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ABSTRACT

In this study, y-Al,Os was synthesized via a green sol-gel route using four bio-
templates (Pistacia Atlantica gum, glucose, gelatine, and gond katira gum) and
applied as support for Ni- and Mo-based oxidative desulfurization (ODS)
catalysts. XRD analysis confirmed the selective formation of high-purity y-
Al,O3 in all bio-templated samples, while gelatine-assisted alumina exhibited
enhanced crystallinity. BET measurements revealed significantly increased
surface areas (up to 190 m? g™") compared to non-templated alumina, and
TEM analysis demonstrated uniform nanoparticles below 5 nm. Following
metal deposition, FESEM and TEM analyses showed that ultrasound-assisted
impregnation effectively reduced agglomeration and improved NiO dispersion
over the mesoporous support. This structural refinement was further
supported by BET results, which indicated improved accessible surface area in
ultrasonically prepared catalysts compared with conventionally impregnated
samples. The NiO/y-Al,O3 catalyst prepared under ultrasound achieved 80%
DBT conversion, outperforming conventionally impregnated NiO (76%), Mo-
based catalyst (65%), and bare alumina (40%), highlighting the critical role of
metal-support interaction and dispersion. A central composite design (CCD)
approach was employed to optimize five synthesis and operational
parameters (sol pH, calcination temperature, gelatine content, NiO loading,
and oxidant-to-sulfur ratio). Under optimized conditions (pH 8.7, 685 °C
calcination temperature, 3.65 wt.% gelatine, 16.86 wt.% NiO, O/S = 16.41), DBT
conversion reached 98.11%, representing a substantial enhancement over the
non-optimized ultrasonically prepared catalyst (80%). The optimized catalyst
maintained high stability over seven consecutive cycles, with conversion
decreasing only from 97.4% to 86.3%, and recovered to 91.5% after
regeneration.

©2026 Rad et al. Published by Avanti Publishers. This is an open access article licensed under the terms of the Creative Commons Attribution
Non-Commercial License which permits unrestricted, non-commercial use, distribution and reproduction in any medium, provided the work is
properly cited. (http://creativecommons.org/licenses/by-nc/4.0/)
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1. Introduction

Among various energy resources, fossil fuels remain the most accessible and widely utilized due to their high
energy efficiency in industrial applications. However, their high sulfur content leads to severe environmental
pollution and adverse health effects upon combustion. Therefore, stringent international environmental
regulations have mandated a significant reduction in sulfur levels in transportation fuels, in some cases to below
10 ppm [1-3].

Hydrodesulfurization (HDS), the conventional industrial process for sulfur removal, is associated with high
energy consumption, elevated hydrogen demand, and substantial capital investment [4-6]. Moreover, refractory
aromatic sulfur compounds such as dibenzothiophene (DBT), 4-methyldibenzothiophene (4-MDBT), and 4,6-
dimethyldibenzothiophene (4,6-DMDBT) are resistant to HDS due to steric hindrance and high electron density
around the sulfur atom [7, 8]. To achieve deeper desulfurization, complementary techniques including adsorption
desulfurization (ADS), extractive desulfurization (EDS), biodesulfurization (BDS), and oxidative desulfurization
(ODS) have been explored. Among these, ODS has attracted considerable attention owing to its high efficiency,
operational simplicity, and mild reaction conditions without the need for hydrogen [9-11]. The ODS process
generally involves two main steps. First, sulfur-containing compounds are selectively oxidized to their
corresponding sulfoxides and sulfones in the presence of a suitable oxidant and catalyst. Subsequently, the
oxidized products are removed from the fuel phase using a polar extraction solvent [12]. The selection of an
appropriate oxidant and the rational design of an efficient catalyst are therefore critical factors in ODS
performance.

Heterogeneous supported catalysts, particularly those containing transition-metal oxides as active phases,
have shown promising activity in ODS systems [13, 14]. Various mesoporous materials have been investigated as
catalyst supports, including silica [15, 16], alumina [17], titania [18-20], mixed oxides [21, 22], zeolites [23], and
metal-organic frameworks (MOFs) [24, 25].

y-Al,O3 (activated alumina) is one of the most widely used supports due to its high specific surface area,
excellent adsorption capacity, thermal stability, and abundant Lewis acid sites. These Lewis sites facilitate the
adsorption of sulfur compounds through coordination between the lone pair electrons of sulfur and the vacant
orbitals of aluminum atoms [26].

