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ABSTRACT

Desulfurization of petroleum derivatives is a topic of interest to
researchers because compounds containing sulfur are harmful in the oil
refining process and cause problems such as deactivation of catalysts and
corrosion in pipelines and refining equipment. In order to improve the
efficiency of desulfurization of dibenzothiophene, copper bismuth oxide/
reduced graphene oxide (Biy 3gCug 7011 ,69/rGO) nanocomposite
was synthesized by a simple sonochemical method for the first time.
The synthesized nanocomposite was identified by FESEM, FT-IR, XRD,
DRS, and EDS analyses. Based on XRD analysis, pure copper bismuth
oxide is formed using hydrazine, while using sodium hydroxide does
not lead to the desired product. FESEM images showed that the size of
Biz 3gCu( 6701169 particles decreases in the presence of rGO. The
desulfurization results showed that the presence of rGO causes a significant
increase in efficiency due to increased light absorption and reduced
recombination rate, so that Biy 3gCu( 6,011 69/rGO nanocomposite has
an efficiency of 87%, while pure Bi 3gCu() 6,011 g9 has an efficiency of
68%. Also, it was found that the purity of the copper bismuth oxide has a
great effect on the photocatalytic efficiency, so that by calcining the product
and removing the impurities, the efficiency increases from 55% to 68%.
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INTRODUCTION

Sulfur removal reduces corrosion of refinery
equipment such as pumps and pipes [1]. As a
result of burning, sulfur-containing compounds
turn into sulfur oxides and sulfates and cause
acid rains and ultimately harm the environment
[1, 2]. Also, sulfur-containing compounds cause
poisoning of catalysts during the refining process.
As a result, many efforts have been made in many
countries of the world to limit sulfur compounds
in fuel [1-4]. There are various methods for
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desulfurization, including biological, adsorption,
extraction, oxidation and hydrogen desulfurization
[3]. Meanwhile, photocatalytic  oxidative
desulfurization (PODS) is an advanced approach
in oxidative desulfurization due to its low energy
consumption, compatibility with the environment,
the ability to use sunlight, and low process cost.
In this method, a strong catalyst is used under the
influence of light to accelerate the oxidation of
sulfur compounds [4-8].

Agood photocatalyst should have characteristics
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such as non-toxicity, optical stability, active in
the visible region, high optical activity, and also
having a high surface area for maximum pollutant
adsorption [8-13]. Copper bismuth oxide as a
visible light photocatalyst can offer large pore size
and high surface area, which is useful for improving
the contact of the active sites of the catalyst
with the substrate [14-16]. Since the basis of the
photocatalytic method is based on preventing the
rapid recombination of the electron-hole pair, this
photocatalyst prevented than recombination of
the produced electron-hole pairs and ultimately
leads to effective separation and Long-term load
helps [14, 15]. Also, the use of reduced graphene
oxide can play a key role in photocatalytic
desulfurization processes by reducing the energy
gap and increasing the amount of light absorption,
as well as reducing the recombination rate [8, 17,
18].

During many studies, it has been proven that
contaminating compounds such as bismuth
oxide with metal such as copper, in addition to
preventing the recombination of electrons and
holes, makes it possible to expand the absorption
to the visible region and thus increase the
resulting efficiency [19]. Zhang et al. synthesized
CuBi,0,/CdMo0, nano-composites with different
mass ratios to investigate their photocatalytic
activity and enhance their properties for water
pollution remediation [15]. During this research, a
heterogeneous Z-scheme structure was formed by
combining CuBi,O, and CdMoO, compounds. By
reducing the bandgap, this structure expands the
light absorption region from ultraviolet to visible
light. Optimal performance in photocatalysis was
achieved by CuBi,0,/CdMoO, nanocomposite
(10%) with a high degradation rate of 95.36%.
Sokhan sanj et al. synthesized the Bi,0,CO_-CuBi,0,
nano-composite with a flower-like morphology
using the hydrothermal method and employing
ultrasonic waves as an assisting factor [14]. The aim
was to investigate its photocatalytic effect in the
degradation of malachite green under visible light
irradiation. During this study, to investigate the
impact of combining the two mentioned phases
for enhancing the efficiency of the photocatalyst,
the Bi,0,CO, phase was coated on the surface of
CuBi,0, and samples with different weight ratios
of the CuBi,0,-Bi,0,CO, nano-composite were
prepared. Subsequent examinations revealed
that the flower-like morphology, due to its ability
to absorb more light with a double-sided surface
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area, makes the separation of charge carriers
easier. Consequently, with a reduction in the
recombination rate of electron-hole pairs, it leads
to an increase in the photocatalytic efficiency.

