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Based Oxidative Desulfurization of
Petroleum Fuel under Ultrasonic
Irradiation: Kinetic and Catalytic
Study
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ABSTRACT

To achieve a clean, pollution-free environment, given the health and
environmental hazards of sulfur, it is essential to identify effective methods for
reducing its concentration to the lowest internationally permissible levels. Many
methods have emerged to achieve this, but they have numerous drawbacks,
whether financial, economic, or hazardous. From this perspective, oxidative
desulfurization (ODS) technology has emerged, operating under moderate and
less hazardous conditions. Therefore, it has become necessary to develop suitable
catalysts for this technology to effectively remove sulfur compounds from fuels.
This research paper discusses the preparation of a catalyst from (Fe20s + NiO)/ y-
ALOs. The following tests were performed: Brunauer-Emmett-Teller (BET), X-ray
diffraction (XRD), energy-dispersive X-ray (EDX), Thermal gravimetric analysis
(TGA), and scanning electron microscopy (SEM) to validate the catalyst
preparation. The efficiency of the catalyst prepared in an ultrasonic reactor was
also evaluated in the oxidative desulfurization (ODS) process for removing sulfur
compounds from diesel fuel in the presence of an oxidizing agent. Using different
temperatures (25-75°C) and different reaction times (30_60) minutes for diesel,
with sonication intensities (80%-90%-100%), the best sulfur compound removal
rate from diesel after extraction by ethanol reached 91%. Under optimal
conditions, the temperature was 75°C, the reaction time was up to 60 minutes, and
the sonication intensity was 100%. The reaction order and activation energy were
also evaluated, showing that it tends towards pseudo-first-order and has an

activation energy of 18 kJ/mol.

Keywords: Oxidative desulfurization (ODS), diesel fuel, catalyst preparation,

bimetallic catalyst, ultrasonic reactor, sulfur removal.
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1. INTRODUCTION

With the world's industrial and technological advancements, there has been a significant increase in energy sources recently to meet
growing demand. Since fossil fuels constitute 90% of energy sources, the demand for them has increased dramatically (Haruna et al.,
2025). The ever-increasing demand for energy has made crude oil one of the most important energy sources; therefore, global agencies
predict that by 2040, the demand for energy and fossil fuels could increase by 30% (Mohammed et al., 2025). One of the most significant
industrial problems and obstacles affecting the environment is the sulfur compounds found in fuels, specifically thiophene and
dibenzothiophene, which negatively impact the environment (Beshtar et al., 2025). Sulfur compounds are considered the primary cause
of respiratory problems, acid rain, air pollution, soil problems, heart disease, and asthma. They also lead to catalyst contamination in
industrial processes, corrosion of refining equipment, and problems with car engines (Jafar et al., 2021; Wu et al., 2025).

Because of the harmful effects of sulfur pollution, countries have enacted strict laws to limit sulfur emissions and promote cleaner
fuels. Environmental laws have set permissible limits for sulfur content in fuel between 10-15 parts per million, intending to reduce
sulfur levels and limit its effects on the environment (Hossain et al.,, 2019). Therefore, in compliance with accepted environmental
requirements, efficient methods should be used to lower the sulfur level in petroleum derivatives. One of the leading processes in this
area is HDS technology, which reduces sulfur content. However, it has several drawbacks that make it unsuitable for this purpose.
These drawbacks include operating at very high temperatures (300-400°C) and very high hydrogen pressure (3-6 MPa), as well as a
limited ability to remove aromatic sulfur compounds such as DBT (Mohammed and Jarullah, 2023). Given all these drawbacks, an
alternative to HDS technology is necessary. We understand that there are several alternative technologies for removing sulfur
compounds, including biological (Davoodi-Dehaghani et al., 2010; Dinamarca et al., 2010; Bhasarkar et al., 2015), adsorption (Jiang et
al, 2003; Ahmed and Ahmaruzzaman, 2015; Miao et al., 2015), electrochemical desulfurization (Tavan et al., 2020), extraction
(Mohammed et al., 2015; Zuraiqi et al., 2018), and oxidative processes (Jafar et al., 2021; Kayedi et al., 2021; Mohammed et al., 2025;
Beshtar et al., 2025; Haruna et al., 2025; Wu et al., 2025). Among these technologies, ODS technology is currently the most promising
and important for researchers, as it possesses several advantages that qualify it for this role. These include its ability to operate under
moderate temperature and pressure conditions, its lack of reliance on expensive hydrogen gas, and its capacity to remove stubborn
sulfur compounds compared to HDS technology (Alwan et al., 2020; Salem et al., 2025). The ODS technology works by oxidizing the
sulfur compounds present in diesel by adding oxygen molecules, converting them into sulfoxides and sulfonates (Zhang et al., 2009).
The oxidation process relies on oxidants to provide oxygen to complete the process, and many oxidants have been used, such as O
(Mohammed et al., 2025), H20O:2 (de Luna et al., 2018), air (Jarullah et al., 2020), TPHB (Chica et al., 2006), t-BuOOH (Ishihara et al., 2005).