Recently, biosynthesis approaches for alumina preparation have gained increasing attention as
environmentally friendly alternatives [27-29]. In such methods, natural bio-templates such as humin [30], eggshell
membrane [31], yeast cells [32], and eggplant peel [33] have been employed to reduce the use of toxic reagents
and promote sustainable synthesis routes.

In the present study, y-alumina was synthesized using various bio-additives, including wild Pistacia Atlantica
tree gum, glucose, gelatin, and gond katira gum, and subsequently employed as a support for NiO and MoOs in
the oxidative desulfurization of a model fuel. To the best of our knowledge, these specific bio-templates have not
previously been investigated for alumina synthesis, nor has bio-templated alumina been systematically applied as
a support in ODS processes. Furthermore, Design-Expert software was utilized to optimize the synthesis
parameters and enhance catalyst performance.

2. Materials and Methods
2.1. Materials

Sodium aluminate (98 wt% Na,O-Al, 03, FAMCO, Iran) was used as the alumina precursor. Distilled water and
absolute ethanol (=99.8%, analytical grade) were used as solvents. Hydrochloric acid (37 wt% HCI, analytical grade,
Merck, Germany) was used for pH adjustment. Pistacia Atlantica gum and gond katira gum (collected from Zagros
Mountains, southwestern Iran, dried and powdered before use), glucose (299%, analytical grade), and gelatin (food
grade, Farmand company, Iran) were used as bio-templates. Nickel nitrate hexahydrate (97%, Ni(NO3),6H,0,
Merck, Germany) was used as the nickel precursor. Natural molybdenite (MoS,, Sungun mine, East Azerbaijan,
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Iran, ground and sieved to <100 mesh prior to use) was used as the molybdenum source. Dibenzothiophene (98%,
Merck, Germany) was used as the model sulfur compound. Acetonitrile (=99.9%, HPLC grade, Sigma-Aldrich, USA)
was used as the extraction solvent. n-Hexane (=99%, Dr Moijallali, Iran) was used as model fuel. Hydrogen peroxide
(30 wt%, Ghatranshimi, Iran) was used as oxidant in oxidative desulfurization experiments.

2.2. Nanocatalyst Preparation

2.2.1. Bio Template-assisted Synthesis of y-alumina

Alumina powder was synthesized via a green sol-gel method according to our previous report [34]. Initially, a
predetermined amount of sodium aluminate was dissolved in distilled water under continuous stirring.
Separately, the bio-template was dissolved in ethanol and subsequently added dropwise to the sodium aluminate
solution under vigorous stirring to obtain a homogeneous and transparent sol.

Hydrochloric acid was then gradually introduced to adjust the pH and promote gel formation. The resulting gel
was aged at 90 °C for 3 h in an oven. After aging, the gel was washed three times with hot distilled water to
remove residual ions and impurities, followed by drying at 120 °C overnight. Finally, the dried material was
calcined at 700 °C for 5 h to obtain y-Al,O3 [35].

The same procedure was employed using different bio-templates. The synthesized samples were denoted as
PGAI,O5(SG), GIAI,O3(SG), GeAl,03(SG), and GKAI,O3(SG), corresponding to Pistacia Atlantica gum, glucose, gelatin,
and gond katira gum, respectively. The alumina sample prepared without any bio-template was designated as
Al,05(SG).

2.2.2. Synthesis of Mo03/Al,03 and NiO/0AIl;O; Catalysts

Impregnation Method

Molybdenite was impregnated onto the biosynthesized alumina support and the resulting sample was denoted
as Mo/Al,O5(ISG). In a typical procedure, molybdenite powder was dispersed in the alumina slurry and the
suspension was stirred at 60 °C for 3 h to ensure uniform distribution of the active phase. The obtained material
was then dried at 110 °C for 24 h and subsequently calcined in air at 600 °C for 5 h [36], leading to the formation
of MoO; species supported on Al,Os.

Similarly, Ni/Al,O5(ISG) refers to the catalyst prepared via conventional impregnation of nickel precursor onto
the biosynthesized alumina support, followed by drying and calcination under identical conditions, resulting in
NiO as the active phase.

