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Abstract
Catalyst material (M2+)Al-LDH was successfully prepared in this study. Characterisation analysis by XRD and FTIR. XRD
analysis of Zn/Al-LDH, Mg/Al-LDH and Ni/Al-LDH showed agreement with pure LDH as seen from the JCPDS data and showed
crystal forms similar to hydrotalcite, brucite and hydrotalcite respectively. FTIR analysis of the (M2+)Al-LDHmaterial showed the
presence of functional groups which explain the presence of O H stretching, O H bending, CO3

2− bonds and identified metal
oxide (MO) groups from the synthesised LDH. (M2+)Al-LDH has the ability to act as a catalyst for excellent desulphurisation of
4,6-dimethyldibencothiophene with %conversion value above 90%. In addition, (M2+)Al-LDH is a heterogeneous and reusable
catalyst.
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1. INTRODUCTION

The demand and need for petrochemical products, including
oil, along with economic growth, results in higher demand for
energy sources such as gasoline and diesel. According to predic-
tions, demand for these fuels is expected to increase significantly,
reaching around 29.6 million barrels per day by 2045 (Wang et al.,
2021; Al-Samhan et al., 2022). Sulfur dioxide (SO2) emissions
have been constantly increasing as a result of the fast expansion
of heavy industrial processes (Liu et al., 2023). The combination
of SO2 in the atmosphere with gaseous pollutants and particulate
matter poses a significant risk to both human health and the
broader atmospheric environment (Wang et al., 2019; Zhao et al.,
2021).

Sulfur, present in crude oil, constitutes one of the most haz-
ardous components. Crude oil is extensively utilized as fuel for
diverse purposes. Sulfur can come from sulfides, thiophenes, and
other S-containing compounds. Acid rain and harmful photo-
chemical smog can be caused by the combustion of sulfur, which
can cause damage and pollution to the ecological environment
and human health (Zhu et al., 2020; Zhang et al., 2019; Tchalala
et al., 2019). Sulfur serves as one of the primary contaminants
within crude oil; hence, it becomes crucial to decrease its levels
to adhere to standard requirements. The Environmental Protec-
tion Agency in the United States and the European Union have
both developed recommendations stating that the sulfur level

of fuel should not exceed 10 parts per million (ppm) (Tripathi
et al., 2019; Mahboob et al., 2022). Therefore, the petroleum
industry must endeavor to remove these compounds through
proper separation techniques.

Engineered separation methods such as adsorptive desulfur-
ization, extractive desulfurization, and oxidative desulfurization
are commonly used in the petroleum industry due to their ability
to effectively remove sulfur from liquid fuels. These techniques
are used to desulfurize sulfur compounds, thus meeting the re-
quired fuel quality standards (Malani et al., 2021). Oxidative
desulfurization can convert thiophene sulfides in gasoline into
thiophene sulfones that can be easily removed by the synergistic
action of gasoline and catalyst. This process helps to effectively
remove sulfur compounds from gasoline, providing fuel quality
improves (Rajendran et al., 2022). Several catalysts have been
used for oxidative desulfurization such as pentaethylenehexami-
ne-phosphotungstic acid (Wu et al., 2023), Ni/ZnO (Zhu et al.,
2023) and Polyoxometalate (Ahmad et al., 2022a).

Layered double hydroxide (LDH) has a specific surface area
and is easy to produce, making it an interesting material that
has attracted attention in the catalytic field due to its unique
properties of layered double hydroxides (LDHs) are promising
for catalytic applications Unique is unique property , includ-
ing a wide range of chemicals, cost, bulk, critical surface area,
excellent thermal stability and high adsorption capacity These
characteristics make LDHs effective in catalytic applications Fur-
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thermore, LDHs have the potential to reverse it has been well
organized and redesigned, making it practical and a sustainable
alternative. Their rapid and efficient manufacturing processes
further enhance their appeal, providing them with many advan-
tages in a variety of industrial applications. Where this material
is expected to be effective for the desulfurization catalysis of
4,6-dimethyldibenzothiophene (Wei et al., 2020; Lozano-Lunar
et al., 2023). Figure 1 illustrates the desulfurization process.