The oxidation process is carried out using different catalysts, and researchers have used many catalysts, including Fe20s/Gr (Alwan
et al., 2020), V205/TiO2 (Cedeno-Caero et al., 2008), and HPW/AC (Barilla et al., 2022). Many researchers have also focused on using
alumina-supported catalysts, such as ZnO/y-AlLOs (Nawaf et al., 2019), MgO+ ZnO/ v-ALOs (Abdulateef et al., 2018), MoOs/y-ALOs
(Jia et al., 2011). Alumina is considered an excellent support material because it provides good surface area, excellent porosity, and an
even distribution of the active metal without clumping. It also withstands temperature fluctuations without being affected. All these
features help it effectively remove sulfur, especially DBT (Jia et al., 2011; Beshkoofeh et al., 2021; Al-Tabbakh and Jarullah, 2023; Ozcan
and Akin, 2025). Thus, the synthesis of an Fe;Os-NiO/y-Al,O; catalyst for hydrogen peroxide-based oxidative desulfurization under
ultrasonic irradiation, using the incipient wetness impregnation approach, is the focus of this work. This work is innovative in that it

examines the efficacy of sulfur removal by combining ultrasonic-assisted oxidation, a bimetallic catalyst, and kinetic assessment.

2. METHODOLOGY AND EXPERIMENTAL MATERIALS

Chemical materials and fuel

Diesel feedstock containing sulfur at 2018.14 ppm was obtained from North Refineries Company. The physical properties of the diesel
are shown in Table 1. The alumina, prepared locally from the following materials: Aluminum Nitrate (AI(NOs3)3.9H20) with a purity of
98%, was obtained from LOBA CHEMIE PVT.LTD. Ammonium hydroxide (NH4«OH) with a purity of 99.9% from RCI LABSCAN
LIMITED was used, along with 25% purity ethanol (C2HsOH) from RCI LABSCAN LIMITED and deionized water. The materials used
during metal loading onto the support were Nickel(Il) Nitrate Hexahydrate (Ni(NO3)..6H20) with a purity of 99% from Central Drug
House (CDH) and Ferric Nitrate Nonahydrate (Fe(NOs3):.9H20) with a purity of 98% from Central Drug House (CDH). The oxidizing
agent used was hydrogen peroxide (H20:) with a purity of 35% obtained from PanReac AppliChem. Oxidation is used to convert sulfur

compounds into sulfoxides and sulfones.
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Table 1. Physical properties of diesel

PHYSICAL PROPERTY DIESEL
SP.GR@15.6 0.8217
FLASH POINT 62
TOTAL SULFUR (PPM) 2018.14
API GRAVITY 40.7
VISCOSITY (SCT) @40 °C 3.15
COLOUR 0.9
DISTILLATION

ILB.P °C 175

5% 183
10% 190
50% 252
90% 320
95% 338
EP% 354

Preparation of the catalyst

Preparation of y-Al:Os support

The gamma-alumina support was prepared using a chemical reaction. 80 g of aluminum nitrate was added to a glass beaker, followed
by 100 ml of deionized water. The mixture was then placed on a magnetic stirrer until it dissolved and was thoroughly mixed.
Aluminum hydroxide was gradually added to the mixture until a gel formed at pH 7. After that, the material underwent a washing
process using deionized water and ethanol to remove impurities; then the liquids were removed, and the material was dried. A drying
oven was used at 120°C for 12 hours to remove the water from the sample; then it was roasted at 200°C for one hour, at 400°C for one
hour, and finally it was stabilized at 600°C for 4 hours. It was allowed to cool to room temperature and then finely ground. Fig.1

illustrates the process details.

- Gel B ’
aluminum nitrate + deionized water formation Vacuum pump

Magnetic stirrer

e
65N
& cLoo NGV ;
L2 (e
Calcination after drying Drying oven Water-removed gel

y-Al,03 support
Figure 1. Manufacturing steps of y-Al2Os support
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Preparation of (Fe20s + NiO) /y-Al20s

The catalyst is prepared using the incipient wetness impregnation (IWI) method. Three grams of Fe(NO3):.9H20 are dissolved with two
grams of Ni(NOs)2.6H>0 in 80 mL of deionized water. The mixture is thoroughly mixed for 1 hour using a magnetic stirrer, followed by
another hour of ultrasonic mixing. 6 gm of alumina is then added and mixed thoroughly. The mixture is dried overnight at 120°C in a
drying oven for 12 hours, calcined at a temperature of 200 for 1 hour, then at 400 for 1 hour, and finally stabilized at a temperature of
600 for 4 hours, then calcined at 600°C in a tubular furnace. Finally, it was ground to form the catalyst, as shown in Figure 2.

On a y-AlOs substrate, the prepared catalyst has a nominal loading of 5% weight percent iron and 5% nickel. The catalytic efficacy
of the Fe-Ni catalyst under ultrasonic oxidative desulfurization conditions was assessed using this stable binary structure. Instead of
optimizing the Fe/Ni ratio or the total metal loading, the current work sought to examine the effects of reaction temperature, reaction
duration, and ultrasonic intensity as well as the kinetic behavior of the selected catalytic arrangement. As a result, the configuration
examined in this study is 5 weight percent Fe — 5 weight percent Ni; it is not considered the ideal design. Future studies aiming to

enhance catalyst design may examine various Fe/Ni ratios and metal loadings.

