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Abstract

Given the environmental and health risks posed by sulfur pollutants, their removal and the production of lower sulfur hydrocarbon
fuels are essential. Therefore, oxidative desulfurization (ODS) technology has become crucial as it operates efficiently under
moderate conditions. This study focused on the synthesis of a (Fe:0s + NiO)/SiO: catalyst via incipient wetness impregnation,
followed by drying at 120°C and calcination at 600°C. Several tests were performed on the catalyst before its application: BET,
TGA, and SEM-EDX. The BET results showed a decrease in surface area from 166.47 to 149.57 m? g after metal loading,
confirming the fixation of iron and nickel oxides on the silica support. XRD and FTIR analyses confirmed the formation of the metal
oxide phases Fe2Os and NiO, while preserving the amorphous nature of the silica. The prepared catalyst was tested in ultrasonic
oxidative desulfurization of real diesel fuel containing up to 2018.14 ppm using hydrogen peroxide as the oxidizing agent. VVarious
conditions were investigated, including the effect of temperature (25-75°C), reaction time (30-60 minutes), and ultrasonic intensity
(80-100%). This was followed by ethanol extraction at a 1:1 diesel-to-solvent ratio. A sulfur removal efficiency of 90% was
achieved. The study showed that the reaction followed a pseudo-first-order model with reaction rate constants of 0.0172, 0.0252, and
0.0400 min" at 25, 50, and 75°C, respectively, with R? =0.98. The activation energy of the reaction was also calculated and found to
be 14.50 kJ mol™, indicating the suitability of the kinetics and the efficiency of the catalytic activity under the influence of
ultrasonication.
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1- Introduction
. . . technologies that has gained widespread attention in
Many countries are striving to achieve ultra-low sulfur  (ocent decades. Its operating principle is based on
levels in fuel oils and their petrochemical products as a  converting the sulfur compounds present in the fuel into
result of stricter regulations on sulfur-containing fuel oils  ,ore polar compounds by oxidizing them and converting
[1], because of Sulfur oxides (SOx), which are generated  them jnto Sulfoxides and sulfones using an oxidizer of
from the combustion of sulfur compounds in various  pygrogen peroxide. Then, the oxidized compounds are
fuels, are a major source of acid rain, air pollution,  efficiently removed through a solvent extraction process
cataly_st failure, and metal corrosion, in addition to their  j,e to their high polarity compared to the original sulfur
negative  effects  on human health [2-5]. compounds [7-9].
Hydrodesulfurization (HDS) is the traditional industrial The efficiency of the ODS process depends greatly on
technique used in oil refineries to remove sulfur ne characteristics of the catalyst and the oxidizing agent,
compounds from petroleum products. However, this  the reactor design, and the efficiency of mass transfer
process is undesirable because it requires high hydrogen  penween the different phases [6, 10]. Silica's high surface
temperatures and pressures, consumes a significant  areq controllable porosity, and excellent thermal stability
amount of energy, and has limited efficiency against pave made silica-based catalysts highly attractive, in
resistant ~aromatic ~ sulfur ~ compounds  such as  gaqgition to their ability to effectively disperse active metal
dibenzothiophene and its derivatives [1, 3, 5]. Therefore,  gpecies [11-13]. Transition metal oxides such as Fe:Os
oxidative desulfurization (ODS) has emerged as a  ang NjO have also demonstrated good catalytic activity in
promising alternative due to its ability to operate under  oyjqation reactions due to their ability to promote the
mod_erate conditions a}nd achieve dt_eep su_Ifur_ remov_al, formation of active oxygen species and catalyze the
particularly of aromatic sulfur and its derivatives, with  vidation of sulfur compounds [8, 14, 15].In recent years,

lower ~operational requirements[1, 6, 7]. Oxidative jyrasonic-assisted oxidative desulfurization has emerged
desulfurization (ODS) is one of the alternative
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as an effective process intensification technique.
Ultrasound induces the formation of cavitation bubbles
that collapse violently, generating localized areas of high
temperature and pressure. This leads to improved mixing
and catalyst dispersion, as well as increased mass transfer
between the reacting phases[16-18]. Several previous
studies have indicated that using ultrasound significantly
improves desulfurization efficiency and reduces reaction
time compared to conventional mechanical mixing
processes [16, 18]. Previous studies have demonstrated
the effectiveness of silica-supported catalysts in oxidative
desulfurization applications.