In the current study, with the aim of enhancing
surface adsorption and increasing light absorption
in the visible range, copper bismuth oxide has
been utilized as an excellent photocatalyst in sulfur
removal processes under visible light irradiation
along with reduced graphene oxide. The use of
rGO is considered a suitable option due to its
significantly higher thermal stability compared to
GO, as well as its flexibility between molecules,
leading to increased surface adsorption and light
absorption [17, 18]. Hydrazine has been employed
as a reducing agent to convert graphene oxide
(GO) to reduced graphene oxide (rGO). The
sonochemical method was chosen for the synthesis
of the Biy 3gCug 62011.69/rGO nanocomposite
due to its ease of execution, low temperature,
high speed, and the ability to control factors
influencing the reaction. Additionally, XRD, FTIR,
EDS, DRS, and FESEM analyses were employed to
determine the morphology and structure of the
nanocomposite. Finally, the performance of this
nanocomposite was evaluated for desulfurization
of dibenzothiophene as a representative of
petroleum liquids. According to our knowledge,
the use of this synthetic method for the production
of the mentioned nanocomposite is reported for
the first time.

MATERIALS AND METHODS
Instruments and materials

All materials used in this research, including
copper nitrate trihydrate  (Cu(NO,),.3H,0),
bismuth(lll) nitrate pentahydrate Bi(NO,),.5H,0,
bismuth(lll) nitrate (BisHoN402,), potassium
permanganate (KMnO,), sodium  hydroxide
(NaOH), graphite, N_H,.H,0 (80%), hydrochloric
acid (HCl), sulfuric acid (H,SO,), normal hexane
(C,H,,), benzothiophene (CH.S), and hydrogen
peroxide (H,0,) were purchased from Merck
and Sigma-Aldrich companies and were used
without further purification. Ultrasound was
performed using an ultrasonic 12 mm diameter
probe, operating at 20 kHz with an output power
of 400 Wem™. MIRA3 FEGSEM was utilized for
recording FESEM (field emission scanning electron
microscope) images. XRD (X-ray diffraction)
patterns were examined with a Philips-X'PertPro
instrument employing Ni-filtered Cu Ka radiation.
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EDS (energy dispersive spectroscopy) was
conducted utilizing a Philips XL30 X-ray scattering
apparatus. FT-IR (Fourier transform infrared)
analysis was executed using a Magna-IR device,
specifically a Nicolet 550 spectrometer, with a
resolution of 0.125 cm on KBr tablets spanning the
range of 400 to 4000 cm™. DRS (diffuse reflectance
spectrometry) analysis was conducted using the
Shimadzu model UV3600Iplus. A sulfur analyzer
in oil model Horiba-SLFA-20 was employed for
measure sulfur levels.