+Fe(NO,),.9H,0
¥ £ \
. Ni(NO,),.6H,0 . @

calcination

Magnetic stirrer Drying

& .
.

(Fe,0, +NiO) / y-ALO

Figure 2. shows the steps of the catalyst.

Catalyst characterization

The prepared catalyst (Fe20s + NiO)/y-ALOs was studied and tested using various instruments, including X-ray diffraction (XRD) and
Measurement Temperature 25°C and Start Position [2Th.] 9.3860 and End Position [°2Th.] 79.9860, Brunauer, Emmett, and
Measurement Temperature 120C for 2hour Teller (BET) Adsorptive by N2and Adsorption cross section area is 0.162 [nm?], and scanning

electron microscopy (SEM).

Oxidative Desulfurization Procedure

The performance of the catalyst (Fe20s + NiO)/y-AlOs was evaluated in the ODS technique using the ultrasonic reactor (Made by a
Chinese company) shown in Fig. 3. Diesel containing total sulfur compounds of 2018.14 ppm was used with the oxidizing agent H20..
For each run, 20 ml of diesel was fed with 2 ml of H202 and 0.5 g of the catalyst at atmospheric pressure. The performance of the
catalytic system was assessed in this investigation using a fixed dosage of H20> under authorized operating conditions. The ratio of
H20: to sulfur content was not examined as a separate variable. The amount of hydrogen peroxide (H202) used can affect the economic
efficiency of the process if it exceeds the specified proportions, and it may also negatively impact the oxidation process with adverse
results. Excessive use does not necessarily lead to a higher desulfurization rate. Thus, optimizing oxidizer use and evaluating the
system's viability in further research depend on figuring out the ideal H2O»-to-sulfur content ratio. The catalyst dose was not
investigated as an independent variable in the current trials, and the quantity of catalyst was set at 0.5 g per 20 mL of diesel fuel.

Nevertheless, adding more catalyst can increase the number of active sites available for H2O, activation and sulfur compound
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oxidation, but doing so too much could not result in a commensurate increase in removal efficiency. As a result, figuring out the ideal
catalyst dose is essential for striking a balance between catalytic activity, catalyst consumption, and separation needs. It is also a
recommended strategy for enhancing the procedure in future research.

The oxidation process was carried out under moderate conditions, at temperatures of (25-75 °C), with reaction times of (30_60)
minutes, and mixing speeds in the ultrasonic system (80-100%). After the oxidation process and the conversion of sulfur to sulfoxides
and sulfonates, the catalyst is then separated using 9 cm filter paper. The sulfoxides and sulfonates are more polar, so they are dissolved
with a polar solvent (ethanol) in a 1:1 ratio, thus obtaining diesel fuel with low sulfur content. The ethanol extraction stage is an
essential component of the oxidative desulfurization process, which aims to remove the more polar sulfur oxidation products from the
hydrocarbon phase following treatment. The high efficiency achieved is due to the combined oxidation and extraction processes, which
are interconnected in this work. Extraction alone, without oxidation, was not tested, although this is necessary in future ex periments
and processes to determine the efficiency and effects of each process individually and to define the contribution of each. The diesel is
then separated from the polar solvent, and the sulfur content is analyzed using a Sindy apparatus manufactured in the United States by
XOS. This apparatus utilizes the principle of single-wavelength X-ray scattering (MWDXREF) technology and is considered one of the
most accurate methods for determining total sulfur content. The device operates according to ASTM D7039 standards for determining
total sulfur content. It is crucial to remember that genuine, unpolluted diesel fuel was used in this study's desulfurization performance
evaluation rather than a model fuel made in a lab. Additionally, the desulfurization assessment was predicated on determining the
sample's total sulfur content both before and after treatment using a widely accessible sulfur analyzer, which yields a number for the
overall sulfur content but does not distinguish specific sulfur species. As a result, the computed desulfurization efficiency values in this
study do not allow for the assessment of the individual contribution of various sulfur species; instead, they represent the total
reduction in sulfur concentration. Identifying specific species, such as dibenzothiophene (DBT) and its derivatives, 4,6-DMDBT, and
thiophene, could offer a more thorough understanding of the selectivity and behavior of the ODS process because the susceptibility of
sulfur compounds to oxidation and removal varies according to their molecular structure. Therefore, while the current results clearly
reflect the total desulfurization effectiveness of the actual diesel fuel under research, qualitative and quantitative characterization of

specific sulfur species using specialist analytical techniques constitutes an essential expansion of the current work.

The desulfurization efficiency was also calculated using Eq.1

_ CAy — CAour

o= (1
convegen % ( A

) X 100% oos o1

Where, CA;y is the initial concentration, CAyyy is the final concentration of sulfur measured in parts per million (ppm).