Figure 1. Oxidative Desulfurization of 4,6-Dimethyldibenzo-
thiophene by Zn/Al-LDH(a), Mg/Al-LDH(b), and Ni/Al-LDH(c)

In this study, Zn/Al-LDH, Mg/Al-LDH, and Ni/Al-LDH were
synthesized and used as catalysts for desulfurization of 4,6-
dimethyldibenzothiophene. The sulfur-containing compound
was selected as 4,6-dimethyldibenzothiophene. To ensure the
success of the catalyst fabrication, XRD and FTIR measurements
were carried out due to quality. It included investigation of
various parameters such as time, catalyst concentration, tem-
perature, solvent choice (n-pentane, n-hexane, and n-heptane),
heterogeneous assay, and catalyst for recyclability.

2. EXPERIMENTAL SECTION

2.1 Chemical and Instrumental
Sigma-Aldrich supplied 4,6-dimethyldibenzothiophene, which
was used immediately without further treatment. In addition, an-
alytes, such as hydrogen peroxide (H2O2), acetonitrile (CH3CN),
pyridine (C5H5N), zinc(II) nitrate hexahydrate (Zn(NO3)2·6H2O),
magnesium(II) nitrate hexahydrate (Mg(NO3)2·6H2O), nickel(II)
nitrate hexahydrate (Ni(NO3)2·6H2O), n-pentane (C5H12), n-hexa-
ne (C6H14), n-heptane (C7H16), aluminum nitrate nonahydrate
(Al(NO3)2·9H2O), sodium carbonate (Na2CO3) and sodium hy-
droxide (NaOH) were used without further purification.

Rigaku Miniflex-6000 X-ray diffractometer, EMC-18PC-UV
UV-Vis spectrophotometer, Shimadzu Prestige-21 Fourier trans-
form infrared spectrophotometer were used to analyze and ana-
lyze the qualitative and structural features of the data Primary
objectives quality and composition, good sense and that was it.

2.2 Preparation of (M2+)Al-Layered Double Hydroxide
Zinc(II), magnesium(II), and nickel(II) nitrate hexahydrate, each
at a concentration of 0.75 M, and 0.25 M aluminum, are dis-
solved in 100 mL of distilled water to create the (M2+)Al-layered
double hydroxide nitrate synthesis. The resulting solution was
stirred for 2 h. A 2:1 mixture of NaOH and Na2CO3 was slowly
added to the solution until its pH reached 10. The mixture was
stirred again at 70°C for 17 h after which the mixture was fil-
tered, and the resulting product was given dried to give two
(M2+)Al-layered hydroxides (Mohadi et al., 2023). The Mariel

synthesis was determined using a Rigaku Miniflex-6000 X-ray
diffractometer and a Shimadzu Prestige-21 Fourier transform
infrared spectrometer.

2.3 Oxidative Desulfurization Method
The catalytic oxidative desulfurization reaction was carried out
in a 100 mL bifurcated flask under magnetic stirring at 300 rpm,
then a solution containing 500 ppm 4,6-dimethyldibenzothiophene
as initial concentration was added to the flask and a thickener in
30 mL of n-hexane which was formed by absorption, a it acted
as solvent and then 0.25 g of (M2+)Al-Layered double hydrox-
ide was added to the flask as catalyst. To start the reaction, 1
mL of hydrogen peroxide was added as a catalyst, and 3 mL
of acetonitrile was added as an eluent. The temperature of the
reaction is 323K (Ahmad et al., 2022b). The sulfur conversion of
dibenzothiophene was analyzed using Equation 1.

%Sulphur Conversion =
𝐶0 − 𝐶𝑓

𝐶0
× 100% (1)

The symbols 𝐶0 and 𝐶𝑓 represent the initial and final con-
centrations of 4,6-dimethyldibenzothiophene, respectively.

2.4 Heterogeneity Test
For the heterogeneity test, 500 ppm of 4,6-dimethyldibenzothio-
phene was desulfurized in 30 mL of n-hexane at 323 K for 10
min. After the initial desulfurization, the catalyst and the 4,6-
dimethyldibenzothiophene solution were separated. The sepa-
rated 4,6-dimethyldibenzothiophene solution was then subjected
to another desulfurization process, which lasted for 20-30 min
at 323 K. The main objective was to determine the sulfur con-
version of 4,6-dimethyldibenzothiophene after the second and
subsequent desulfurization steps (Ahmad et al., 2023).