Synthesis of rGO suspension

First, GO (graphene oxide) was produced by
Hummer’s advanced method [20]. Then, 0.1 g of
graphene oxide along with 50 ml of distilled water
was poured into a beaker and placed on a stirrer to
facilitate mixing. Subsequently, 5 ml of hydrazine,
as areducing agent, was added drop by drop to the
solution. Next, the beaker content was transferred
to an autoclave and heated at 180 °C for 16 hours.
After cooling the autoclave to room temperature,
the resulting suspension was removed from the
autoclave.
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Synthesis of
nanocomposite
First, 5 ml of hydrazine was mixed with 40 ml
of distilled water and exposed to ultrasonic waves
with a power of 100 watts for 3 minutes (solution
A). Then, in a separate beaker, 2.922 g of bismuth
salt and 0.241 g of copper nitrate salt were
dissolved in 40 ml of distilled water and solution
B was prepared. Solution B was added to solution
A and the irradiation with ultrasonic waves
continued for another 10 minutes. Afterwards, the
rGO suspension synthesized in the previous step
was added to the above mixture. The resulting
mixture was exposed to ultrasonic waves with a
power of 100 watts for 10 minutes. Finally, the final
sediment was collected and dried in an oven at 70
°C after washing with water and ethanol (sample
S2). Fig. 1 shows the synthesis steps of sample
S2 (Bi,,Cu, 0, /rGO nanocomposite). For the
synthesis of Bi_ . .Cu, ,O,, ., (sample S1), the above
steps were repeated and only rGO was not used.
In order to reveal the role of hydrazine on the
purity and structure of the product, an experiment
was performed using sodium hydroxide and nitric

Biz 38Cup,62011.69/rGO
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Fig. 1. Synthesis steps of Bi7.38Cu0.62011.69/rGO nanocomposite.
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Table 1. Reaction conditions for the preparation of Bi7'38Cu0_62011_69/rGO nanocomposite under 100 W ultrasonic waves.

OH~ Source
Sample Bi Salt HNOs Temp rGO Product
i )
NO Hydrazine NaOH (0.6 M) (ml) Q) & roduc
(ml) (ml)
S1 Amourphous
BisHgN4O: 5 . -
s1-C B 500 Bi7 38CU0 62011.69/B12Cu04
52 BisHsN:02 5 01 Biz 38Cup 62011.69/1G0
S3 BisHsN4O22 - 30 3 e - Bi>03/Bi(B40s(OH)2)(OH)
S4 BisHsN4O22 - 30 3 e 0.1 Bi>03/Bi(B4Os(OH)2)(OH)/rGO
S5 Bi(NO3)3.5H.0 5 BigHgN50,¢/Biy03
acid (the usual method of copper bismuth oxide of Biy 38Cug 201169 (JCPDS = 1765-049-

synthesis) instead of hydrazine (Sample S3). Due to
the difficult solubility of bismuth salts, one of the
factors affecting the purity of the product is the
type of bismuth source. Therefore, an experiment
was conducted using Bi(NO,)..5H,0 instead of
Bi.H.N O__ (Sample S5). The synthesis conditions

5 9 4722
of the products are presented in Table 1.

Photocatalytic desulfurization of dibenzothiophene

At first, 500 ml of a solution of 800 ppm
with respect to sulfur was prepared from
dibenzothiophene. Afterwards 120 ml of standard
solution and 0.12 g of the photocatalyst powder
were poured into the beaker, and the beaker was
placed inside the reactor. In order to balance
between adsorption and desorption, the obtained
mixture was stirred for 30 minutes in the dark
under aeration and then exposed to a 400 W
Osram visible lamp for 40 minutes. To measure
sulfur, 15 ml of samples were collected at certain
time intervals and then the photocatalyst was
separated using a centrifuge. The remaining
solution was washed with acetonitrile and its
sulfur content was determined using a sulfur-in-oil
measuring instrument.