Ultrasonic-assisted Impregnation Method

For the ultrasonic-assisted synthesis, an appropriate amount of nickel nitrate was mixed with alumina to form
a homogeneous suspension, which was then subjected to ultrasonic irradiation for 30 min to enhance dispersion
of the precursor. The resulting material was dried at 110 °C for 24 h and calcined in air at 600 °C for 5 h. The final
catalyst was denoted as Ni/Al,O3(USG). The overall preparation procedure of the synthesized samples is illustrated

in Fig. (1).

2.3. Characterization of Catalyst

X-ray diffraction (XRD) patterns were recorded using a Siemens D5000 X-ray diffractometer over a 26 range of
10-80° to determine the crystalline phases of the samples. The morphology and surface structure were examined
by field-emission scanning electron microscopy (FESEM, TESCAN BRNO Mira3 LMU). The specific surface area and
textural properties were determined by N, adsorption-desorption measurements using the Brunauer-Emmett-
Teller (BET) method on a Quantachrome ChemBET-3000 analyzer. Fourier transform infrared (FTIR) spectra were
recorded on a TENSOR 27 spectrometer to identify surface functional groups. Transmission electron microscopy
(TEM, Philips EM 208S) equipped with energy-dispersive X-ray spectroscopy (EDX) was employed to investigate the
microstructure and elemental composition of the catalysts.
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Figure 1: Schematic flow chart for the preparation steps of bio template assisted synthesis of y-Al203 and NiO or MoQOs/y-Al203.
2.4. Oxidative Desulfurization

As illustrated in Fig. (2), the model fuel was prepared by dissolving dibenzothiophene (DBT) in n-hexane to
obtain a sulfur concentration of 500 ppm. In a typical oxidative desulfurization (ODS) experiment, 50 mL of model
fuel, 1 mL of hydrogen peroxide (H,0,) as oxidant, and 0.2 g of catalyst were introduced into a round-bottom flask
and stirred in a thermostatically controlled water bath at 60 °C. The reaction was allowed to proceed for 60 min
under continuous stirring. After completion of the reaction, the mixture was transferred to a separatory funnel,
and an equal volume of acetonitrile was added to extract the oxidized sulfur compounds. The extraction process
was repeated four times to ensure maximum removal of the oxidized products. The residual DBT concentration in
the fuel phase was determined using UV-Vis spectrophotometry.

Output water —

UV- spectroscopy

<«— Sulfur free oil

<«—— Sulfone

Extraction
—_—

Sulfur free oil+ Sulfone
Hotplate

Figure 2: Experimental setup of oxidative desulfurization using synthesized catalysts.
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3. Results and Discussions
3.1. Characterization of Bio-synthesized y-Al,O3

3.1.1. XRD Analysis

Fig. (3) presents the XRD patterns of alumina synthesized without any bio-template (Al,O3(SG)) and those
synthesized using various bio-templates: PGAI,O5(SG), GIAI,O5(SG), GeAl,03(SG), and GKAI,O3(SG). Analysis of the
diffraction patterns using JCPDS cards revealed that, in the absence of a bio-template, the alumina precursor was
converted to corundum (rhombohedral phase, JCPDS card 01-077-2135). In contrast, all bio-template-assisted
syntheses, irrespective of the template type, yielded y-alumina (JCPDS card 01-001-1303).

m Al,O,
® Corundum

(a) Al,04(SG)

n
(b) PGAL,0,(SG) u
n u u
(c) GIALOS(SG)
i =
5 ]
8 | (d) GeAl,0,(SG)
2
‘w
c
5]
£ - n u

(e) GKALLO4(SG)

Reference Patterns

]

1 [ s L |
Corundum (Rhombohedral, 01-077-2135)

Aluminum Oxide (Cubic, 00-001-1303)

R L LA LA LA AR RN AR AR RN
10 20 30 40 50 60 70 80
20 (degree)

Figure 3: XRD patterns of bio template synthesized alumina: a) without bio template (Al203(SG)), b) with pistacia atlantica gum
(PGAI203(SG)), c) with glucose (GeAl203(SG)), d) with gelatine (GIAI203(SG)), and e) with gond katira gum (GKAI203(SG)).