Yan et al. achieved high desulfurization efficiency using
silica-supported phosphotungstic acid on SiO, [17], and
Banisharif et al. showed excellent efficiency using silica-
stabilized vanadium-substituted polyoxometals [18], and
Sundararaman and others using a MoOs/SiO, catalyst
[19], and Liu and others using the CisPW/SiO; catalyst
[20], and Ghubayra also studied the oxidation reaction
using the 15% HPA-1/SiO; catalyst [21]. In a more recent
study, Zahran et al. reported improved diesel
desulfurization using ultrasonic-supported catalytic
oxidation based on mixed metal oxide complexes
followed by solvent extraction [15]. Recent reviews have
also highlighted the growing importance of ultrasonic-
assisted oxidative desulfurization techniques for
producing low-sulfur fuels in an environmentally friendly
manner [18, 24]. Despite these advancements, studies on

the use of silica-supported Fe-Os—NiO bimetallic catalysts
in ultrasonic-assisted oxidative desulfurization of real
diesel fuel remain limited. Furthermore, the combined
effect of ultrasonic intensity, temperature, and reaction
time on desulfurization efficiency and reaction kinetics
has not been adequately investigated. Therefore, this
research aims to prepare and characterize a structured
(Fe-0; + NiO)/SiO: bimetallic catalyst and evaluate its
performance in ultrasonic-assisted oxidative
desulfurization of real diesel fuel using hydrogen
peroxide as the oxidizing agent. The effects of
temperature, reaction time, and ultrasonic intensity on
desulfurization efficiency were also investigated.
Additionally, kinetic studies and activation energy
analysis were conducted to understand the reaction
mechanism and evaluate the catalytic performance of the
developed catalyst.

2- Experimental work
2.1. Materials and fuel

In this work, real diesel fuel with a total sulfur content
of 2018.14 was used. It was obtained from the North
Refineries Company, Baiji Refinery, Salah al-Din
Governorate, Irag. The diesel fuel properties are detailed
in Table 1.

Table 1. Physical properties of diesel

Physical property Diesel
Sp.gr@15.6 0.8217
Flash point 62

Total sulphur (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

The materials used in preparing the catalyst were silica
imported from Shanghai Macklin Biochemical/China,
ferric nitrate hydrate (Fe (NO3)3.9H,0) with 98% purity,
and nickel(Il) nitrate hexahydrate (Ni (NOs),.6H,0), both
with 99% purity and imported from Central Drug House
(CDH). Additionally, utilized were ethanol (C.HsOH)
with 25% purity from RCI LABSCAN LIMITED,
hydrogen peroxide (H202) with 35% purity from PanReac
AppliChem, and deionized water. In this study, hydrogen
peroxide was used based on its key advantage: its
decomposition products yield water, eliminating the
complex need to dispose of toxic substances produced by
other oxidants. Furthermore, it has a high oxygen content
relative to its molecular size [9, 25]. As for ethanol, it was
chosen because of its availability and safety, being a
commercially available polar solvent, low cost, and less

toxic than traditional toxic solvents such as acetonitrile or
DMF [6, 24].

2.2. Preparation of catalyst (Fe.O; — NiO / SiOy)

The catalyst was prepared using the Incipient Wetness
Impregnation method by dissolving 3.8 g of ferric nitrate
hydrate (Fe (NO3)3.9H,0) and 2.6 g of nickel nitrate
hexahydrate (Ni (NOs3)2.6H,0) in 50 mL of deionized
water. The prepared solution was then stirred for 1 hour
using a magnetic stirrer until the salts were completely
dissolved. Next, 10 g of commercial silica was gradually
added, and the resultant slurry was stirred again using a
magnetic stirrer. Finally, the obtained suspension was
ultrasonically stirred for 2 hours to ensure complete
dissolution. The wet composite was then dried overnight
in a drying oven at 120°C. After drying, the sample was
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calcined in a tubular furnace at a temperature gradient:
200°C for 1 hour, 400°C for 1 hour, and finally 600°C for

—

Silica

Salts (Ni+Fe) magnetic stirrer ultrasonic

4 hours. The calcined solid was then ground to produce
the ready-made catalyst, as illustrated in Fig. 1.