3. RESULTS AND DISCUSSION

X-ray diffraction (XRD) analysis was employed to investigate the
crystal structure of Zn/Al-LDH,Mg/Al-LDH andNi/Al-LDH. The
XRD pattern of the synthesized material demonstrated a close
match with the characteristic pattern of pure LDH, as depicted
in Figure 2. In Figure 2(a), the X-ray diffraction (XRD) analysis of
Zn/Al LDH reveals clear and distinct diffraction peaks observed
at specific 2𝜃 values 11.31°, 23.10°, 34.59°, 39.26°, 46.40°, 59.77°, and
61.38°. These peaks can be attributed to the crystal planes (003),
(006), (009), (015), (018), (110), and (113) of the hydrotalcite-like
LDH (JCPDS no. 38–0486). The presence of such well-defined
peaks strongly suggests the presence of crystal structures in the
Zn/Al-LDH sample (Mallakpour et al., 2023). Based on data from
the Joint Committee on Powder Reaction Standards (JCPDS)
File No. 20-0658 corresponds to the synthesized Mg/Al-LDH
material (Juleanti et al., 2021). The presence of peaks at 2𝜃 values
on Mg/Al-LDH Figure 2(b) of 11.31° in the XRD pattern indicates
the space or distance between two adjacent metal hydroxide
sheets in the synthesized Mg/Al-LDH, 22.22°, 34.88°, 39.11°, and
60.9°, corresponding to the (003), (002), (012), (015), and (110)
diffraction planes of the layered structure and MgAl/LDH with a
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brucite-like crystal structure, confirmed the successful synthesis
of Mg/Al-LDH powder (Tran et al., 2018; Huang et al., 2023).
The X-ray diffraction (XRD) pattern of the Ni/Al-LDH material
is presented in Figure 2(c). The pattern exhibits prominent 2𝜃
diffraction peaks observed at 11.60°, 22.96°, 35.17°, and 39.26°,
which can be assigned to the reflections of (003), (006), (012), and
(015), respectively. These reflections correspond to the natural
form of a hydrotalcite-like structure, as indicated by the JCPDS
file number 33–0429 (Machrouhi et al., 2023).

Figure 2. X-Ray Diffraction of Zn/Al-LDH (a), Mg/Al-LDH (b),
and Ni/Al-LDH (c)

Figure 3 displays the wave number peaks of Zn/Al-LDH in
Figure 3(a), Mg/Al-LDH in Figure 3(b), and Ni/Al-LDH in Figure
3(c) to analyze the functional groups present in these materials.
Notably, all three materials exhibit peaks at approximately 3450
cm−1, which are attributed to the OH stretching vibrations of
water molecules bound to the interlayer of CO3

2−. Additionally,
there are peaks around 1380 cm−1, indicating the presence of
CO3

2− ions in the structures of thesematerials (Qin et al., 2023; Lv
et al., 2022; Priatna et al., 2023). Spectral analysis of the materials
showed characteristic peaks in all three materials, such as O H
bending at a wave number around 1630 cm−1 and metal oxygen
bonds (M O) at wave numbers around 600 cm−1 and 830 cm−1,
indicating the presence of specific functional groups and metal-
oxygen bonds in the samples such as Zn O, Mg O, Ni O, and
Al O (Yuliasari et al., 2022; Intachai et al., 2021; Mahjoubi et al.,
2017).

The heterogeneity test is used to find out whether the catalyst
used is homogeneous or heterogeneous. Homogeneous catalysts
dissolve in reactants or reaction products, Heterogeneous cata-
lysts have the advantage of being insoluble in reactants so that
they can be separated (Houda et al., 2018). In this study, the
heterogeneity test was conducted at 323 K for 10 minutes. After
the test, the catalyst and 4,6-dimethyldibenzothiophene solu-
tion were separated. The reaction process was then allowed to
continue for 20-30 minutes in the absence of the catalyst. Seen

Figure 3. FTIR Spectrum of Zn/Al-LDH (a), Mg/Al-LDH (b),
and Ni/Al-LDH (c)

in Figure 4. at the 10𝑡ℎ minute after the catalyst was separated
from 4,6-dimethyldienzothiophene the reaction was linear, the
%conversion no longer increased, this indicates that the catalyst
used was heterogeneous. The catalyst can be reused after separa-
tion, improving cost efficiency and environmental sustainability.
Processes such as heat treatment, distillation, or surface regen-
eration can be adopted, restoring their catalytic properties and
extending their lifetime Catalytic properties is uniquely disas-
sembled and recycled for easy efficiency and cost-effectiveness
in its industrial applications (Pei et al., 2023; Polikarpova et al.,
2020).

