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Abstract. The synthesis of cobalt–nickel mixed oxides with different ratios of Ni/Co was carried out by coprecipitation method and used as a photocatalyst in the removal of dibenzothiophene (DBT) from a gasoline
model under visible light. The structure of the synthesized samples was analyzed by the XRD, FTIR, BET
and EDX spectrum. Also, the morphology of the mixed oxides was investigated with SEM images. It was
found that the particle size is in the range of 15–30 nm, and the shape of the particles was almost spherical
and distinctly separate. The mixed oxides exhibited promising photocatalytic activity to remove dibenzothiophene under visible light. The process was optimized by the one-factor at a time method. The effects of
different factors such as the type of photocatalyst, dibenzothiophene concentration, temperature and time on
the dibenzothiophene removal process were investigated and the optimal conditions resulted in the DBT
concentration of 150 ppm catalyzed by 0.2 Co–Ni (1:1) photocatalyst at 50 °C for 3 h. The results indicated
that DBT was degraded to SO2 gas and Biphenyl during the photocatalytic desulfurization.
Keywords. Desulfurization; Ni–Co mixed oxide; Gasoline model; Co-precipitation; Dibenzothiophene.

1. Introduction
The presence of sulfur-containing compounds in fossil
fuels can produce toxic sulfur oxides when the fuels
are burned in engines. After the combustion of these
fuels, the production of oxidized gases hurt the environment.1 Mercaptans as a type of sulfur compounds
are undesirable due to unpleasant smells and corrosive
properties.2 Desulfurization of fuel is very important
because a clean environment has become a major
challenge in today’s world. To achieve this goal, the
allowed global sulfur content is less than 15 ppm.3
Hydrodesulfurization (HDS) is a high removal efficiency method in thiol groups, sulfides and mercaptans
in fuels in industrial scale.4 However, this method has
not been very effective in removing dibenzothiophene
and its derivatives due to the spatial inhibition of these
compounds.5,6 The technology requires high temperatures, high pressure and high hydrogen consumption.

*For correspondence

Therefore, the HDS process has a high cost and is not
suitable for the removal of sulfur.7,8
Photocatalytic desulfurization is a promising
method for desulfurization of fuels. Despite HDS, this
method is carried out under very mild conditions at
room temperature and under atmospheric pressure.
Some papers about the photocatalytic degradation of
sulfur compounds from oil derivatives have been
published.9,10 One of the compounds that could exhibit
photocatalytic activity but is less studied is layered
double hydroxides. General chemical formula of LDH
3?
x?
is [M2?
(An-)x/n .m H2O. In this for1-x Mx (OH)2 ]
2 ?
mula, M
is divalent cation like Fe2?, Mg2?, Ni2?,
Cu2?, and M3? is trivalent cation like Al3?, Cr3?,
Ga3? and, etc.10–14
This project has been aimed to develop and to
evaluate Ni/Co (1:X = 1, 2, 3) nano mixed oxides as
photocatalyst for reducing the aromatic sulfur content in gasoline such as dibenzothiophene and
improving the quality of gasoline model. The samples have a photocatalytic character and are active in
the visible light region. The photocatalysts were
synthesized for the first time in the laboratory and
showed high activity at a low temperature and
reaction time.
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Figure 1. FT-IR spectrum of Ni–Co LDH (1:1) nano-photocatalyst.

2. Experimental
2.1 Materials
Cobalt nitrate (Co (NO3)26H2O, 99%), nickel nitrate
(Ni (NO3)26H2O, 99%), (Na2CO3, 99%), (NaOH,
99%), toluene, (Dibenzothiophene, 99%) and (n-Heptane, 99%) were purchased from Merck company.

2.2 Synthesis of Ni–Co nano photocatalysts
Ni (NO3)26H2O and Co (NO3)26H2O with the Ni/Co
mole ratios of 1:1, 1:2, 1:3 were dissolved in 100 mL
of deionized water. To prepare the photocatalyst, one
gram sodium hydroxide and one gram sodium carbonate were dissolved in distilled water and the volume of the solution was adjusted in 100 mL by adding
distilled water. The beaker containing the solution of
nickel nitrate and cobalt nitrate was placed on a
magnetic stirrer, and then sodium hydroxide and
sodium carbonate solutions were added drop by drop
to get pH of 9–10. In the next step, the resulted LDHs
were dried using a vacuum pump and dried in the
oven. Finally, to get mixed oxide, the LDHs containing orange colours were calcined in a furnace at
300 °C for 4 h, the grey coloured mixed oxides as
photocatalysts were prepared.