Calcination

drying oven

l

(Fe - Ni/ Si02) grinding

Fig. 1. Preparation of catalyst (Fe,O3 — NiO / SiO) by the impregnation method

2.3. Catalyst characterization

Several tests were conducted to verify the prepared
catalyst (Fe.O3; — NiO/SiO2), which were performed at the
Photon Center, its accredited center. These tests included:
Crystalline phases and structural parameters were
evaluated by X-ray diffraction (XRD) using a Philips
PW1730 X-ray generator coupled with a PW1050
goniometer (Philips, The Netherlands), powered by a Cu
Ka copper radiation source. Specific surface area, pore
size, and diameter distribution were determined by
nitrogen (N2) adsorption and desorption isotherm at 77 K
using a BELSORP-mini Il analyzer equipped with a
Belprep Il degassing unit (Microtrack BET, Japan), after
pre-treatment of the samples at 120 °C for 2 hours.
Surface morphology and elemental composition were
examined using field-emission scanning electron
microscopy (FE-SEM, TESCAN MIRA3 model, Czech
Republic) coupled with an energy-dispersive X-ray
spectrometer (EDX, Oxford Instruments AZtec System,
UK). The thermal stability and weight loss behavior of the
catalyst sample  were also  monitored by
thermogravimetric analysis (TGA) wusing a Q50
thermogravimetric analyzer (TA Instruments, USA) under
controlled atmospheres. Finally, the surface functional
groups and chemical bonding states were determined by
Fourier transform infrared spectroscopy (FTIR) in the
4000400 cm™ range using a JASCO FT/IR-4600
spectrometer (JASCO, Japan).

2.4. Experimental Procedure

2.4.1. Oxidative- extraction (OEDS) desulfurization

process

The desulfurization of diesel fuel was carried out using
an oxidative desulfurization technique enhanced by

extraction. A sonic wave reactor (manufactured by a
Chinese company) was used for this purpose, as shown in
Fig. 2. The oxidation process was carried out using a
prepared catalyst (Fe-Ni/SiO2) in the presence of the
oxidizing agent, hydrogen peroxide (H20:). The fuel used
contained 2018.14 ppm of sulfur compounds. 0.5 g of the
prepared catalyst (Fe-Ni/ SiO.) was added to every 20 mL
of diesel fuel, and 2 mL of the oxidizing agent (H20:) was
added to each experiment under atmospheric pressure.
The process was carried out under moderate conditions at
different temperatures (25, 50, and 75 °C) and reaction
times (30, 45, and 60 minutes), and at different ultrasonic
amplitude levels (80%, 90%, and 100% of the total power
of 650 W) in a 20 kHz ultrasonic reactor. Notably, the
ultrasonic irradiation relies on localized microfluidic flow
and acoustic cavitation rather than conventional
mechanical rotation (rpm).

These high-frequency waves generate rapid dispersion
and enhance the transfer of material between the
immiscible liquid phases and the solid catalyst. Following
the ODS process, a 9 cm filter paper was used to separate
the solid catalyst from the liquid phase. The remaining
liquid, containing highly polar oxidized sulfoxides and
sulfons, was then mixed with ethanol, a readily available,
inexpensive, and polar solvent, at a 1:1 volumetric ratio.
This ratio ensured complete extraction of the sulfons and
sulfates and eliminated any mass transfer constraints,
allowing for the evaluation of the performance of the
prepared catalyst (Fe:03;—NiO/SiOz2). Solvent recovery can
be achieved through efficient and low-energy methods, as
ethanol has a relatively low boiling point (around 78°C)
and a low latent heat of vaporization compared to other
solvents.

This enables its recovery via rapid distillation, reducing
operating costs and simplifying the process. Furthermore,
research has employed ratios higher than 1:1 [25, 26].
Because sulfoxides and sulfones are polar components,
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they dissolve readily in ethanol, unlike diesel fuel, in
which they are difficult to remove. Based on the principle
of density, diesel is separated from other components, as
shown in Fig. 3. The diesel fuel is then drawn from the
top to obtain clean diesel. The apparatus used to test the
sulfur content is manufactured by XOS in the USA and is
called the Sandy. Its operating principle is based on
longitudinal X-ray diffraction (MWDXRF), which is
considered the best method for determining the sulfur
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content according to ASTM D7039 standards. The
desulfurization efficiency was calculated using Eq. 1
convegen = (CCM) X 100 % Q

Where Co: initial concentration of sulfur, Coyurt: final
concentration of sulfur.
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3- Results and discussion
3.1. Catalyst characterization
3.1.1. Surface area and pore volume analysis

The study used a BET assay to examine the properties
of a silica substrate before and after metal loading,

employing a nitrogen adsorption-desorption technique.