Figure 4. Heterogeneity Test of Catalyst Zn/Al-LDH (a),
Mg/Al-LDH (b), and Ni/Al-LDH (c)

Figure 5 illustrates the optimal desulfurization time for Zn/Al-
LDH, Mg/Al-LDH, and Ni/Al-LDH in the treatment of 4,6-dime-
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thyldibenzothiophene. The most favorable time for all three ma-
terials was found to be at the 40𝑡ℎ minute. At this point, the sulfur
conversion rates were measured at 95.99%, 94.15%, and 96.92% for
Zn/Al-LDH, Mg/Al-LDH, and Ni/Al-LDH, respectively. As the
reaction time increases, the percentage of conversion also rises,
reaching a linear trend under the optimal conditions. Thus, the
desulfurization time factor plays a crucial role (Lin et al., 2020;
Zhou et al., 2021). The order of the highest to lowest conversion
rates observed at the optimum conditions is Ni/Al-LDH>Zn/Al-
LDH>Mg/Al-LDH.

Figure 5. Oxidative Desulfurization of 4,6-dimethyldibenzo-
thiophene by Catalyst Zn/Al-LDH (a), Mg/Al-LDH (b), and
Ni/Al-LDH (c) on Reaction Time Effect

Figure 6 illustrates the most effective catalyst dose for desul-
furizing 4,6-dimethyldibenzothiophene using the Zn/Al-LDH
catalyst was found to be 0.05 g, resulting in a %conversion value
of 96.04%. On the other hand, for theMg/Al-LDH and Ni/Al-LDH
catalysts, the optimal catalyst dose was 0.1 g, leading to %conver-
sion values of 96.55% and 97.14%, respectively. In the absence of
a catalyst, the rate of sulfur dissociation is negligible. By adding
a catalyst and gradually increasing its concentration, the sulfur
removal rate increases, eventually reaching an optimum level.
However, when the catalyst concentration exceeds this optimum
point, the efficiency begins to decrease. This decrease occurs
because an excessive amount of catalyst saturates the system,
resulting in increased sulfurization. At this point, the catalyst is
fully excited, no longer facilitating the desulfurization reactions.
Specifically, there is a critical point where the efficiency of the
catalyst is high, beyond this point results in decreasing returns
due to surface saturation (Chang et al., 2021; Subhan et al., 2019).

Figure 7 illustrates the impact of different solvents on the ox-
idative desulfurization of 4,6-dimethyldibenzothiophene. Among
the solvents tested, n-hexane demonstrated superior effective-
ness compared to n-pentane and n-heptane, as evidenced by the
%conversion values obtained. When n-hexane was employed as
the solvent, the %conversion values for Zn/Al-LDH, Mg/Al-LDH,

Figure 6. Oxidative Desulfurization of 4,6-dimethyldibenzo-
thiophene by Catalyst Zn/Al-LDH (a), Mg/Al-LDH (b), and
Ni/Al-LDH (c) on Catalyst Dosage Effect

Figure 7. Oxidative Desulfurization of 4,6-dimethyldibenzo-
thiophene by Catalyst Zn/Al-LDH (a), Mg/Al-LDH (b), and
Ni/Al-LDH (c) on Solvent Effect

and Ni/Al-LDH were measured at 95.89%, 94.65%, and 94.23%,
respectively. The superiority of n-hexane can be attributed to its
low polarity and inertness towards 4,6-dimethyldibenzothiophene.
These characteristics enable an efficient extraction or separation
process during oxidative desulfurization. As a result, n-hexane
is deemed more suitable for this particular desulfurization reac-
tion due to its favorable properties, which enhance the overall
efficiency of the process (Zhuang et al., 2018). n-heptane ex-
hibits a slightly higher boiling point and polarity compared to
n-hexane. These differences could potentially result in vary-
ing extraction efficiencies and reaction kinetics. Although both
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n-pentane and n-heptane can be used in the desulfurization pro-
cess of 4,6-dimethyldibenzothiophene, n-hexane proved to be
a more appropriate choice due to its ideal combination of low
polarity, favorable solvent properties, and compatibility with
sulfur compounds (Privat et al., 2009).