2.3 Characterization
The FTIR spectra of the sample were in the range
400–4000 cm-1 using a spectrometer (model WQF-

510, Thermo Nicolet Nexus 670 USA). The crystal
phase and structure of photocatalysts were recorded
by X-ray diffractometer (model PHILIPS PW1730)
with monochromatized Cu-Ka radiation (k =
1.5406 Å). The optical absorption spectrum of DBT
was measured using UV–Vis spectroscopy (PG-Instrument T80). The particle size and morphology of
the samples were determined by scanning electron
microscopy (model TESCAN MIRA II). The
structural analysis and chemical properties of
samples were used by EDX spectrum. The optical
properties of the samples were determined by DRS
spectrum (Sinco S4100, Korea). BET surface area
characterization was carried out by BELSORPMINIII (Japan).
2.4 Photocatalytic test of DBT degradation
The gasoline model was made by pouring a certain
amount of dibenzothiophene in n-heptane solution. In
all gasoline models, 0.2 mL toluene was added as a
model of aromatics compounds in the gasoline model,
like n-heptane or n-octane.3,11 Before photocatalytic
tests, the adsorption tests in dark media and photolysis
tests (without photocatalyst) were examined and no
considerable DBT removal was seen (below 5%). A
certain amount of the photocatalyst in a quartz reactor
containing gasoline model was kept under visible light
(300 W tungsten lamps) at different temperatures on a
magnetic stirrer at different times. After the completion of the reaction time, a sample of gasoline model
was taken and the adsorption of the gasoline model
was determined using the UV–Vis spectrophotometer
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and compared with the initial adsorption. The experimental tests were carried out by considering different
parameters such as photocatalyst, temperature, time
and concentration of dibenzothiophene. The optimal
conditions were determined by one factor at a time
method, which will be presented in Sect. 3.10. The
degradation of DBT was calculated according to the
initial and final concentration of DBT in the solution
as follows (Eq. 1):
X ¼

C0  C
 100
C0

ð1Þ

where X is the percentage of DBT degradation, C0 and
C (mg L-1) stand for the initial and final concentration
of DBT, respectively.
3. Results and Discussion
3.1 FT-IR analysis
The FTIR spectra of the LDH nanoparticles (before
calcination) in the range 400–4000 cm-1 are shown in
Figure 1. The two absorption peaks of 465 cm-1 and
552 cm-1 are stretching vibrations between the Co–O
and Ni–O bond in the LDH structure.12 The band at
1374 cm-1 is attributed to the symmetric stretching
band of NO-3 interlayer in the LDH.13 The broad
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absorption band at about 3429 cm-1 is stretching
vibration of hydroxyl groups in H2O.14 So, the combination of these proofs proved the formation of the
Ni–Co layered double hydroxide. The FTIR spectra of
Ni–Co (1:2) and Ni–Co (1:3) was similar to the spectra
of Ni–Co (1:1) LDH, just the intensity of some bands
somewhat differed. During the calcination, the intensity of the band of NO-3 interlayer (1374 cm-1)
reduced and most of LDHs turned to mixed oxides.
During this process, the sample colour changed from
orange to grey.
3.2 XRD analysis
The XRD patterns of Ni–Co LDHs nanoparticles with
different ratio of Ni/Co are shown in Figure 2. The
X-ray diffraction patterns of the nanoparticles show
that the peaks located around 10, 19, 33.4 and 60
degrees are the major peaks of nickel-cobalt double
layered hydroxide structure, which are related to
Miller plates of (0 0 3), (0 0 6), (1 0 1), (1 1 0),
respectively.15 However, in the case of Ni–Co (1:1)
and Ni–Co (1:2) LDHs the 003 and 006 lines have
been disappeared which are attributed to the calcination of the samples at 300 °C. Some of the LDHs are
not stable above 250 °C and are barely visible in XRD
patterns.

Figure 2. XRD patterns of Ni–Co LDH nano photocatalyst with proportions. (a) (1:1), (b) (1:2) and (c) (1:3).
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Figure 3. (a) SEM images of Ni–Co (1:1) nano-photocatalyst and related histogram, (b) SEM images of Ni–Co
(1:2) nano-photocatalyst and histogram, (c) SEM images of
Ni–Co (1:3) nano-photocatalyst and histogram.
Figure 3. continued