The isotherm also illustrates this in Fig. 4 a, b. The test
was performed at 77 K, with an adsorption cross-sectional
area of 0.162 nm?. The analysis showed that the silica
before loading possessed good surface area and pore
volume. After loading the metals (iron and nickel), the
test revealed a decrease in surface area and pore volume.
This partial blockage is attributed to the silica pores being
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filled with particles of the loaded metal oxides, and the
active sites on the silica substrate being covered with
these oxides. This change in pore volume and surface area
indicates the success of the metal loading process on the
substrate, as metal deposition reduces available porosity
due to the occupation of internal pores and surface
blockage [25]. The slight change in pore diameter after

structure retained its shape, demonstrating that the support
retained its structural stability. In addition, the decrease in
surface area after loading is due to strong bonding
between the loaded metals and the support, where iron
and nickel species are bonded to the silica surface and
internal pore walls. Table 2 shows the surface area and
pore volume before and after metal loading.

metal loading indicates that the mesoporous silica
Table 2. BET, pd, and pv of prepared silica supports and catalysts
Sample Surface area (m%g) Mean pore diameter (nm) Total pore volume (cm®/g)
SiO; 166.47 22.011 0.916
(Fe,0s3 + NiO) / SiO, 149.57 5.5733 0.2084
a b
0.018 0.015
0.012 / e 0.01
T B
g £
N N
Ly ~
Q Q
0.006 P 0.005
0 0
0 0.25 0.5 0 0.25 0.5
plpy p/po

Fig. 4. isotherm of BET of (a) SiO, / (b) Fe203-NiO/SiO;

3.1.2. X-ray diffraction analysis

Fig. 5 shows the X-ray diffraction (XRD) pattern of the
silica support before and after metal loading. The scan
was performed within the starting position [°26]= 9 and
the ending position [°2 0]= 79, with a wavelength A =
(0.15406 nm). Fig. 5 a shows a broad, dispersed halo
starting in the 15-30° angular range and centering at 26 =
22-24°, a range characteristic of amorphous silica
(Si02)[11,26]. The absence of sharp peaks in the sample
indicates a lack of crystalline order, confirming that the
support is primarily composed of an irregular siloxane
lattice. Following the metal loading process (nickel and
iron), Fig. 5 b retains the characteristic broad halo of
silica centered at 22-24°, indicating that the amorphous
silica substrate retained its structure after impregnation.
Additional diffraction peaks were also observed at
approximately 20 =~ 36-37°, 57-58°, 43-44°, and 63—
64°.These values correspond to crystalline phases of NiO
and Fe:0s, consistent with previous studies[13,27,28].
Maintaining the structure of the silica support after metal
loading and the appearance of NiO and Fe.Os peaks
indicates that the active oxides have been well distributed
on the support surface without affecting its amorphous
nature.

3.1.3. Fourier transform infrared (FTIR) analysis

The FTIR spectrum of unloaded amorphous silica Fig. 6
a reveals the characteristic siloxane network structure. A
major peak at ~1080-1100 cm™ is attributed to the
asymmetric tensile vibration of the Si—O-Si bonds. Peaks
at ~800 cm™! are attributed to symmetric tensile vibration,
and peaks at ~470 cm™ to curvature. A weak peak at
~950-970 cm™ may be due to silanol groups (Si—OH),
However, at around ~140Y.9 cm™, Si-O~ groups may be
distinguished, confirming the hydroxyl nature of the silica
surface [29-32]. In addition, the peaks at ~3400-3200,
3700 cm™ cm™ may be due to the elongation vibrations of
the surface hydroxyl groups (O-H) and the actually
absorbed water, and the peaks at ~1600 cm? are due to the
bending vibrations of the water (H-O-H), indicating the
hydrophilic nature of the support surface [29-33]. The
band at around 2356.5 cm™ is attributed to ambient
carbon dioxide absorption, which typically appears in
FTIR spectra due to interference from the surrounding air
and the infrared pathway [34, 35].

Consequently, this peak is thought to be a result of
spectrum interference rather than the chemical makeup of
the material. Fig. 6 b shows clear changes after loading
iron and nickel, especially in the low region located
within the wavelength range at (400-800 ¢m™), In this
range, the peaks of the metal-oxygen bond are found, as
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the appearance of new peaks 620.9, 539.9, 470.5, 447.4 is
attributed to the metal oxides Fe-O and Ni-O, while
maintaining the basic peaks of the support before loading.
This confirms the success of the deposition of metal
oxides on the silica surface [36, 37]. The slight decrease

in the moxibustion bands after loading indicates coverage
of these aggregates and confirms the interaction of the
support with the metal [38].
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Fig. 5. The X-ray diffraction (XRD) pattern of (a) SiO / (b) Fe,O3-NiO/SiO,
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Fig. 6. FTIR analysis of (a) SiO / (b) Fe,03-NiO/SiO;