RESULTS AND DISCUSSION
XRD studies

In order to find out the phase composition of
the product and determine its crystal structure,
X-ray diffraction analysis (XRD) was used. Fig. 2
shows the X-ray diffraction pattern for samples
S1, S1-c, S2, S3, and S5. As seen in Fig. 2a, the
pattern of the product synthesized using hydrazine
(sample S1) is amorphous, which can be affected
by the use of ultrasound waves. By calcining
sample S1 at 500 °C (sample S1-c), several peaks
appeared in the pattern, which correspond to
copper bismuth oxide with a tetragonal phase
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00 and lattice parameters a = b = 7.73 A, and
c = 5.63 A) and a tetragonal phase of BioCuOy
(JCPDS = 01-080-0993 and lattice parameters a
=b = 8.4989 A, and c = 5.7973 A) (Fig. 2b). Fig.
2c corresponds to sample S2 synthesized using
reduced graphene oxide (rGO). The peaks in Fig. 2c
are in good agreement with Bi7 38Cug 52011.69-
The absence of the peak at the angle of 10.64°
also shows that graphene oxide (GO) has been
converted to reduced graphene oxide (rGO) [21].
Normally, nitric acid and sodium hydroxide are
used for the synthesis of copper bismuth oxide
[16]. The pattern of the product synthesized
using nitric acid and sodium hydroxide (sample
S3) is presented in Fig. 2d, and it is clear that the
peaks mainly correspond to Bi,O, with tetragonal
phase (JCPDS=00-22-0515 and lattice parameters
a=b=10.94 A, and c=11.28 A) and copper bismuth
oxide was not synthesized. As an OH donor,
hydrazine can supply OH in a controlled manner
compared to sodium hydroxide, thus paving the
way for the production of copper bismuth oxide. As
a result, copper bismuth oxide can be synthesized
through sonochemical method using hydrazine. It
is worth mentioning that in this research, in order
to investigate the effect of changing the input
source of bismuth in the reaction environment,
which was the same as dry bismuth salt, the use of
aqueous bismuth was considered in the synthesis
of sample 5. It was determined that due to the
low solubility of aqueous bismuth in the synthesis
process, it introduces impurities. The average
crystallite size of copper bismuth oxide in sample
S1, obtained using the Scherrer’s equation [22],
was approximately 36 nm.

FTIR spectrum studies
FTIR spectroscopy was used to investigate
the chemical bonds and organic groups, and the
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results are displayed in Fig. 3. In the spectrum of
all five samples (samples S1, S1-C, S2, S3, and S4),
the peaks at 480 cm™ ~ 800 cm™ correspond to the
stretching vibrations of Bi-O and Cu-O bonds [19,
22-24]. Also, the peaks around 1629 cm™ and 3434
cm™ in all five samples belong to the stretching
and bending vibrations of the O-H bond, which

indicates the absorption of water molecules [25].
In the spectrum of sample S1 (Fig. 3a), a number
of additional peaks can be seen, which are related
to organic compounds caused by the presence
of hydrazine on the surface of the sample. After
calcination of sample S1, the mentioned peaks
have been removed (Fig. 3b). Fig. 3c is related to
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Fig. 2. XRD patterns of the as-synthesized products (a) sample S1, (b) sample S1 after calcination,

(c) sample S2, (d) sample S3, (e) sample S4, and (f) sample S5.
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the synthesized Biy 3gCug 62011.69/rGO (sample
S2) composite. The absence of peaks related to
functional groups containing oxygen such as C-OH,
C-O-Cand C-Oin Fig. 3c shows that graphene oxide
has been reduced to graphene [26, 27]. In order
to further investigate the FTIR spectra of samples
S3 and S4, which were synthesized in the absence

and presence of rGO, respectively, are presented
in Figs. 3d and e. The difference in the peaks of
these two samples with the peaks of samples S1
and S2, especially in the region of 400-800 cm™?,
due to the different synthesized compounds, is
fully expected and in accordance with the XRD
results. Comparing the IR spectrum of sample

5]
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Fig. 3. FT-IR spectra of the as-synthesized products (a) sample S1, (b) sample S1 after calcination
(Biy 3gCuq 52011 69): (€) sample S2 (Bi7.38Cu0'62011.69/rG0), (d) sample S3, and (e) sample
S4.
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S3 with sample S4 also shows that there is no
additional peak related to carbon-oxygen bonds in
sample S4, and in other words, it can be said with
certainty that GO has been converted to rGO [28].