Digital Temperature/
Overpressure Control Gauge

i Process Time
Exhaust Port i

i

1

i

Pulse ON
Ultrasonic Horn ! [y Pulse OFF

TEMPERATURE CONTROLS
i

Intelligent Ultrasonic Processor

Elapsed 01h 00m 27 H
b : ﬂ Alarm Temp. |
ProcessTime:  1h > 3 H
PuseON: 505 o :
(Beaker) \ Puise OFF: 305 o'® H

Alarm Temp:  15°C
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Fe — Ni / y-Al,0; + SiO,
Diesel + H,0,

Figure 3. Ultrasonic Reactor.
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3. RESULTS & DISCUSSIONS

Catalyst characterization

Surface area and pore volume analysis

The surface area, pore volume, and diameter of the prepared catalyst (Fe20s + NiO)/y-AL,Os were examined using the Brunauer-
Emmett-Teller (BET) test, as shown in Table 2. The results showed that the surface area of the gamma-alumina catalyst before metal
loading was larger, and after loading iron and nickel, the surface area decreased. This indicates that the pores were filled with metal
(Ahmed et al., 2020). The pore volume and diameter also decreased after metal loading. This surface area is considered excellent for
gamma-alumina in its neutralized form, as it is effective in completing the desulfurization reaction. The BET curves for y-Al2Os and for
(Fe203 + NiO)/y-ALOs are shown in Figure 4A and B, respectively.

A B
0.012 0.012
s 0.008 0.008
g =
= =
e >3
.
Q S~
g 0
0 0.25 05
(0] 0.25 0.5
p/pPo p/Pa

Figure 4. BET OF (A) y-ALOs & (B) OF (Fe20s + NiO) /y-ALOs

Table 2. results of BET

Mean pore diameter Total pore volume
Sample Surface area(m?/g)

(nm) (cm?/g)
v-AlL0s 216.99 6.133 0.3327
(Fe20s + NiO) /y-AL:Os 200.73 4.5715 0.2294

X-ray diffraction (XRD)

X-ray diffraction (XRD) results for the prepared y-Al:Os material, as shown in Fig. 5A, within the 20-angle range of 9.38-79.98° and a
0.05° scan line using a wavelength of A = 1.5406 A and Cu Ka radiation, revealed a diffraction pattern exhibiting broad main peaks at 20
~37.8° 45.1°, and 66.1°, where these values correspond to the gamma alumina phase (Hosseini et al., 2012; Khazaei et al., 2016; Sobhani
and Tavakoli, 2019; Jarullah et al., 2022) .The peaks also indicate the formation of nano-sized y-Al:Os. The average crystal size was also
calculated using the Debye-Scherrer equation (Rayalu et al., 2005).

K
" Bcosh

Where D is the diameter of the crystallite, k = 0.9, A is the wavelength of the X-ray, £ full width at half maximum (FWHM), and 0 is the
diffraction angle. The average crystal size of the y-Al,Os; sample was calculated using the equation above. At the highest intensity of 20
= 66.0° and at (FWHM) 7.93°, the crystal size was approximately 1.2 nm, confirming the nanoscale nature of the prepared gamma
alumina. Fig.5B shows the XRD scan of the prepared scaffold after metal loading (Fe20s + NiO) /y-ALOs. The active catalyst is observed
to integrate with the prepared y-Al,O; peaks, indicating high metal dispersion and the absence of clumping on the scaffold or the
formation of very fine crystals that were not detected by XRD (Zeifert et al., 2000; Mangesh et al., 2024). This high dispersion is common

for metals and is beneficial in catalytic applications for enhancing the interactions between the prepared scaffold and the metal.
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Figure 5. XRD patterns for synthesized (A) y-ALOs & (B) OF (Fe20s + NiO) / y-ALO.

Thermal gravimetric analysis (TGA)

The thermal behavior of y-AlLOs and Fe:0s + NiO / y-Al,Os was examined using thermogravimetric analysis (TGA) in an argon
environment. As shown in Fig. 6A, B. At 600 °C, the Fe2Os + NiO / y-ALOs catalyst lost 24.96 wt.% of its weight, compared to 17.64 wt.%
for v-ALOQO:s. Fig. 6A illustrates the weight loss that occurs below 120°C due to the removal of physically absorbed water on the outer
surface and within the pore structure of y-Al,Os; (Kozerozhets et al., 2023). The increasing condensation of hydrogen-bonded surface
hydroxyl groups and the elimination of highly adsorbed water are linked to the gradual mass loss between about 120 and 350 °C
(Ludwig and Burke, 2022). The significant weight loss at 350°C is attributed to the removal of hydroxyl groups (Al-OH-Al), which may
contribute to the formation of symmetrical unsaturated alumina subsites, consistent with the behavior of gamma alumina (Ma et al,,
2024). Fig. 6B: After Fe;O; and NiO loading, the larger overall weight loss is attributable to the alteration of the alumina surface
produced by metal-support interaction, which increases the quantity of adsorbed water and surface hydroxyl species maintained at the
metal-support interface. As a result, when heated in an inert environment, dehydration and dehydroxylation become more noticeable,
although Fe20s and NiO themselves stay thermally stable below 600 °C (Wang et al., 2023; Ma et al., 2024).
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Figure 6. TGA for synthesized (A) y-AlOs & (B) OF (Fe20s + NiO) / y-ALO