3.1.4. Thermal Gravimetric Analysis (TGA)

Fig. 7 shows the thermogravimetric analysis (TGA)
curves for the silica support and the iron-nickel-loaded
silica, revealing a significant difference in thermal
behavior. This reflects the change in structure and surface
properties after metal loading. The silica support in Fig. 7
a exhibits a total weight loss of approximately 61.55%
within the temperature range of 25-600 °C. This
demonstrates the high density of hydroxyl groups (Si—
OH) and the silica's ability to retain moisture within its
porous structure. The weight loss in the first phase (25—
200 °C), approximately 28.44%, may indicate the
removal of physically adsorbed water weakly bound to
the silica surface, and the second phase (200-300 °C),
with a weight loss of 7.35%, represents the beginning of
silanol condensation and for the third stage (300-600 °C),
where a significant loss of up to about 25.75% is

observed, it is attributed to the gradual removal of
hydroxyl groups (dehydroxylation) and the formation of
siloxane bonds (Si-O-Si) [12, 39]. This indicates a
structural rearrangement and a gradual increase in the
thermal stability of the silica. Fig. 7 b represents the silica
support after iron and nickel loading, showing a
significant decrease in weight loss of approximately
17.31%, indicating a marked improvement in thermal
stability after metal loading compared to the silica support
before loading.

The loss decreases to approximately 8.78% at 25-200
°C, indicating a reduction in water absorption due to
surface coating and pore occupancy by the metal
particles. The loss also decreases at 200-300 °C
(approximately 2.99%), reflecting a decrease in the
density of the silanol groups due to the strong interaction
between the silica surface and the oxides. In the 300-400
°C range, the limited loss (approximately 2.45%)
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confirms the inhibition of advanced dehydroxylation
processes. Finally, at temperatures above 400 °C, the
weight loss is approximately 3.091%, indicating the
formation of a more stable structure, where the metal
oxides enhance structural bonding and reduce thermal
fluctuations.

3.1.5. Scanning Electron Microscope- energy-dispersive
X-ray (SEM-EDX)

The scanning electron microscopy (SEM) images
shown in Fig. 8 a, b at magnifications of 1 um and 200
nm, respectively, clearly depict the morphology of silica.
As seen in the images before the addition of metals, the
silica exhibits an amorphous structure composed of
relatively closely packed, quasi-spherical nanoparticles of
small size that aggregate into loose clumps with distinct
interstitial spaces, reflecting an open, mesoporous nature.
The primary particles exhibit a characteristically rough
surface, which is associated with high surface energy and
the presence of silanol groups, promoting agglomeration
without compromising available porosity. Fig. 8 ¢, d
shows the silica support after metal loading (iron and
nickel) at the same magnification levels. A significant
change in surface structure is observed, exhibiting more
agglomeration and greater cohesion compared to the
substrate before loading, along with a decrease in
interfacial spaces. This may indicate partial pore blockage
due to the deposition of iron and nickel within the pore
channels and on the surface. Brighter and relatively larger

100-
90—-
80—-
70

60

Weight (%)

50

40

30

areas are also observed, attributed to the formation of iron
and nickel oxide particles dispersed on the silica
substrate. At high magnification, the primary silica
particles appear partially covered by a metallic layer,
leading to increased surface roughness and heterogeneity,
which is evidence of a strong interaction between the
metal and the support.

The EDX spectra of silica before and after iron and
nickel loading show some changes in the substrate due to
the introduction of binary metal species. Fig. 9 a shows
the silica before iron and nickel addition, where only two
distinct peaks are present: one for oxygen at (~0.52 keV)
and the other for silicon at (~1.74 keV), confirming the
formation of a high-purity, impurity-free SiO: structure.
In Fig. 9 b, after metal addition, additional distinct peaks
appear, attributed to iron and nickel. The peaks at
approximately 0.7 keV (L line) and 6.4 keV (Ka line) are
characteristic of iron, while the nickel peaks appear at
approximately 0.85 keV and in the range of 7.5-8.3 keV,
consistent with the characteristic emission lines of these
elements. The presence of Si, O, Fe, and Ni together
confirms the successful loading of binary metal species
onto the silica substrate. Furthermore, the absence of any
additional unwanted peaks indicates that the loading
process did not introduce any unwanted impurities. EDX
analysis also reveals the preservation of the silica
structure, with the appearance of silicon and oxygen
peaks, while the presence of iron and nickel reflects
effective surface modification, resulting in the formation
of an Fe-Ni/SiO: catalytic system.