3.3 SEM analysis
The morphology and particle size of the synthesized mixed oxides were obtained using SEM
imaging. Figure 3a shows the structure of Ni–Co
(1:1) sample, which was synthesized by co-precipitation method. This image indicates that the
nanoparticles are in small size and less than
30 nm. The morphology of the samples is almost
spherical and distinct particles. Also, it can be
seen from the images that the photocatalyst with a
ratio of (1:1) particles is more uniformly dispersed. The SEM images of Ni–Co (1:2) and Ni–
Co (1:3) are shown in Figure 3b and c,

respectively. The particle size distribution of the
photocatalysts were determined using ImageJ
software and the related histograms were presented below the images. The particles of Ni–Co
(1:1) sample are the smallest among them.
3.4 BET surface area
The specific surface of a photocatalyst is usually an
important factor for photocatalytic activity. The surface and pore volume of the photocatalysts are shown
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the mixed oxides. Also, using this technique, we
can determine the weight and atomic percentage
of the components. The ratio of the components in
Ni–Co mixed oxide with nomia ratio 1:1 is shown
in Table 2. These results indicated that the photocatalyst with Ni–Co ratio (1:1) was correctly
synthesized.

3.6 DRS analysis of Ni–Co photocatalysts
By measuring DRS, optical properties of powder
materials can be evaluated and we got the bandgap
of the photocatalysts, which is calculated according to the following formula (Eq. 2). The bandgap
is the difference in energy between the lower limit
of the conduction band and the upper limit of the
capacity bar. This energy is the energy necessary
to release an electron located on the outer electron
layer.
E¼

Figure 3. continued

in Table 1. It is observed that the Ni–Co (1:1) has the
highest surface area (128.14 m2 g-1) as well as the
largest pore volume.
3.5 EDX analysis
The EDX technique is an analytical method used
for structural analysis or chemical characterization
of a sample. Using this image, we specify the type
of atoms in the sample. Each of the peaks shown
in this graph is dedicated to a particular atom. A
higher peak means more concentration of the
element in the sample. As seen in Figure 4, the
cobalt, nickel and oxygen elements are present in

hc
k

ð2Þ

In this relation E is the gap band, h is the Planck
constant with the value of 6.626 9 10-34 J s. C is
the light speed of 3 9 108 m/s, k is the cutoff point
between the wavelength and the absorption in the
desired spectrum. The results of Uv–vis DRS of the
photocatalysts are shown in Figure 5. Through this
test, we found that the sample is active under the
light. Samples that are active under light have a gap
band. According to this equation, the photocatalyst
bandgap gained 2.58 eV. With respect to this photocatalyst, there is a difference in energy 2.5 eV
between the capacity bar and the conduction band,
and it can exhibit photocatalytic activity by
absorbing radiation.10 The bandgap of Ni–Co (1:2)
and Ni–Co (1:3) LDH was determined 2.73 and 2.82
eV, respectively.
3.7 Results of the photocatalytic tests
In this study, Ni–Co LDH nano photocatalysts
were synthesized with different ratios i.e., (1:1,
1:2, 1:3) and all of these photocatalysts responded
to the removal of dibenzothiophene, but Ni–Co
(1:1) oxide exhibited the highest photocatalytic
activity than others in the same conditions. The
results for testing these photocatalysts are given in
the following sections. The higher activity of Ni–
Co (1:1) oxide is attributed to its higher surface
area, smaller particle size and lower bandgap. On
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Table 1. BET surface area of the photocatalysts
Entry

Photocatalyst

BET surface area (m2 g-1)

Pore vol. (cm3 g-1)

1
2
3

Ni–Co (1:1)
Ni–Co (1:2)
Ni–Co (1:3)

128.14
125.68
121.83

0.28
0.27
0.259

the other hand, XRD results indicated that Ni–Co
(1:1) and Ni–Co (1:2) sample comprised of a
mixed oxide, whereas Ni–Co (1:3) is mixed of
LDH and mixed oxide. The pure mixed oxide
exhibit higher photocatalytic activity than a mixture of LDH/oxide.

Table 2. Elemental analysis of the photocatalyst according to EDX analysis of the sample
Element
O
Co
Ni
Total

Weight%

Atomic%

40.86
32.98
26.17
100.00

71.75
15.72
12.52
100.00

3.8 Determine maximum absorption spectrum
of dibenzothiophene and evaluate the calibration
graph
To determine the maximum wavelength (kmax) of
dibenzothiophene, the UV–Vis absorbance spectrum
of dibenzothiophene solution (150 ppm) was plotted at
the wavelength range of 340–300 nm. The stirring
speed at all tests was fixed on 200 rpm. Two peaks
were found for DBT in this region, which appeared at
312 and 325 nm. The adsorption of DBT in the solutions was recorded at 325 nm. The calibration graph
was plotted in the concentrations of 6.25–200 ppm as
is observed in Figure 6. The graph is linear and follows the Beer–Lambert law.