Energy Dispersive X-ray (EDX)

The locally prepared material was analyzed using Energy Dispersive X-ray (EDX). This assay was used to analyze and identify the
material's constituent elements and assess its purity. The EDX spectrum showed distinct peaks from aluminum (Al Ko at KeV = 1.5)
and oxygen (O Ka at KeV = 0.52), confirming the successful formation of aluminum oxide, as shown in Fig. 7A. The absence of other
significant peaks for other elements indicates that the prepared material possesses a high degree of purity. These results suggest that

the prepared material consists primarily of aluminum and oxygen, which is consistent with the expected composition of aluminum
oxide.

Figure 7. EDX OF(A) y-ALOs & (B) OF (Fe20s + NiO) / v-ALOs
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The EDX spectrum of (Fe203 + NiO)/y-Al20 demonstrates the successful loading of the metals (iron and nickel) onto the alumina
support, as illustrated in the figure 7. Peaks for iron are clearly observed at energies approaching 0.7, 6.4, and 7 kV, while peaks for
nickel are observed at energies approaching 0.85, 7.5, and 8.2 kV. In addition to the actual peaks for alumina and oxygen, this indicates

that the alumina support retains its structure and integrity after metal loading.

Scanning electron microscopy (SEM)

Scanning electron microscopy (SEM) was used to determine the surface morphology of the prepared material before and after metal
loading. Fig.8A, B show the surface of the y-Al:Os support before metal loading, exhibiting irregularly shaped clusters of fine particles
at the nanoscale, along with the appearance of agglomerates of the prepared alumina. The surface appears rough and porous. Fig.8C, D
illustrates the significant difference in the support after metal loading (Fe20s + NiO) / y-ALOs, showing a rougher surface with a higher
density of granular structures. These morphological changes confirm the successful loading of iron and nickel onto the alumina
support. The paste-like particles are distributed at the nanoscale with good homogeneity across the support, and the porous structure

remains largely intact with only minor changes.

SEM HV: 16.00 kV WD: 4.293 mm Lieootosoy]
SEM MAG: 150.00 kx Det: InBeam 200 nm 7
View fleld: 1.446 ym Date(mvdsy): 12/26/26 n

SEM HV: 15.00 kV WD: 4.293 mm MIRAW\ TESCAN
SEM MAG: 50.00 kx Det: InBeam 1 um &
View fleld: 4 334 ym Date(mvdry): 12726726 n

-

SEM HV: 15.00 kV WD: 4.677 mm MIRAW TESCAN SEM HV: 15.00 kV WD: 4.677 mm Lty ] MIRAW\ TESCAN
SEM MAG: 50.00 kx Det: inBeam 1 n’ SEM MAG: 150.00 kx Det: InBeam 200 nm g
View fleld: 4 334 um Date(m/dly): 12/25/25 View field: 1.4456 ym Date(m/d/y): 12/26/26

Figure 8. Scanning electron microscopy images of (A, B) y-ALOs and (C, D) of (Fe20s + NiO) / y-ALOs

Oxidative desulfurization performance
Effect of ultrasonic temperature
Temperature is one of the most important factors that strongly influence the oxidative desulfurization process. Fig. 9(A-C) illustrates

the effect of temperature changes on desulfurization efficiency. A reaction time of 60 minutes was used with an ultrasonic mixing
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efficiency of (80%-100%). The results of the desulfurization tests showed that the removal efficiency increased with increasing
temperature. This is attributed to several reasons, including the fact that as temperature increases, the proportionality constant
increases, which in turn leads to increased sulfur removal efficiency according to the Arrhenius equation (Huang et al., 2017). Based on
the Arrhenius equation, the reaction rate constant increases with increasing temperature. This, in turn, leads to an increase in the
removal rate. Since the activation energy of the molecules depends on the reaction rate constant, increasing the activation energy of the
molecules leads to a significant increase in the number of molecules participating in the reaction, thus increasing the removal efficiency
(Nawaf et al., 2019). The calcination temperature of the prepared y-AlLOs material may also affect the acid site density, thereby
increasing the removal rate (Jarullah et al., 2022).

e i 30 ==@==Tim 45 === Tim 60 A
100
20
80
B o
3 50
5
o 40
= 30
20
10
0
25 50 75
Tempreture , °C
=@ Tim 30 === Tim 45 ==@==Tim 60 B e Tim 30 emlpum Tim 45 el Tim 60 C
100 100
90 30
80 80
£ 70 R 70
@ 60 5 60
2 50 J: 50
5 g
S 40 a0
¥ 30 T
20 20
10 10
0 0
25 50 75

25 50 75

temperature °C temperature °C

Figure 9. shows desulfurization in ODS technology with temperature variations according to ultrasonic efficiency: (A) 80%, (B) 90%, (C)
100%