(A) total mass change=-61.55%
(B) total mass change=-17.31%

L T
(o] 100

T T T
200 300

T T T T T T 1
400 500 600 700

Temperature (°C)
Fig. 7. TGA analysis of (a) SiO2 / (b) Fe203-NiO/SiO;
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Fig. 8. SEM analysis of (a,b) SiO / (c,d) Fe203-NiO/SiO;

Fig. 9. EDX analysis of (a) SiO; / (b) Fe,03-NiO/SiO;

3.2. Oxidative desulfurization performance

3.2.1. Effect of temperature

Temperature is one of the main factors that significantly
affects the oxidative desulfurization process. Fig. 10 A-C
illustrates how temperature changes affect desulfurization
efficiency. Diesel was used with a reaction time of 60
minutes and an ultrasonic mixing efficiency of 80%-—
100%. Dynamically, raising the reaction temperature from
25°C to 50°C, and finally to 75°C, resulted in a sharp
increase in the performance of the sulfur removal rate,
with the efficiency reaching a peak of 90% at 75°C with a
sound intensity of 100%. where the experimental results

clearly showed that the efficiency of the ODS process is
highly sensitive to reaction temperature, with the
desulfurization efficiency increasing significantly as the
temperature rose from 25°C to 75°C.

This increase is primarily attributed to the thermal
acceleration of the chemical oxidation steps across the
phase boundary. Furthermore, the relationship between
diesel viscosity and temperature is inverse; therefore, a
significant decrease in viscosity occurs with increasing
temperature, promoting the faster migration of sulfur
compounds to the catalytically active sites of the (Fe-Os +
NiO)/SiO: bimetallic catalyst. As a result, the removal
rate increases. Raising the molecules' activation energy
results in a significant increase in the number of
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molecules engaged in the process, which enhances the
removal efficiency since the molecules' activation energy
is dependent on the reaction rate constant [40]. The
calcination temperature of the generated (Fe- Ni) / SiO,
material may also affect the acid site density, increasing
the removal rate [41]. However, excessive ultrasonic
temperatures can negatively impact the desulfurization
process, as very high temperatures destabilize the catalyst
structure, potentially reducing access to active sites [15].
3.2.2.  Effect of reaction time

As shown in Fig. 11 A, B, C for operating durations of
30, 45, and 60 minutes, with a temperature range of 25-
75°C and an ultrasonic efficiency of 80%-100%,
increasing the reaction time during ultrasonic mixing
enhances ODS desulfurization. For example, under
optimal operating conditions of 75°C and 100% ultrasonic
power, extending the duration from a short 30 minutes to
a medium 45 minutes, and finally to 60 minutes, reduced

—— Tim30 —@—Tim45 @
100
90
80
70
60
50

% CONVERGEN

40
30
20
10

TEMPERATURE , =C

== Tim 30 =—4#=Tim 45

% CONVERGEN
@
o

25

the total sulfur concentration from its initial heavy charge
of 2018.14 ppm to approximately 201.8 ppm (based on a
90% removal efficiency). This increase in reaction time is
caused by the increased contact time between the
reactants and the catalyst, which accelerates their
oxidation in the presence of the oxidizing agent [42, 43].
Furthermore, the longer response time allows for
increased mass transfer, which enhances the interaction
among the diesel, the catalyst, and the oxidizer, thereby
increasing the rate of desulfurization [44-46]. However,
increasing the reaction time beyond the permissible limit
may negatively affect the ODS process, as the catalyst
may become less active due to toxicity, thus reducing the
absorption of sulfur compounds and consequently their
oxidation, or it may lead to side reactions such as
oxidative decomposition or oxidation of hydrocarbon
compounds [15]. Therefore, the best removal was
obtained at 60 minutes, 75°C, and 100% ultrasonic
mixing intensity, as these are considered optimal

conditions.
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Fig. 10. Effect of temperature on ODS at ultrasonic efficiency: (A) 80%, (B) 90%, (C) 100%. The constant variables
are: time =60 min, catalyst =0.5 g, diesel=20 ml, and H,0, =2 ml
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Fig. 11. Effect of reaction time on ODS at ultrasonic efficiency: (A) 80%, (B) 90%, (C) 100%. The constant variables
are: temperature =75°C, catalyst =0.5 g, diesel=20 ml, and H,O, =2 ml

3.2.3.  Effect of ultrasonic efficiency

Ultrasonic mixing intensity is a crucial factor in
oxidative desulfurization (ODS) and positively impacts
the removal efficiency of sulfur compounds. Therefore,
this study investigated different mixing efficiencies (80%,
90%, and 100%) for diesel fuel desulfurization, as
illustrated in Fig. 12. The study demonstrated that
removal efficiency increases with increasing probe
efficiency. This is attributed to the increased mass transfer
between the two phases (catalyst and diesel), as well as
the production of emulsions that enhance the reaction
between the reactants [1, 47]. Consequently, the optimal
removal efficiency was achieved at 100% mixing
efficiency, a temperature of 75°C, and a time of 60
minutes. It should be noted that the primary objective of
studying different ultrasonic intensities (80%, 90%, and

i Son 80 % M Son 90 %

100

80

60

40

% Convergen

20

0

100%) was to evaluate their effect on the efficiency of
sulfur removal from diesel and to study the reaction
performance.