EDS studies

Figs. 4a-d show the EDS spectra of samples
S1 after calcination (Bi7.38CUO.62011.69)'
S2 (Bi7.38CUO.62011.69/ rGO), S3, and S5,
respectively. In Fig. 4a, which corresponds
to sample S1 after calcination, only copper,
bismuth, and oxygen elements can be seen and
no other elements are seen. In the spectrum of
Bi7 38Cug 52011.69/rGO nanocomposite (sample
S2), in addition to copper, bismuth, and oxygen
elements that represent Biy 39Cugg2011.69
carbon element is also observed, which indicates
the composition of rGO (Fig. 4b). As observed in
Fig. 4c, due to the use of nitric acid in the synthesis
path of sample S3, the percentage of bismuth is
high, and the amount of copper is negligible. This
is consistent with the XRD results, which indicate
the formation of bismuth oxide as a by-product.
In the EDS spectrum of sample 5 (Fig. 4d), which
was synthesized using aqueous bismuth salt, only

wt%
Bi 74.59
Cu 10.27
O 15.15

Intensity (a.u.)

CuCu BiBi Bi Bi

(]

6 8 100 12 14
Energy (keV)

wt%
Bi 76.77
Cu 0.09
O 23.14

Intensity (a.u.)

CucCu Bi Bi Bi

0 2 4 6 8 10 12 14
Energy (keV)

Intensity (a.u.)

bismuth and oxygen elements can be seen, which
confirms the XRD results, that is, the formation of
bismuth oxide instead of copper bismuth oxide.

EDS mapping studies

In order to investigate the dispersion and
distribution of the elements in the product, an
element dispersion analysis was prepared from
sample S2 (Bi7‘38Cu0‘62011'69/rG0) (Fig. 5). As
can be seen in Fig. 5, only the expected elements
such as copper, bismuth, oxygen and carbon are
present in the sample. Although copper bismuth
oxide is placed on graphene oxide in many places,
but because the synthesis method of this sample
was two-step, i.e. copper bismuth oxide was first
synthesized and then spread on the reduced
graphene oxide, complete uniformity is not seen.

FESEM studies

FESEM images of samples S1 and S2 synthesized
using hydrazine in the absence and presence of
rGO, respectively, are presented in Fig. 6. According
to Fig. 63, in the absence of rGO, rod-like copper
bismuth oxide microstructures are formed. In the
presence of rGO (sample S2), microstructures with

wt%
Bi 36.76
Cu 0.08

O 8.01

C 5515

CuCu_ BiBi Bi

0 2 4 6 8 10 12 14 16
Energy (keV)

wt%
Bi 80.55
O 1945

Intensity (a.u.)

0 2 4 6 8 10 12 14 16
Energy (keV)

Fig. 4. EDS spectra of the as-synthesized products (a) sample S1 after calcination (Biy 3gCug 2011 gg), (b) sample S2
(Bi7.38Cu0_62011_69/rGO), (c) sample S3, and (d) sample S5.
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smaller size are formed on graphene sheets (Fig.
6b). Graphene controls the growth of particles
by creating a suitable substrate for copper
bismuth oxide nucleation. Fig. 7, which is related
to the SEM images of samples S3 and S4, which
were synthesized using sodium hydroxide in the
absence and presence of graphene, respectively,
shows the effect of graphene on the structure
better. According to Fig. 7a, in the absence of
rGO, rod-shaped copper bismuth microstructures
have been synthesized, while in the presence of
rGO, these structures are broken and nanometer
structures are formed on graphene at many places
(Fig. 7b).

DRS analysis

The absorption spectra of samples S1, S1
after calcination (Bi7.38CUO.62011.69)' S2
(Bi7.38Cup 62011.69/rGO), and S3  (gj o/

Bi(B4OG(OH)2)(OH)) are shown in Fig. 8. As‘can
be seen, all’samples show high absorption in the

ultraviolet range. Comparing Figs. 8a and 8b shows
that by calcining sample S1, due to the formation
of copper bismuth oxide with higher purity, the
amount of light absorption increases in the region
of 700-400 nm. As expected, due to the presence
of rGO, sample S2 has a wide absorption in both
ultraviolet and especially visible regions (Fig. 8c).
Sample S3, which was synthesized using sodium

Fi

g. 5. EDS mapping of the as-synthesized Bi7'38Cu0.62011.69/rGO nanocomposite (sample S2).