No additional diffraction peaks were observed in any of the bio-templated samples, indicating that high-purity
y-alumina was obtained [35]. Although all samples exhibited relatively low crystallinity, the intensity of the
diffraction peaks in GeAl,03(SG) was higher than in the other samples, suggesting that this sample possesses
comparatively greater crystallinity. The higher crystallinity observed for GeAl,03(SG) compared with other bio-
templated samples can be attributed to the unique physicochemical properties of gelatin. Gelatin is a protein-
based biopolymer containing amino (-NH,), carboxyl (-COOH), and amide (-CONH-) functional groups, which can
coordinate with APP* species during sol formation. This coordination promotes a more homogeneous distribution
of aluminum centers within the organic-inorganic hybrid network and enables controlled nucleation during
gelation. Moreover, the gradual thermal decomposition of gelatin during calcination may provide a more uniform
structural evolution, facilitating the formation of well-defined y-Al,O; crystallites. In contrast, polysaccharide-
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based templates such as glucose and plant gums mainly provide hydroxyl functionalities with comparatively
weaker coordination ability and different decomposition behavior, which may lead to less controlled crystallization
and consequently lower crystallinity.

3.1.2. BET Analysis

Fig. (4) presents the BET surface areas of Al,05(SG), PGAI,O5(SG), GIAI,03(SG), GeAl,05(SG), and GKAI,O5(SG).
Among the studied samples, Al,O5(SG) exhibited the lowest surface area of 112 m2/g. In contrast, alumina samples
synthesized using bio-templates, including GIAI,O5(SG), GeAl,03(SG), and GKAI,O5(SG), displayed significantly
higher surface areas, approximately twice that of commercial y-alumina (~104 m2/g). This enhancement highlights
the positive role of bio-templates in structuring the alumina network during synthesis. Notably, glucose-assisted
alumina (GIAI,03(SG)) achieved the highest surface area of 195 m%/g.

AI203(SG) ' .
GKAI203(SG)
GeAl203(5G)
GIAI203(SG)
PGAI203(SG) ||
0 50 100 150 200 250
PGAg)O.?r(S G|A|é)03(5 GEAIé)OS(S GKAZ)O3(S A1203(SG)
| = SBET (m2/g) 117 195 190 188 112

Surface Area (m?/g)

Figure 4: BET surface area of PGALO3(SG), GeAl203(SG), GIAI203(SG), and GKAI203(SG).

3.1.3. TEM and EDX Analyses

GeAl,05(SG) was selected for further studies owing to its higher crystallinity and relatively high surface area.
TEM analysis revealed that this sample consists of fine and uniformly distributed alumina particles. The particle
size was determined to be below 5 nm, which is consistent with the observed high surface area. Additionally, EDX
analysis performed on the TEM images confirmed the presence of aluminum and oxygen, verifying the
composition of the sample (Fig. 5).

Al
Al

T
]

Energy (keV)

Figure 5: TEM and EDX analysis of GeAl203(SG).

14



Ni- and Mo-based Catalysts for Oxidative Desulfurization Rad et al.

3.2. Characterization of Ni/GeAl.0: and Mo/GeAl.Os; Effect of Active Phase and Synthesis Method

Owing to the high surface area and relatively high crystallinity of gelatin-synthesized alumina, NiO and MoOs
were deposited on this support via conventional impregnation or ultrasonic-assisted methods. The influence of
the active phase and the synthesis technique on catalyst properties and performance is discussed in this section.

3.2.1. FESEM Analysis

The FESEM images of GeAl,03(SG), Mo/GeAl,O5(ISG), Ni/GeAl,05(ISG), and Ni/GeAl,05(USG) are shown in Fig.
(6). As illustrated in Fig. (6a), GeAl,O3(SG) consists of fine spherical particles forming agglomerates of 5-50 nm. Fig.
(6b) shows MoOs;, derived from a molybdenite source and impregnated on gelatine-assisted synthesized alumina
(Mo/GeAl,05(ISG)), exhibiting very uniform, small 0D particles. However, these extremely fine nanoparticles tend
to aggregate severely due to their high surface energy [37].

a) GeAl,05(SG) b) Mo/GeAl,O,(ISG)

