Therefore, many researchers have
been worked on water treatment, and oily wastewater by
FLG, and graphene based materials [17-22]. For example, a
cellulose-based oil adsorbent has been developed, and the
capability of the product to absorb engine oil, kerosene, and
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xylene has been studied. This adsorbent had an excellent
performance with high absorbing ability of 16-28 times its
weight [10]. In the present work, few-layer graphene (FLG)
has been synthesized, and used as oil adsorbent mate-
rial. The quality and quantity of oil adsorption process by
FLG are significant factors for oily wastewater treatment.
Some research aspects of FLG adsorbent, such as removal
efficiency, adsorption ability, and oil adsorption capacity
for various types of oils, should be investigate by this oil
adsorbent candidate. Indeed, the FLG capability as hybrid
wastewater treatment tool can investigate as adsorbent
of oil pollution from water and light absorption in water
evaporation purification method.

2. Materials and methods

In this study, FLG has been synthesized by chemical
exfoliation of graphite flakes in microwave oven, and then
it has been used as the adsorbent. Several oils, including
engine oil, olive oil, sesame oil, corn oil, castor oil, and two
types of cooking edible oil, Oila and Aftab brands, have
been used as water pollutants. These seven types of oil have
been shown in Fig. 1. The density of oil pollutants accord-
ing to the relation p = m (g)/V (cm® has been reported in
Table 1.

This study evaluates the removal of some oil pollutants
from water using few-layer graphene and residual exfoliated

Table 1
Density of oils that have been used as water pollutants in this
research

Oil pollutant m (g) V (cm?) p (g/cm?®)
Engine oil 4.378 0.875
Olive oil 4.631 0.926
Sesame oil 4.403 0.880
Corn oil 4.721 5 0.944
Oila 4.741 0.948
Castor oil 4.339 0.867
Aftab 4.494 0.898

_Aftab

B Castor oil

Fig. 1. Seven types of oils as pollutants in oily wastewater have different colors.
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graphite. The characterization methods such as micro-Ra-
man and Fourier-transform infrared spectroscopy (FTIR),
field-emission scanning electron microscopy (FESEM),
X-ray diffraction (XRD), energy-dispersive X-ray spec-
troscopy (EDX), and Brunauer-Emmett-Teller (BET)
analysis have been applied for evaluating the fabricated
FLG. Also, UV-Vis spectroscopy has been used for oils
characterization and oil adsorption ability.

The morphological properties of FLG have been char-
acterized using the scanning electron microscope (SEM),
Tescan VEGA3 model, and FESEM, Tescan Mira 3 model.
Raman spectroscopy is one of the best methods to char-
acterize various types of multi-layer graphene, few-layer
graphene, and finally, single-layer graphene com-
pared to graphite [23,24]. The FLG properties have been
investigated by TakRam N1-541 laser micro-Raman spec-
troscopy using Nd:YAG laser in its second harmonic
generation at 532 nm wavelength. FTIR has been applied
using the Bruker, EQUINOX55 by mixing KBr in the tablet
shape. FTIR spectroscopy can detect the vibrational modes
of the structure. XRD analysis from graphite powder and
FLG powder has been done by the Bruker D8 ADVANCE
model and Cu anode with 1.54 A as X-ray wavelength.
The BET has been taken by BELSORP MINI II model for
determination of surface area and pore size analysis. In
the experimental section, seven types of oily wastewater
have been fabricated in our laboratory. The oily wastewa-
ter treatment test is performed by mixing 1, 3, 5 mL oil,
and 20 mL of water. Oils as contaminants are poured into
a cylinder with the ratios 1:20, 3:20, and 5:20 of oil:water.
These emulsions have been mixed with a magnetic stirrer
and ultrasonic bath thoroughly. After that, removals of oils
by adding 0.1 g FLG powder to oil-water emulsion have
been investigated. The FLG adsorbent powder has been
added to oils/water emulsion. After 10 min, it has been fil-
tered using a sieve. The volumes of water and oil contam-
inant mixture have been recorded before separation. For
example, Oila and engine oil on the water can be seen in
Fig. 2a and b, respectively. The next step is adding 0.1 g
FLG to the emulsion, as shown in the middle columns in
Fig. 2a and b. In the final stage, the oily FLG as a black bulk
material has been removed by a 325 stainless steel mesh

sieve. Therefore, transparent residual water has shown in
the third columns of Fig. 2a and b. FLG and oil contami-
nant as a bulk mass can be seen in Fig. 2¢, and it has been
separated easily.