The most favorable temperature for desulfurization of 4,6-
dimethyldibenzothiophene using different LDH catalysts was de-
termined as Zn/Al-LDH catalyst exhibited optimal performance
at 30°C, achieving a conversion rate of 95.77%. For the Mg/Al-
LDH catalyst, the ideal temperature was found to be 50°C, leading
to a conversion rate of 94.65%. Lastly, the Ni/Al-LDH catalyst
demonstrated its best performance at 40°C, with a conversion
rate of 95.29%. The temperature effect on the desulfurization
process is visually depicted in Figure 8. The experiment covered
a temperature range from 30°C to 50°C for the oxidative desulfu-
rization process. Notably, higher temperatures were observed to
enhance molecular diffusion rates and promote increased inter-
actions between 4,6-dimethyldibenzothiophene and the catalyst,
resulting in a more efficient desulfurization process (Cao et al.,
2020).

Figure 8. Oxidative Desulfurization of 4,6-dimethyldibenzo-
thiophene by Catalyst Zn/Al-LDH (a), Mg/Al-LDH (b), and
Ni/Al-LDH (c) on Temperature Effect

Zn/Al-LDH, Mg/Al-LDH, and Ni/Al-LDH catalysts under-
went a regeneration test to evaluate their reusability for the
desulfurization of 4,6-dimethyldibenzothiophene. In this test,
the catalyst used in the desulfurization process was separated
from 4,6-dimethyldibenzothiophene and repeatedly reused to
assess its efficiency. The results, depicted in Figure 9, showed
that these catalysts could be reused up to three times with %con-
version values remaining effective. Although there was a slight
decrease in %conversion values, they still remained within the
range of 90% and above. For industrial applications, the ability
to achieve rapid separation and efficient recycling of catalysts
after catalytic reactions is crucial. This helps in reducing pro-
duction costs and reducing waste. Efficient catalyst separation

increases system efficiency and cost. Additionally, the efficient
use of recycling materials reduces the environmental impact
associated with process waste, ensures more efficient use of
available resources therefore power generation rapid separation
and recycling of catalysts plays an important role in increasing
efficiency, cost effectiveness and sustainability in the industrial
sector (Miceli et al., 2021).

Figure 9. Reusability of catalyst Zn/Al-LDH (a), Mg/Al-LDH
(b), and Ni/Al-LDH (c) on oxidative desulfurization of
4,6-dimethyldibenzothiophene

4. CONCLUSION

The research has successfully synthesized (M2+)Al-Layered Dou-
ble Hydroxide, as evidenced by the results obtained from XRD
and FTIR characterization analyses, which support the achieve-
ment of synthesis in this study. The (M2+)Al-Layered Double
Hydroxide material acts as a heterogeneous catalyst that can
be separated from 4,6-dimethyldibenzothiophene and reused
for desulfurization purposes. Due to its heterogeneous nature,
the material demonstrates reusability, and even after three uses,
its effectiveness in desulfurizing 4,6-dimethyldibenzothiophene
remains high, with %conversion values consistently at 87% and
above. The study revealed that the optimal desulfurization time
for all three catalysts was at the 40𝑡ℎ minute. Furthermore, the
optimum dosage for ZnAl/LDH catalyst was 0.05 g, while for
Mg/Al-LDH and Ni/Al-LDH, it was 0.1 g. The optimal tempera-
tures for Zn/Al-LDH, Mg/Al-LDH, and Ni/Al-LDH were found
to be 30°C, 50°C, and 40°C, respectively. Additionally, n-hexane
emerged as the more suitable solvent for the desulfurization pro-
cess. These findings highlight the potential of (M2+)Al-Layered
Double Hydroxide as an effective catalyst for desulfurization
applications.
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