Effect of reaction time in ultrasonic

Increasing the reaction time in ultrasonic mixing positively affects ODS desulfurization, as shown in Fig. 10(A, B, C) for operating times
of 30,45 and 60 minutes with a temperature range of 25-75°C and an ultrasonic efficiency of 80%-100%. This increase in reaction time is
due to the longer contact time between the reactants and the catalyst, which accelerates their oxidation in the presence of the oxidizing
agent (Jafar et al., 2021; Nawaf et al.,, 2021; Humadi et al., 2023b). Furthermore, the increased reaction time allows for greater mass
transfer, leading to enhanced reaction between the reactants and consequently a higher desulfurization rate (Fathi et al., 2022; Aabid et
al,, 2023; Humadi et al., 2023a; Razzaq et al., 2023; Algawi et al.,, 2024). The optimal desulfurization rate was achieved at 60 minutes, a
temperature of 75°C, and 100% ultrasonic mixing intensity.
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Figure 10. Shows desulfurization in ODS technology with reaction time variations according to ultrasonic efficiency: (A) 80%, (B) 90%,
(C) 100%
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Figure 11. Shows desulfurization in ODS technology with Sonication intensity at a reaction time of 60 min and a temperature of 75°C

Effect of Sonication Intensity
Fig.11 shows the effect of ultrasound on the ODS process at 75°C for 60 minutes across wave intensities of 80%, 90%, and 100%. The

findings shown that when ultrasonic intensity increases, desulfurization efficiency rises. This is explained by the ultrasonic probe's
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ability to improve reaction kinetics by increasing the dispersion of system components. Increased mass transfer between the solid and
liquid phases as a result of mechanical and physical interactions is also credited with this improvement (Humadi et al., 2023a). The
influence of ultrasound, which creates emulsification and acoustic cavities and improves contact between the diesel fuel, catalyst, and
oxidizing agent, also affects process performance. As ultrasonic intensity increases, the desulfurization rate rises (Aabid et al., 2023).
The highly catalytic Fe-Ni binary system contributes to the complementary properties of both, in addition to their effective role in H20:
activation, as indicated by research such as (Ye et al., 2025). The connection between the two metal centers is crucial for increasing
catalytic activity, since other research has shown that adding Fe to Ni sites can change the activation behavior of H20, and encourage
the generation of reactive oxygen species (Martin et al., 2023). Fe,O3 and NiO combined on y-ALOs, as well as the metal components'
superior dispersion and the improved fuel-oxidant interaction brought about by ultrasonic cavitation, can all contribute to the present
system's increased oxidation of sulfur compounds. The integration of the Fe—Ni metal centers, the function of the support, and the
enhancement of mass transfer under the influence of ultrasound are therefore responsible for the catalyst's improved performance. It
should be noted that independent comparative experiments for individual catalysts are necessary to demonstrate direct chemical
synergy between Fe and Ni.

Kinetic analysis of ODS Reactions

Two popular kinetic models for ODS reactions —the pseudo-first-order and pseudo-second-order models were investigated to ascertain
the reaction rate and the underlying mechanism of ultrasonic oxidative desulfurization (UAODS) utilizing a nano-catalyst (Fe:Os +
NiO) / y-ALOs. The mathematical formulas for these two models are given by equations (2) and (3), respectively.

In(c, —¢;) = kqt ... ... (2)

1 1
o o =kyt......(3)
Where:
co: represents the initial concentration of sulfur (ppm), ct: Sulfur concentration at time (t) (ppm), t: time (min), ki: the rate constant for

the first-order model (min™), kz: the rate constant for the second-order model (ppm-'. min™).

For both models, the kinetics were carried out at the maximal sonication intensity (100%), which is thought to be ideal, with varying
response durations (30, 45, and 60 minutes) and temperatures (25, 50, and 75 °C). The first-order findings are shown in Fig. 12(A, B, C),
and the second-order results are shown in Fig.13(A, B, C). With correlation coefficients (R?) more than 0.99, the pseudo-first-order
model demonstrated outstanding agreement with the UAODS process at various temperatures, as shown in Table 3. In contrast, the
pseudo-second-order model displayed much reduced correlation, particularly at the highest temperature (75 °C), deemed ideal, when
R? plummeted to 0.96. The exceptionally high desulfurization efficiency (91% within 60 minutes) is the reason for the second-order
model's failure at the high temperature (75 °C). The fast depletion of sulfur compounds at these high conversion levels causes nonlinear
behavior in the second-order model, showing that the reaction follows a first-order model and that the concentration of sulfur in the
fuel phase is the primary factor controlling the reaction rate. The ultrasonic cavity allows the reaction to continue even at very low
concentrations and high temperatures by reducing the mass-transfer barrier between the bulk and the catalyst. As a result, a pseudo-
first-order model was used to get the rate constant (ki) and then use the Arrhenius equation to find the activation energy (Ea). The
oxidant concentration remains relatively constant throughout the reaction compared to the sulfur concentration, which changes
continuously over time. This makes the rate of reaction closely related to the sulfur concentration in the fuel, which in turn makes the
reaction tend towards a pseudo-first-order kinetic model. As a result, pseudo-first-order kinetics may be used to crudely describe the
response behavior. This behavior is comparable with what has been observed in ultrasonic-assisted oxidative desulfurization processes,
where similar catalytic ODS systems have demonstrated strong agreement with the quasi-first-order kinetic model, indicating that this
model is appropriate for the system under study. This is consistent with previous studies that confirm that the oxidation system follows
Pesedo-first-order (Zahran et al., 2026; Zhang et al., 2016).
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Figure 12. In (Co/Ct) versus (t) of sulfur oxidation reactions using the prepared nano-catalyst (A) at 25 °C, (B) at 50 °C, (C) at 75 °C
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Table 3. Kinetic model results

Order of Reaction ‘ K=constant R?