The actual electrical energy consumption at each
operating intensity was not directly monitored or
measured during the experiments, even though the
ultrasonic reactor used in this study had a nominal power
of 650 W. Therefore, a precise assessment of the specific
energy consumption (kwWh) and a detailed economic and
technical study of the process were beyond the scope of
this study. However, the results clearly showed that
increasing the ultrasonic intensity led to an increase in the
sulfur removal efficiency from 73.4% to 90% under the
same operating conditions. Future studies recommend
directly measuring the electrical energy consumption to
determine the energy efficiency and economic feasibility
of ultrasonic-assisted oxidative sulfur removal processes.

i Son100 %

90.1

—
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Fig. 12. Effect of ultrasonic efficiency on ODS at 60 min and temperature of 75°C. The constant variables
are: catalyst =0.5 g, diesel=20 ml, and H,0, =2 ml
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3.3. Kinetic analysis of oxidative desulfurization

To evaluate the catalytic performance of the prepared
catalyst (Fe:0s + NiO)/SiO: and to understand the
reaction pathways under the influence of acoustic
cavitation, a pseudo-first-order and pseudo-second-order
kinetic model was studied using the following equations:
pseudo-first-order:

In() = ky.t @
pseudo-second-ord
L1kt €)]

¢t Co

Where C, represents the initial sulfur concentration at
(ppm), C. is the sulfur concentration at time (t) at (ppm),
ki is the rate constant for the pseudo-first-order model
(min'Y) , and k; k; is the rate constant for the pseudo-
second-order model (ppm™. mint)

The kinetic study, as shown in Fig. 13 A, B, C
considered In(Co/Cy) versus reaction time, and Fig. 14 A,
B, C considered (1/C: - 1/C,) versus reaction time. at
different temperatures (25, 50, and 75 °C) at 100%
acoustic mixing intensity, showed a difference in the
correlation coefficients (R?), as shown in Table 3. At
temperatures (25 and 50 °C), the second-order expression
exhibits a remarkably high linear fit, achieving high R2
values of 0.9933 and 0.9996, respectively. This
performance indicates that at low temperatures, the
overall ODS rate is mutually limited by the interfacial

0.8 o
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concentrations of both sulfur compounds and active
oxidizing radicals, which is usually governed by
significant resistances to phase transition [48].
Conversely, when the temperature is raised to the
optimum threshold of 75 °C, a clear kinetic shift is
recorded. The pseudo-first-order model exhibits a
dominant linear correlation (R? = 0.9941), consistent with
systems operating in excess of the oxidizing agent, where
the reaction rate becomes primarily dependent on the
concentration of residual sulfur compounds in the reaction
medium [49]. In contrast, the conformance of the second-
order model drops significantly to 0.9719. This marked
shift in R? trends is physically justified by the decrease in
diesel oil viscosity and the simultaneous enhancement of
molecular diffusion pathways at elevated temperatures,
thereby improving phase-to-phase transport. Furthermore,
ultrasonic irradiation induces intense micromixing and
microemulsification of the immiscible phases, increasing
the interfacial space available for reaction and
significantly improving mass transfer rates [48]. At 75°C,
the synergistic effect of thermal energy and acoustic
cavitation induced by the ultrasound waves further
reduces the constraints on mass transfer, ensuring a higher
abundance and more homogeneous diffusion of oxidizing
species within the reaction medium. As a result, the
reaction becomes more subject to the concentration of
sulfur compounds rather than to translocation phenomena,
making its kinetic behavior closer to a pseudo-first-order
model than to a pseudo-second-order model [48, 50].
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Fig. 13. Ln (C:/ Co) versus (t) of sulfur oxidation reactions using the prepared nano-catalyst (A) at 25 °C, (B) at 50 °C,
(C)at75°C
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Fig. 14. (1/Ct -1/Co), versus (t) of sulfur oxidation reactions using the prepared nano-catalyst (A) at 25 °C, (B) at 50 °C,
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Table 3. Kinetics models result in ODS

Order of Reaction K=constant R?