Finally, two methods, including pads and cylindrical
tubes, have been used in this research to find the better
FLG adsorbent separation route from residual water. The
pad had a 1.5 cm x 3 cm rectangular shape from polypro-
pylene, as schematically shown in Fig. 3a. In the other sep-
aration method, the FLG cylindrical tube filter has been
shown in Fig. 3b. Its dimension was about 1 cm in diameter
and 25 cm in height. Fig. 3c shows a schematic design for
oil adsorption on FLG. Both methods had similar results
without significant differences in the adsorption capac-
ity but the cylindrical tube is faster in time. The adsorp-
tion ability of studied oils depends on the physical bonds
between FLG and surface groups of oil molecules as shown
in Fig. 3c. The polar strength of oil chemical groups and
number of these surface groups in the molecule are high
effective in the oil adsorption ability. Also the adsorption
ability of oils could be depended on the length of molecule
chain. The longer chain molecule can make more physical
bonds on the surface of FLG and results in higher adsorp-
tion ability. Also, the oil removal from water is due to its
lipophilic and hydrophobic properties, so the FLG cannot
absorb water from the oily wastewater.

3. Results and discussion
3.1. FLG characterization

The scanning electron microscope (SEM) and FESEM
characterization results of exfoliated graphite and few-layer
graphene can be seen in Fig. 4a-d, respectively. The pow-
ders sample has a stacked layer structure, such as few-layer
and multi-layer graphene. The single layer or few-layer
graphene is so hard to detect directly by FESEM or SEM
analysis. Therefore, the exfoliated graphite before expand-
ing has been analyzed. However, it seems the average
thickness of layers is less than 20 nm in exfoliated graphite.

Table 2 shows the EDX quantitative result of FLG.
It shows the atomic percent of the FLG is about 96% carbon

Fig. 2. The left hand pictures correspond to Oila and engine oil in water in (a) and (b), respectively. The next step is adding 0.1 g
FLG to the emulsion, as shown in middle columns. In the final stage that separation has occurred, transparent residual water
has shown in the third columns. (c) The FLG and oil contaminant as a bulk mass can be seen, and it has been separated easily.
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Fig. 4. SEM and FESEM images of (a, b) exfoliated graphite and (c, d) FLG.

and there is 3.63% oxygen in the sample due to oxygen Also, the graphitic band (G-band) has a sharp peak at
adsorb on the surface or even graphene oxide phase in  around 1,570 cm™ in the Raman shift position. The main
the samples. features in the Raman spectrum of graphite-based carbon

Fig. 5 indicates the micro-Raman spectra of FLG pow-  structures are the presence of G and D bands and the second-
der. The I /I, peak intensity ratio is about 0.6, and the order or 2D peak. The position, relative intensity, displace-
disordered band (D-band) is weak. ment of the peak location, and FWHM of these three bands
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can be different in carbon-based materials. The G-band or
graphitic band at around 1,580 cm™ corresponds to the ten-
sile vibrations of carbon atoms in a plane [25]. In other words,
the presence of this band with high intensity indicates regu-
lar graphite plates and regular single crystal graphite crystal
lattice. Therefore this band becomes more intense by increas-
ing the number of carbon atoms in different layers that con-
tribute to the vibration state. However, its severity, shape,
and position are sensitive to any intentional and unwanted

Table 2
EDX quantitative results of FLG

Elt W% A%
C 94.15 95.91
O 4.74 3.63
Na 0.45 0.24
S 0.25 0.10
Cl 0.16 0.06
Ca 0.25 0.07
100 100
—FLG
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Fig. 5. Micro-Raman spectra of FLG.
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impurities. The position and presence of the D-band or dis-
ordered band indicate the presence of crystal defects in the
arrangement of atoms in the structure of graphite honey-
comb networks. The weak signal of the D-band shows that
the graphitic structure has no defects or even impurities.
However, the intensity and appearance of the D band also
depend on the laser excitation energy. Also, the D band is
the respiratory mode due to the hexagonal loops, and I /I
indicates the number of loops at the edge of the grain.

The intensity of the D band decreases due to a decrease
in the number of loops in the clusters. However, the 2D
band as a second vibrational mode of the D band occurs
around 2,700 cm™. Sometimes, the presence of the 2D band
is one of the main signs of graphene structure, and it is
the significant difference between graphite and graphene.
Therefore, the type of graphene is almost few-layer and
multi-layer graphene [26]. Also, the micro-Raman method
evaluation predicts that the average of layers is about six
layers [27]. Fig. 6 shows the XRD of few-layer graphene
in comparison with graphite. This pattern indicates that
the crystalline structure of FLG and graphite are the same
because of the same peak positions at about 26.54° and
44.5° for 20 [26,28]. The d-space is about 3.355 and 2.03 A,
respectively. The intensity ratio of FLG to graphite pow-
der is about 0.05. The layer number of FLG is so little in
comparison with graphite powder.