SEMHV:10.0kV |  WD:2.38 mm I MIRA3 TESCAN SEM HV: 10.0 kV ‘ WD: 2.39 mm I I

View field: 1.27 pm Det: InBeam View field: 1.27 pm \ Det: InBeam 200 nm
SEM MAG: 100 kx | Date(m/dly): 07/15117 SEM MAG: 100 kx | Date(midly): 07/15/17

c) Ni/GeAl,0,(ISG) d) Ni/GeAl,0,(USG)

s

SEM HV: 10.0 kV WD: 2.50 mm l MIRA3 TESCAN SEM HV: 10.0 kV ‘ WD: 2.56 mm I |

View field: 1.27 pm Det: InBeam View field: 1.27 pm \ Det: InBeam 200 nm
SEM MAG: 100 kx | Date(m/dly): 07/15/117 SEM MAG: 100 kx }Date(mldly): 07115117

Figure 6: FESEM images of (a) GeAl203(SG), (b) Mo/GeAl203(ISG), (c) Ni/GeAl203(1SG), and (d) Ni/GeAl203(USG).
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Literature on Mo/Al,O; systems indicates that the strength of Mo-support interactions critically influences
dispersion and agglomeration. Strong Mo-0O-Al linkages (e.g., via polymolybdate anchoring on defect sites or
hydroxyl groups of y-alumina) promote better initial dispersion and enhance resistance to agglomeration during
calcination. In contrast, weaker interactions result in mobile Mo species, leading to the severe agglomeration
observed in this sample.

Fig. (6¢c) depicts NiO impregnated on alumina (Ni/GeAl,O5(ISG)), showing widely distributed, agglomerated
nanoparticles. Fig. (6¢c) and (6d) compare the effect of sonication during NiO deposition on GeAl,03(SG). Sonication
fractures agglomerates and produces a smoother, more uniform morphology, which enhances NiO-alumina
interactions—an important factor for oxidative desulfurization (ODS) catalysts [17].

Ultrasound promotes acoustic cavitation, where microbubbles form, grow, and collapse asymmetrically near
the y-Al,O5 surface. The collapse generates high-velocity microjets (~100-200 m/s) and intense shock waves, which
improve NiO dispersion and anchoring via several mechanisms. First, microjets disrupt boundary layers around
alumina particles, allowing uniform penetration of Ni2* precursor species into pores and across surfaces, reducing
local oversaturation and preventing agglomeration. Second, shear forces and shock waves remove surface
impurities, expose defect sites, and increase hydroxyl group density, providing more reactive anchoring points for
Ni species. Third, transient high temperatures and pressures promote heterogeneous nucleation on the support
surface rather than in the bulk solution, yielding smaller, more uniform Ni(OH), or NiOy nuclei. Additionally,
microjets fragment growing clusters, further limiting particle size. Finally, the direct impact of microjets
strengthens physical adsorption and chemical interactions (e.g., Ni-O-Al linkages) between nickel nuclei and the
alumina surface, enhancing resistance to sintering during calcination.

3.2.2. EDX Analysis

Although EDX provides primarily surface-localized information, it can still offer insights into elemental
distribution. Fig. (7a) shows the gelatine-synthesized alumina. The presence of Na and Cl indicates incomplete
washing and residual sodium chloride byproduct in the sample. The Au peaks observed in all samples arise from
gold coating applied to improve conductivity during EDX analysis.

In Fig. (7b), the intensity of Al peaks decreases in Mo/GeAl,05(ISG), reflecting surface coverage by Mo and S
species. Comparison of Fig. (7c) and (7d) shows that while Ni-related peaks are similar in both samples, the
sonicated sample exhibits sharper and more intense Al and O peaks. This indicates that sonication fractures
alumina agglomerates, exposing more alumina surface and enhancing interactions between the active Ni phase
and the support.

3.2.3. BET Analysis

Fig. (8) shows that the specific surface area of gelatine-synthesized alumina (190 m2/g) decreases upon
introduction of the active phase, a common trend in supported catalysts [38] caused by pore blockage during
impregnation. Mo/GeAl,O5(ISG) exhibits the lowest surface area (53.6 m?/g), which FESEM attributes to strong
agglomeration in this catalyst. In contrast, Ni/GeAl,03(ISG) shows a more open morphology and correspondingly
higher surface area, consistent with FESEM observations. The application of ultrasound during synthesis further
increases the BET surface area of Ni/GeAl,05(USG) to 125.6 m?/g, the highest among the supported catalysts.
Ultrasound-induced microjets break up agglomerates, enlarging the exposed surface and enhancing accessibility
of the active phase for reactions such as oxidative desulfurization (ODS) [39-42].