3.9 The mechanism of DBT removal using LDHs
under visible light
Our findings of the photocatalytic desulfurization
mechanism using Ni–Co LDH/oxide showed that there
was no sulfur content in the medium after the photocatalytic reaction, indicating that sulfur was released
as SO2 gas and only Biphenyl is found in the gasoline
model.9–11 On the other hand, analysis of the photocatalyst after the photocatalytic reaction by FT-IR
showed that no sulfur-containing group was found in
this photocatalyst structure. This means no DBT or

Figure 4. EDX image of Co–Ni LDH nano photocatalyst (1:1).
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other sulfur-containing compounds adsorbed to photocatalyst. On the other hand, the DBT was decreasing
from the gasoline model gradually during the photocatalytic reaction. These proofs promote the exit of
sulfur from the solution to the gas phase, which is in
agreement with literature.9–11 Figure 7 shows the
mechanism of degradation of dibenzothiophene using
Ni–Co LDH photocatalysts. At the outset, dibenzothiophene is converted into sulfone dibenzothiophene.
Then, in the presence of hydroxyl radicals and visible
light radiation, an intermediate of biradical is created.
Further, with more visible light irradiation and in the
presence of hydrogen intermediate (the hydrogen
intermediate is formed by using hydroxyl groups on
the surface), it is converted to Biphenyl and SO2 gas.
3.10 Experimental design and optimization
for the dibenzothiophene removal process
Different experiments were designed to obtain optimal
conditions. These experiments were performed
experimentally to investigate the effect of various
parameters on the sulfurization process of the gasoline
model. After several initial tests, the variables that had
the most effect on the desulfurization process were
identified. Based on this, four variables including
photocatalyst dosage, dibenzothiophene concentration,
reaction temperature, and exposure time were investigated. The effect of each factor is explained in the

Page 7 of 11
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following sections. The stirring speed and other variables kept the same for all tests.
3.10a Effect of irradiation time on desulfurization
of dibenzothiophene: Time has a significant effect on
photocatalyst absorption. Figure 8 shows the effect of
time on dibenzothiophene removal by the Ni–Co LDH
photocatalysts. The rapid absorption occurs in the first
hour and equilibrium takes about three hours. Fast
absorption may be due to the abundance of active sites
in the nano photocatalyst, while gradual occupancy of
active sites reduces absorption efficiency. We
understood the percentage of dibenzothiophene
molecule removal is proportional to the contact time
that reaches the equilibrium and then this process is
independent of time. Regarding the high efficiency of
the photocatalyst in the removal of the DBT molecule,
it was concluded that the active sites of this nano
photocatalyst have a high potential for accepting and
modifying
the
dibenzothiophene
molecules.
According to the Figure 9, with the increase in
exposure time, the removal of DBT reaches the
maximum, which is due to the effect of light on
breaking the bond and creating free radicals.
3.10b Effect of photocatalyst dosage on the
desulfurization efficiency: Figure 9 shows the effect
of the photocatalyst on the desulfurization of DBT.
According to this chart, an increase in photocatalyst
amount can maximize sulfur removal. Of course, for
the photocatalyst dosage above 0.2 g, it resulted in a
decrease in DBT removal percentage. So, this value is
selected as an optimum value for photocatalyst dosage.
Higher dosage of photocatalyst could prevent light
access to photocatalyst holes and the photocatalytic
activity decreased. As mentioned in the literature, the
hole and hydroxyl radical as reactive species in the
mechanism proposed in Figure 7 and literature2,10,11

1.4
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0.8
0.6

y = 0.0051x + 0.1206
R² = 0.9788

0.4
0.2
0
0
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Figure 5. Uv–Vis DRS spectra of Ni–Co (1:1) (a); Ni–Co
(1:2) (b) and Ni–Co (1:3) (c).

Figure 6. Calibration diagram of dibenzothiophene.
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play key roles in the photocatalytic desulfurization
process.
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Figure 8. The diagram illustrates the effect of light
exposure time on DBT removal.