The surface area measurement of a powder is an essen-
tial factor that determines the porosity of nanomaterials.
BET is a technique that is generally used to determine the
porosity and surface area of microporous and mesoporous
materials. Microporous and mesoporous materials have
some features, such as pore-size distribution and the vol-
ume of pores [29]. The adsorption-desorption diagram for
FLG has been shown in Fig. 7a. The result of the BET mea-
surement for the FLG sample shows that the surface area is
9.35 m*/g. The Barrett-Joyner-Halenda (BJH) plot of FLG
shows the pore-size distribution of the sample in Fig. 7b.
The average pore size of this sample is measured 17.2 nm.

FTIR spectroscopy can give the molecular tendency
to attach to an adsorbent surface. FTIR characterization
of graphite and FLG has been shown in Fig. 8. There are
some small differences between them as shown in the figure.
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Fig. 6. XRD of graphite and FLG.
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Fig. 8. FTIR diagram for FLG and graphite.

In addition, the UV absorption FLG peak is a broad band
peak at about 228-230 nm, as shown in Fig. 9. This peak is
corresponding to m — m* transitions for the C double bonds
bonding. Also, the peak around 270-300 nm is attributed
to the n — m* transition of the carbonyl groups (C double
bond O) [30].

3.2. Oil characterization by UV-Vis spectroscopy

UV-Vis spectroscopy is the characterization method for
oil analysis and the aqueous solution is entirely transpar-
ent in this region. The linear relationship between optical
absorbance, A (or optical density, OD), and concentration
has been developed and called Beer-Lambert law equation.
The oil characterization by UV-Vis spectroscopy is a proper
and fast method [31,32]. For example, olive oil has many
fatty acids, such as stearic, linolenic, palmitic, oleic, and lin-
oleic. The UV-Vis is a helpful tool to detect the presence of
virgin olive oil in the olive oil. Virgin olive oils show emis-
sion at 673 nm due to the presence of chlorophyll, and it is
different from refined olive oil [33]. Lubricating oils are the
most valuable constituents of crude oil. Used lubricating
oils are by-products of oil used in vehicles and machinery.
They must be replaced regularly in all operating equipment

O.OV\—’\ f\-——’—'\/—

T 1 T T
200 300 400 500 600 700
Wavelength(nm)

Fig. 9. UV-Vis spectrum of FLG suspension in distilled water
shows a broadband peak at 229 nm.
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Fig. 10. One, three, and five milliliters (mL) oil as a pollutant
in 20 mL water. The first column is total emulsion volume, and
the other columns are related to the oil removed samples by
0.1 g FLG. The comparison shows that the FLG can effectively
remove oils from emulsion.
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has been shown in dash lines.
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due to the contamination of dirt, water, salt, metals, incom-
plete products of combustion, or other materials [34]. Also,
the other group of oils is edible oils such as sesame oil and
olive oil. Sesame oil is the oldest 0il seeds known to man, and
many factories produce several hundreds of cubic meters of
oily wastewater per day around the world. Their effluent is
so oily wastewater, and they have many problems for the
environment.

3.3. Oily wastewater treatment by FLG

The volumes of water and oil contaminant mixture
have been recorded before FLG adsorbent separation.
Then the volume of the emulsion after sieving has been
recorded, as shown in Fig. 10 for comparison purposes. The
figure shows three volumes of oil as pollutants in water
in the range of 1, 3, and 5 mL. The first column is total
emulsion volume, and the other columns are results after
oil removal by 0.1 g FLG.

The comparison shows that the FLG can effectively
remove oils from emulsions. The residual water in the three
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TYPE OF OIL

Fig. 12. Comparison removal efficiency of seven oil samples.

oil ranges is approximately constant. Also, it seems that the
higher amount of oil pollutant in the emulsion can cause
a small amount of water to be separated in water from
the water-oil mixture due to water trapped between the
adsorbed oil droplets on FLG. After that, UV-Vis spectros-
copy in the range of 200-1,100 nm has been taken. Also, the
oil concentration in water after the removal process can be
extracted based on the optical absorbance of UV-Vis spectra.
The results have been extracted using the maximum peaks in
the spectra, as shown in Fig. 11. Indeed, the following equa-
tion is used for the definition of oil removal efficiency [6]:

Removal Efficiency (%) = (COC_ €) r00- (AUI; A) 100 (1)