3.2.4. FTIR Analysis

The FTIR spectra of the synthesized -catalysts (GeAl,03(SG), Mo/GeAl,O5(ISG), Ni/GeAl,05(ISG), and
Ni/GeAl,03(USG)) are shown in Fig. (9). The bands at 590 and 750 cm™ correspond to Al-O-Al bending and Al-O
stretching vibrations, respectively, characteristic of alumina [43], and are observed in all samples. Sharp peaks
between 1500 and 1700 cm™ are attributed to Al(OH)s, likely due to the relatively low calcination temperature [44].
The Ni-O vibration below 500 cm™ was not detected due to the FTIR instrument’s range.
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Figure 7: EDX analysis of (a) GeAl203(SG), (b) Mo/GeAl203(ISG), (c) Ni/GeAl203(ISG), and (d) Ni/GeAl203(USG).

Ni/GeAl203(USG)
Ni/GeAl203(1SG)

Mo/GeAl203(ISG)

GeAl203(SG)

0 50 100 150 200

GeAl203(SG) |Mo/GeAl203(1SG)| Ni/GeAl203(1SG) | Ni/GeAl203(USG)
| = SBET (m2/g) 190 53.6 78.8 125.6

Surface Area (m?2/g)
Figure 8: BET surface area of GeAl203(SG), Mo/GeAl203(1SG), Ni/GeAl203(ISG), and Ni/GeAl203(USG).

In Mo/GeAl,05(ISG), the band at 560-1000 cm™ are assigned to Mo-0O in MoOs [45]. Peaks at 1650 and 3450
cm™ correspond to adsorbed water, with intensities correlating with BET surface area—samples with higher
surface area adsorb more water [46]. Additionally, Al(OH); gives rise to bands between 3700 and 3850 cm™ in all
samples [47].

3.2.5. TEM and EDX Analysis

The morphology and elemental composition of Ni/GeAl,03(USG) are shown in Fig. (10). Fine GeAl,O; particles
exhibit small, uniform spherical shapes (<5 nm), while NiO particles are well-dispersed with larger sizes (20-30
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nm). The uniform dispersion of NiO is attributed to ultrasound-assisted impregnation, which enhances
interactions between the active NiO phase and the alumina support—a critical factor in ODS catalysis. EDX
analysis confirms the presence of Ni, Al, and O in the sample. The improved dispersion observed in FESEM and
TEM images corresponds with BET results, showing increased accessible surface area and reduced pore blockage.
These observations are consistent with literature on ultrasound-assisted improved dispersion of metal oxide in
supported catalysts [39, 40].

(a) GeAl,0,(SG)

(b) Mo/GeAl,0,(1SG)

(c) Ni/GeAl,0,(1SG)

(d) Ni/GeAl,0,(USG)

T T T T T T T
3500 3000 2500 2000 1500 1000 500

Figure 9: FTIR spectra of GeAl203(SG), Mo/GeAl203(ISG), Ni/GeAl203(ISG), and Ni/GeAl203(USG). Ni/GeAl203(USG),
Ni/TGAI203(USG)).
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Figure 10: TEM and EDX analysis of Ni/GeAl.O3(USG).

3.3. Ni/GeAl,03(USG) Performance in ODS

Al

Al

Rad et al.

GeAl,05(SG), Mo/GeAl,03(ISG), Ni/GeAl,O5(ISG), and Ni/GeAl,03(USG) were tested for DBT desulfurization from
n-hexane as a model fuel (Fig. 11). In the blank test (without catalyst, using only H,0,), only 36% of DBT was
degraded, indicating that hydroxyl radicals from H,0O, decomposition alone provide limited oxidation and
highlighting the necessity of a catalyst. Gelatine-synthesized alumina increased DBT degradation slightly to 40%.
Incorporation of MoO; and NiO on the bio-synthesized alumina significantly improved activity, with
Ni/GeAl,03(USG) achieving the highest DBT conversion of 80%. This enhanced performance is attributed to the
synergy between NiO and alumina, high NiO dispersion with uniform morphology on highly porous alumina due
to sonication, strong NiO-alumina interactions, and the large surface area of the catalyst. Nevertheless, DBT
conversion is not yet optimal, and further improvements are expected by optimizing synthesis conditions and