T=25°C

The pseudo-first order 0.0103 (min?) 0.9835
The pseudo-second order 1¥10° (ppm’. min) 0.9714
T=50 °C

The pseudo-first order 0.0162 (min) 0.99
The pseudo-second order 1104 (ppm. min™') 0.9926
T=75°C

The pseudo-first order 0.0294 (min") 0.9966
The pseudo-second order 0.0004 (ppm™. min™) 0.9685

Estimation of Activation Energy
Activation energy (Ea) calculations were carried out to examine the effectiveness of the generated nano-catalyst (Fe-Ni/y-ALOs) in the
UAODS process. These computations examined how the reaction rate constant (k1) depended on temperatures (25, 50, and 75) using
the linear Arrhenius equation (4):

Ink, = InA Ea 4
nk, = In. ﬁ()

Where:

Ea: activation energy, R: gas constant, T: reaction temperature, A: pre—exponential factor.

The k1 vs 1/T graph in Fig.14 demonstrates a very linear relationship with a correlation coefficient (R?) of 0.9849, demonstrating the
validity of the kinetic data. According to the Arrhenius diagram's slope (-Ea/R), the activation energy was 18 kJ/mol, which is in line
with the researchers' conclusions (Salih et al., 2026). The activation energy obtained in this study is consistent with previous studies,
indicating that the applied model is suitable and that the oxidation reaction occurs at a low temperature. Furthermore, the ultrasonic
waves contribute to increased mass transfer and contact between the reactants. The combined effect of iron and nickel may also
contribute to a decrease in activation energy, which significantly increases the rate of sulfur removal. The unusually low value of Ea
suggests that the energy barrier needed for the oxidation of sulfur compounds is greatly reduced by the synergistic combination of the
active centers (iron and nickel) and ultrasonic cavitation (Gagol et al., 2019). This finding emphasizes how important ultrasonic waves

are for improving the oil-oxidant phase contact, which speeds up the total rate of sulfur removal even at moderate temperatures.

ln k
N
(6]

y=-2165.5x + 2.6529
-3.5 'Y R?=0.9849

Dol I I e e D

-5
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Figure 14. In (K1) versus (1/T) of ODS reactions using the prepared nano-catalyst
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Suggested Mechanism

The catalyst (Fe20s + NiO)/ y-ALOs exhibits strong catalytic activity and 91% desulfurization efficiency due to dynamic chemical
synergy between active iron and nickel sites. In Fenton-like oxidation processes, the reduction of iron (Fe*®) to iron (Fe*?) is the main
and slowest barrier to the reaction rate. Here, nickel (Ni*?) plays a critical synergistic function as an electron donor that speeds up the
reduction of Fe*® to Fe*? throughout the double-cycle (Fe*® + Ni*?). The ferrous sites are constantly replenished by this quick reaction,
which results in the very effective breakdown of hydrogen peroxide (H20,) and the copious generation of active hydroxyl radicals
(OH). The desulfurization rate is raised to levels much higher than those of traditional monometallic systems when this dual chemical
synergy is coupled with the acoustic cavitation energy produced by ultrasonic waves, which prevents material agglomeration and
removes oxidation products from the surface as they occur.

Fig.15 illustrates the reaction mechanism of ODS using a catalyst of (Fe20s + NiO)/ y-ALOs and an oxidizing agent of H20. The
reaction mechanism involves the transfer of sulfur compounds from diesel to the aqueous phase. This occurs through the adsorption of
sulfur present in the diesel within the pores of (Fe20s + NiO)/ y-ALO:s or on the alumina surface, which is a good acid site for adsorbing
sulfur compounds (Humadi et al., 2023b). Meanwhile, the metals (Ni/Fe) activate H2O:2 on the catalyst surface. The oxidizing agent
releases oxygen to oxidize the adsorbed sulfur and convert it into sulfoxides (Hossain et al., 2019). The oxidation process proceeds to
create sulfones by adding another oxygen atom once a sulfoxide is formed. After being adsorbed onto the catalyst surface, these
products move in the direction of the solid-liquid interface, where they are easier to separate from the system, specifically to the
aqueous or organic phase. They have a higher molecular weight and higher boiling points than other sulfur compounds present in

diesel, and are more polar, making them easier to remove using methods such as adsorption or extraction (Humadi et al., 2023b).