Fig. 6. FESEM images of the as-synthesized products (a-c) sample S1 after calcination (Bi; 36Cug 67011 gg) and (d-f) sample S2
(Bi7 38Cu0 62011.69/7GO)-
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hydroxide instead of hydrazine, has very weak
absorption in the visible region (Fig. 8d). According
to the XRD results, the reason can be the lack of
production of copper bismuth oxide.

Photocatalytic desulfurization of dibenzothiophene
Fig. 9 presents the results of photocatalytic

oxidative desulfurization of dibenzothiophene
by the synthesized products. As shown in Fig. 9,
the highest efficiency, which is about 87%, was
obtained for sample S2 (Bi7 3gCug 62011.69/
rGO). According to the DRS spectra (Fig. 8), sample
S2, which contains copper bismuth oxide (without
impurities) and rGO, has the highest amount

Fig. 7. FESEM images of the as-synthesized products (a-c) sample S3 and (d-f) sample S4.
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Fig. 8. Absorbance spectra of the as-synthesized products (a) sample S1, (b) sample S1 after calcination (Biy 3gCug 9011 gg); (€)
sample S2 (Bi7.38Cu0.62011.69/rGO), and (d) sample S3 (Bi203/Bi(BAOG(OH)Z)(OH))'
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of light absorption. Also, compared to sample
S4, which was synthesized using soda, it has no
impurities. Comparing the efficiency of sample S1
before (55%) and after calcination (68%) shows
that the higher the purity of copper bismuth
oxide, the higher the efficiency. In addition to high

light absorption, rGO reduces the electron-hole
recombination and increases the photocatalytic
efficiency [17, 27, 28]. This issue is well confirmed
by comparing the efficiency of samples S2 (87%)
and S4 (62%) that have rGO with the efficiency of
samples S1 (68%) and S3 (58%) that do not have

68%

55%

S1

S1-C

87%

1

62%

S4

Fig. 9. Percentage of photocatalytic oxidative desulfurization of dibenzothiophene by synthesized products.
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Bi _Cu, O, /rGO+hv— Bi  Cu

0.62 " 11.69 l).620ll.69!/rco teth’

Fig. 10. Proposed mechanism for photocatalytic oxidative desulfurization of dibenzothiophene by Bi7.38Cu0.62011.69/rGO
nanocomposite.
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rGO. The proposed mechanism for photocatalytic
oxidative desulfurization of dibenzothiophene by
Bi, ,,Cu,.,0 /rGO nanocomposite is presented
in Fig. 10.

11.69

CONCLUSION

In this research, copper bismuth oxide/
reduced graphene oxide nanocomposite was
synthesized by sonochemical method and its
photocatalytic activity was studied in removing
sulfur from dibenzothiophene. In order to
convert graphene oxide to reduced graphene
oxide, hydrazine was used as a reducing agent.
The products were characterized using XRD,
EDS, FESEM, FT-IR, and DRS analyzes. The
desulfurization ef‘ﬁciency of Bi7.38CUO.62011.69/
rGO nanocomposite was determined as 87%.
From the efficiency comparison between the
nanocomposites containing rGO (87%) and the
synthesized nanostructures without rGO (68%),
it was found that there is a significant increase in
the desulfurization efficiency. This improvement
is attributed to the heightened light absorption,
increased active sites, and the concurrent
reduction in the electron-hole recombination rate
facilitated by rGO. This study provided new insight
into the fabrication and practical application
of high performance Biy 3gCug 2011 69/rGO
photocatalyst for desulfurization of petroleum
derivatives.
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