DBT removal %

3.10c Effect
of
reaction
temperature
on
desulfurization percentage: Figure 10 shows the
effect of the reaction temperature on desulfurization.
According to this diagram, increasing the temperature
of the reactor increased the desulfurization rate, as the
rise in reactor temperature increases the activation
energy and facilitates the degradation process of DBT.
But the reaction temperature had an optimum value
(50 °C) and above it, the desulfurization efficiency
decreased. Accordingly, the reason for the decrease in
desulfurization remains unidentified as the reaction
temperature increased from 50 °C so on. The only
reason that we could find in the literature to justify
these results, is that an exothermic and equilibrium
reaction in elementary steps have an effect on the
overall reaction rate. It is assumed that the increase in
the temperature decreased not only the equilibrium
constant of DBT adsorption on the photocatalyst but
also the maximum adsorption capacity DBT. The
adsorption capacity corresponds to the number of DBT
adsorption sites, which is assumed to be the total
number of active sites. The decrease of active sites and
adsorption constant leads to the decline of the overall
reaction rate. Our conclusion is in agreement with
some related studies in the literature.16

DBT removal %
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Figure 9. The diagram for the effect of the photocatalyst
dosage on DBT removal.

Figure 7. General mechanism of DBT photocatalysis over Ni–Co LDH/oxide under visible light.
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100

desulfurization efficiency. According to this diagram,
the desulfurization of DBT increases, but ultimately
decreases. The optimum concentration for maximum
photocatalyst efficiency was 150 ppm.
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3.11 The activity of the photocatalysts
in desulfurization of DBT
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Figure 10. The diagram illustrates the effect of the
reaction temperature on sulfur removal.
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In this study, Ni–Co nano photocatalysts were synthesized with different ratios (1:1, 1:2, 1:3), and all of
these photocatalysts responded to the removal of dibenzothiophene, but the photocatalyst with a ratio of
(1:1) exhibited the highest activity. Other photocatalysts also exhibited relatively high activity in the same
conditions. The results of the investigation are given in
Figure 12. The high activity of Ni–Co (1:1) mixed
oxide is attributed to the relatively high surface area,
small particle size, and lower bandgap.

3.12 Recycling of the nano photocatalyst
100

125

150

175

200

225

DBT concentration (ppm)

Figure 11. The effect of the dibenzothiophene concentration on desulfurization percentage.

3.10d Effect of dibenzothiophene concentration
on desulfurization percentage: Figure 11 shows the
effect of dibenzothiophene concentration on

One of the advantages of heterogeneous catalysts is its
easy separation from the reaction mixture and their
reuse in catalytic systems. After reacting and finishing
the reaction time, the catalyst was separated from the
reaction medium by centrifugation and then washed
with distilled water and ethanol dried at an oven at
60 °C. The recycled photocatalyst was used again in
the reaction. The activity of the photocatalysts did not
change significantly and the photocatalytic activity
continued to be maintained. The results of these
experiments are shown in Figure 13.

Figure 12. The result of the initial test of Ni–Co (1:1, 1:2, 1:3) nano-photocatalyst in desulfurization of DBT.
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Figure 13. Characterization of catalytic activity and the ability to retrieve Ni–Co (1:1) nano-photocatalyst.

4. Conclusions
The photocatalytic desulfurization of gasoline model
was investigated using Ni–Co mixed oxides with different ratios of 1:1, 1:2, and 1:3. These photocatalysts
were synthesized by co-precipitation method without
the need for hard conditions such as high temperature
and high pressure as well as inaccessible devices.
Structure and morphology of synthesized photocatalysts were investigated using XRD, FT-IR, BET, UV–
Vis DRS and SEM techniques. The results of the
scanning electron microscope (SEM) analysis indicate
that the formation of the layered structure of synthetic
double layer hydroxides and the uniform distribution
of particle size in a nanometer range. From the photocatalysts under constant experimental conditions, the
Ni–Co (1:1) photocatalyst showed the highest activity
in the elimination of dibenzothiophene because of low
bandgap, smaller particle size and relatively higher
surface area. This nano-photocatalyst showed good
advantage against other photocatalysts such as no need
to oxidize and active factors at concentrations below
200 ppm. The Ni–Co mixed oxides are easily synthesized and are mostly cheap with high photocatalytic
activity in desulfurization, so they can be used
extensively in desulfurization processes. The effect of
different factors, such as dosage photocatalyst, temperature and time on the desulfurization processes
showed that increasing the amount of photocatalyst by
providing enough space would increase the removal of
DBT. It should be noted that the dosage of photocatalyst should be proportional to the concentration of
dibenzothiophene to provide the best conditions for
removal of dibenzothiophene. The increased time of
visible light exposure provides enough opportunity to

create free radicals in the environment. The optimal
conditions for desulfurization include reaction temperature of 50 °C, photocatalyst dosage 0.2 g, DBT
concentration of 150 ppm dibenzothiophene for 3 h.
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