Sulfur Compound Adsorption | H,0, Activation on Catalyst Stepwise Oxidation

\
|
} o Sulfoxide Formation
1
\

CRO
DBT“—‘O DBT-0

9 Sulfon Formation

AI,O, Support -
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4
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X Al,
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sfer to Sulfur Atom

Figure 15: Suggested Mechanism of ODS with Heterogeneous Catalysts

The catalytic activity of the Fe;O3-NiO/y-ALO; catalyst may be explained by the fact that the metallic sites help activate H20, and
create reactive oxygen species that can oxidize sulfur compounds, depending on the kind of reaction system utilized. Iron actively
contributes to the activation of H202 on the surface, which in turn contributes to the generation of active molecules such as hydroxyl
radicals and other reactive oxygen species that effectively aid in oxidation processes (Li et al., 2023; Xu et al., 2024). Furthermore,
electron transport and active site integration can be improved by adding a binary metal system, which contributes to increased removal
efficiency and longer-lasting activation of hydrogen peroxide (H202) (Xu et al., 2024). Additionally, ultrasonic irradiation causes
acoustic cavitation, which produces high-energy local conditions that speed up oxidative processes as well as concomitant physical and

chemical effects such as improved mixing, emulsification, and mass transfer between phases (Ja'fari et al., 2018; Rajendran et al., 2020;
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Albayrak and Tavman, 2022). In order to facilitate the oxidation of sulfur compounds and their transformation into more polar,
removable products, the mechanism suggested in this work is based on the integration of H20, activation at the mineral sites and the
improved effects of ultrasonic cavitation. This explanation is offered as a reactive mechanism that is compatible with the catalytic

activity shown in the current investigation and backed by the published results and guiding principles of comparable systems.

Comparison of present and previous work
This research investigated the removal of sulfur compounds from diesel fuel using oxidative desulfurization technology on a large scale
as an alternative to hydrodesulfurization. Many studies have used Al2Os-supported catalysts due to their high stability, large surface

area, and ability to disperse and distribute the metals they support. Some of the studies that addressed this are shown in Table 4.

Table 4. Comparison of previous work

Fuel catalyst Sulfur Removal Reference
Diesel Co-Fe/y-ALl:Os 9.8% (Yandy et al., 2023)
. (Garcia-Gutiérrez et al.,
Diesel AM/ AL2Os 54.63%
2014)
. (Garcia-Gutiérrez et al.,
Diesel PA/ Al20O:s 55.95%
2014)
Wan Abdullah et al.,
Diesel MoOs/ALOs %76.1 (Wan Abduliah et a
2015b)
Wan Abdullah et al.,
Diesel Fe-MoOs/ALOs %80 (Wan Abdullah eta
2015a)
. (Sundararaman and Song,
Diesel MoOs/Al0s 43% 2014)

Reducing the sulfur concentration from 2018.14 ppm to about 180 ppm in the present processing step did not, by itself, satisfy the
sulfur limitations for ultra-low sulfur gasoline, even though the desulfurization efficiency achieved 91% under ideal circumstances.
However, the nature of the ODS technique employed in this investigation should be taken into consideration when interpreting this
outcome. In order to separate the more polar oxidized sulfur compounds from the hydrocarbon phase, an ethanol extraction step comes
after the desulfurization process, which does not just rely on oxidation. During the processing process, it was found that the production
of sulfoxides and sulfones increases the polarity of the sulfur compounds and increases their likelihood of migrating to the polar phase
during extraction, which directly lowers the amount of residual sulfur in the diesel. Therefore, a feasible strategy to further enhance the
total removal of sulfur may be to raise the extraction efficiency or repeat the extraction process after oxidation. When further lower
sulfur levels are needed, this might also be used in conjunction with subsequent oxidation-extraction processes. However, more
research is needed to determine the ideal number of oxidation and extraction cycles needed to meet commercial fuel specifications, so
the current findings are only a first step in evaluating the catalytic system's efficacy and the potential for expanding it into a multi-stage

process.

4. CONCLUSION

Oxidative desulfurization (ODS) of sulfur compounds in diesel was performed using an ultrasonic reactor to test the performance of a
prepared catalyst (Fe2Os + NiO)/y-AlOs. Sonication intensities of 80%, 90%, and 100% were used at different temperatures (25-75°C)
and reaction times (30-60 minutes) with the catalyst (Fe20s + NiO)/ y-ALOs, using the oxidizing agent H20. and a pressure of 1
atmosphere. The oxidative desulfurization process became much more efficient when ultrasound was used. By creating a lot of bubbles,
the ultrasonic probe enhanced contact and mass transfer between the system components, improving the dispersion and mixing of the
reaction components. The oxidative desulfurization procedure was more effective as a result of this effect. Following ethanol extraction,
the desulfurization rate was 91% at 75°C and 60 minutes of reaction time, with 100% mixing efficiency.

The current catalytic system demonstrates good efficiency in removing sulfur compounds. Current work focuses on studying the

prepared catalyst under operating and kinetic conditions, but the reuse of the catalyst during reaction cycles and the durability of the
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solid material have not received sufficient attention in this study. These aspects are subject to review in future studies before moving to

industrial applications.
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