0 0

The spectrums show high-efficiency oil adsorption up
to a maximum of 99% removal efficiency. Fig. 12 shows the
efficiency of three samples, 1, 3, and 5 mL of oil volume in
a plot. It can be observed that the oil adsorptions ability
and efficiency depend on the type and composition of the
oil. The increasing oils contamination in water can cause
decreasing removal efficiency for sesame oil, corn oil, Oila,
and Aftab, while there are no changes for engine oil, castor
oil, and olive oil. The results show that the 0.1 g of FLG can
absorb 5 mL engine oil with about 99% removal efficiency,
castor oil to 98%, Oila and Aftab to 97%, olive oil to 96%,
corn oil, and sesame oil to 93%. The adsorption capacity
for these seven types of oils is between 25 to 28 g/g, with a
removal efficiency of more than 95%. Generally, the adsorp-
tion oil capacity of FLG is at least 43 g/g with more than
93% removal efficiency. The best efficiency is for 1, 3, and
5 mL, respectively. Therefore, the high removal efficiency
in oil adsorption up to about 99%, the short time, and very
fast adsorption in less than 10 min are good results. In addi-
tion, the high capacity from about 25 g/g to about 43 g/g oil
adsorption for various types of oils indicates that the FLG
is a proper candidate for various types and compositions
of oils. On the other hand, the price of this graphene-based
material is so lower price than the single-layer or two-layer
graphene. In the final step, a sample of real oily wastewa-
ter from the Sesame Factory has been prepared due to the

Fig. 13. (a) The photo shows the oily wastewater of the sesame oil production factory as a dirty yellowish color. After treatment
by FLG filter column (white plastic with a blue cap), the permeate water is colorless oil-free in a bottle. (b) Sesame dirty yellowish

color oily wastewater compares with colorless permeate water.
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Fig. 14. The oily wastewater of Sesame Factory in Yazd under
solar irradiation and FLG adsorption.

minimum removal efficiency of sesame oil. This oily waste-
water fed vertically into the FLG filter tube. The tube with
about 6 cm diameter and 15 cm height has been filled with
FLG powder. Influent oily wastewater emulsion fed into
it, and the effluent water immediately exits as transparent
water without oil and color, as shown in Fig. 13.

3.4. Sesame oily wastewater purification by FLG adsorption and
solar absorption capability of FLG

The real oily wastewater from the Sesame Factory
has been prepared again. This sample had the minimum
removal efficiency of sesame oil. Therefore, the combina-
tion water purification method has been applied. In this
approach, two sesame oily wastewater samples have been
prepared. The first one fills in the transparent PET dish
with a door cap. The FLG powder has been covered on the
top surface of wastewater in the second one. Both of them
have been located under solar irradiation for 5 h a day in
the same position in Yazd, Iran. Evaporated water results
have been collected and analyzed, as shown in Fig. 14. The
results show that FLG powder act as a good adsorbent from
oily wastewater and a good light absorber for accelerating
water evaporation. The second sample has been evaporated
completely, about 45 min earlier than the first one. In the
other word, the evaporation rate was about 15% more effi-
cient by FLG in the environment temperature (32°C-35°C).
Indeed, the total dissolved solid and EC decrease from
520 ppm and 845 uS/cm to about 25 ppm and 53 pS/cm.
Therefore, it seems, FLG can be a good candidate for this
hybrid water purification method.

4. Conclusions

Oily wastewater treatment by FLG has been evalu-
ated for some types of edible and industrial oils. The oil
removal from water is due to its lipophilic and hydropho-
bic properties, so the FLG cannot absorb water from the
oily wastewater. FLG adsorbent powder has been used, and
then UV-Vis spectra have been taken. The removal efficien-
cies were 93%-99% for seven types of oils in this research.
The results show that the 0.1 g of FLG can absorb 5 mL

engine oil with about 99% removal efficiency, castor oil to
98%, Oila, and Aftab to 97%, olive oil to 96%, corn oil, and
sesame oil to 93%. The adsorption capacity for these seven
types with more than 95% removal efficiency is between
25 to 43 g/g. Therefore the minimum adsorption capac-
ity is about 25 g/g for seven types of oils in this research
with more than 95% confidence interval removal efficiency.
The increase of oil contamination in water up to 5 mL can
cause decreasing removal efficiency for sesame oil, corn
oil, Oila, and Aftab, while there are no changes for engine
oil, castor oil, and olive oil. The FLG can remove various
oils, but removal efficiency depends on oil type and oil/
water ratio. It can be an efficient adsorbent that eliminates
oil from oily wastewater in less than 120 s in a FLG filter
column. In all seven samples, both quantity and quality for
oil removal are essential. Moreover, it seems that, there is
no relation between oil densities and removal efficiency.
Therefore, both the quality and quantity of adsorption
process by FLG are proper for oily wastewater treatment,
especially as a pretreatment stage in water purification
purposes. The oil adsorption ability to about 99% removal
efficiency, and very fast adsorption in less than a few min-
utes, besides the good capacity from about 25 g/g to about
43 g/g for various types of oils, indicates that the FLG is
a proper oil adsorbent candidate. Indeed FLG is a proper
light absorbance, and it can use as hybrid wastewater treat-
ment tool, adsorbent of oil pollution from water and light
absorption for water evaporation purification method.
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