T=25°C

The pseudo-first order 0.0172 (min™) 0.9824

The pseudo-second-order 1*105(ppm™.min?) 0.9933
T=50°C

The pseudo-first order 0.0252 (min') 0.9867

The pseudo-second-order 2*10°(ppmt.min?) 0.9996
T=75°C

The pseudo-first order 0.04 (min't) 0.9941

The pseudo-second-order 7*10° (ppm™.min™) 0.9719

Finding the apparent activation energy of the ODS
reaction using ultrasonication based on the Arrhenius
equation is as follows:

_Ea
k = kpe RT

(6)

In(k) = Ink, — = (7

Where ko: is the Pre-exponential factor, E.: is the
apparent activation energy (kJ/mol), T:is the oxidation
temperature (K), and R: is the gas constant (kJ/mole. K).
Fig. 15 clearly shows the (-In k) versus (1/T) plot,
indicating a linear trend in these data. The correlation

coefficient R? = 0.99 is shown, and the data plot reveals
an activation energy of E=1450 kJ/mol for
desulfurization using an ultrasonic reactor. This low
activation energy suggests that the ODS technology and
the catalyst are capable of rapidly oxidizing sulfur
compounds in diesel with less energy. This is supported
by the high removal rate (90%) achieved within 60
minutes. Furthermore, this can be explained by the
increased electron density of the sulfur compounds,
resulting in a lower energy requirement [7, 51].
Therefore, this lower energy level may be attributed to the
increased electron density resulting from the addition of
electrophilic oxygen to the sulfur compounds [52].
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Fig. 15. In (K.) versus (1/T) of ODS reactions using the prepared nano-catalyst

3.4. Comparison with previous studies

This research paper refers to a study of the ODS
technique, comparing it with other studies that use silica

as a catalyst support, based on desulfurization efficiency
as shown in Table 4. The catalyst (Fe;O3 + NiO) / SiO,
proved effective in achieving a good desulfurization rate
of diesel fuel using ultrasonics.

Table 4. Comparison with previous studies

Fuel Type of catalyst Type of reactor Efficiency Reference
Diesel MoO,/SiO, batch reactor 82% [19]
Diesel H1:P,W13V506:/ TMA-Si batch reactor 83% [18]
Diesel C1sPWI/SIO, batch reactor 24.9% [20]
Diesel HPW/SiO2 batch reactor %48 [17]
Diesel 15%HPA-1/SiO, batch reactor 80% [21]

4- Conclusion

Oxidative desulfurization (ODS) is a promising
alternative to conventional hydrodesulfurization (HDS)
for producing ultra-low sulfur fuels under moderate
operating conditions. In this study, a structured bimetallic
catalyst (Fe:Os + NiO)/SiO2 was prepared using the
incipient wetness impregnation method. The catalyst was
characterized using XRD, BET, FTIR, TGA, and SEM-
EDX techniques, with the results confirming the
successful loading of iron and nickel oxides onto a silica
substrate. BET analysis showed a decrease in surface area
after metal loading from 166.47 to 149.57 m2/g, indicating
an efficient distribution of active sites on the substrate
surface. The prepared catalyst was then applied in an
ultrasonic-assisted oxidative desulfurization process using
real diesel fuel with a sulfur content of 2018.14 ppm. The
effects of several variables, including temperature (25-75
°C), reaction time (30-60 mins), and ultrasonic efficiency
(80-100%), were also investigated using hydrogen
peroxide (H202) as the oxidizing agent.

The highest desulfurization efficiency of 90% was
achieved under optimal conditions of 75 °C, 60 min
reaction time, and 100% ultrasonic efficiency, followed
by a 1:1 process using ethanol. The results also showed a
significant improvement in the oxidative desulfurization
reaction using ultrasound, as the ultrasonic probe
enhanced dispersion and mixing by generating more
bubbles, thus increasing the contact area and mass
transfer between the liquid and solid phases. The reaction
kinetics of the system were also studied and compared,
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showing adherence to a pseudo-first-order kinetic regime
at the highest temperature.

The activation energy reached 14.50 kJ/mol, indicating
the ease of oxidation of sulfur compounds under
ultrasonic influence. These results confirm the efficiency
of the prepared catalyst (Fe:0s—NiO/SiO:) and the
important role of ultrasound in enhancing the
desulfurization process. The importance of reusing
catalysts may lie in the need to demonstrate their activity
and efficiency. However, the scope and objectives of this
research focused specifically on generating a new
catalyst, followed by the study of its reaction kinetics,
pathway, and activation energy.
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Nomenclature

Symbol  Description Unit

API American Petroleum Institute  .........

C sulfur concentration ppm

Ea Activation energy kJ/mole k

HDS Hydrodesulfurizatio ...

H-0- Hydrogen peroxide ...

K1 Rate constant for The pseudo- 1/min
first order

K2 Rate constant for pseudo- 1/min.ppm
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second-order

Ko Frequency factor or pre- 1/sec
exponential factor

OoDSs Oxidative desulfurization ...

Pd pore diameter nm

Pv pore volume cmi/g

R Universal gas constant J/ mole. K
T Temperature of reaction K
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