reaction parameters.
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90 | DBT Concentration:
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Figure 11: DBT oxidation without catalyst (just H202), catalysed by GeAl203(SG), Mo/GeAl203(ISG), Ni/GeAl203(1SG),
Ni/GeAl203(USG). Reaction condition; temperature 60°C, time 60 minutes, catalyst 0.2g, fuel 50ml and DBT concentration

500ppm.

19



Rad et al. The Global Environmental Engineers, 13, 2026

3.4. Optimization of the Synthesis and Operational Parameters

For the remainder of the study, Ni/GeAl,05(USG) was selected, and Design Expert was employed to optimize
both structural and operational parameters. Four structural factors—pH of the parent sol, calcination
temperature, weight percent of gelatine, and weight percent of NiO—and one operational factor, the oxidant-to-
DBT molar ratio (O/S), were investigated to maximize DBT conversion. The experimental matrix was generated
using the CCD method, comprising 32 experiments. All reactions were conducted under consistent conditions:
catalyst loading of 0.2 g, DBT concentration of 500 ppm, temperature of 60 °C, and reaction time of 60 minutes.

3.4.1. Effect of Alumina Sol pH

simultaneous effect of alumina sol pH and O/S ratio and NiO weight percent were studied in Fig. (12). Fig. (12a)
and (12b) show increasing the pH in both cases enhances the catalyst activity. Fig. (12a) confirmed that by
adjusting the alumina sol pH in alkaline conditions, even at low NiO wt.%, a catalyst with high ODS activity would
be synthesized. This is important from an economical point of view because catalyst cost is mainly dictated by the
active phase content. Fig. (12b) indicated the higher impact of pH as a synthesis parameter compared to O/S as an
operating parameter on the activity of the catalyst. This means with a well-designed catalyst, the need for harsh
operating conditions lowers.

Rermoval %
Removal %

a) Effect of alumina sol pH pH and NiO %wt. b) Effect of alumina sol pH and O/S.

Figure 12: 3-D diagram of the effect of pH, NiO wt.% and O/S on the removal efficiency of DBT in the ODS process. Reaction
condition: temperature 60°C, time 60 minutes, catalyst 0.2g, fuel 50 ml and DBT concentration 500 ppm.

3.4.2. Effect of Gelatine Content

As shown in Fig. (13a), increasing the NiO content from 10 to 17.5 wt.% enhances catalyst activity, even at low
gelatine levels. However, further increasing NiO to 25 wt.% reduces activity, which can be partially compensated by
higher gelatine content. Fig. (13b) highlights the stronger influence of pH compared to gelatine. At low gelatine
levels, increasing pH improves catalyst activity, while at acidic pH, higher gelatine content enhances performance.
The maximum activity is achieved at high pH and moderate gelatine content.

3.4.3. Effect of NiO Content

In Fig. (14), the 3-D diagram shows the effect of the active phase along with the O/S ratio and calcination
temperature. It is observed that a higher O/S ratio in both low and high NiO contents would increase the catalyst

activity. Fig. (14b) shows that moderate calcination temperature and moderate NiO weight percent yield the
highest DBT conversion.
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Figure 13: 3-D diagram of the effect of synthesis parameters on the removal efficiency of DBT in the ODS. Reaction condition:
temperature 60°C, time 60 minutes, catalyst 0.2g, fuel 50 ml and DBT concentration 500 ppm.
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Figure 14: 3-D diagram of the effect synthesis parameters on the removal efficiency of DBT in the ODS process. Reaction

condition: temperature 60°C, time 60 minutes, catalyst 0.2g, fuel 50 ml and DBT concentration 500 ppm.

The optimum values for the highest activity of Ni/GeAl,O3(USG) in DBT conversion are listed in Table 1.

Table 1: The optimal conditions of ODS according to design expert to achieve the maximum DBT removal efficiency,
using Ni/GeAl.03(USG).
Gelatine ( % wt.) pH Calcination Temperature (°C) NiO %wt. 0/S DBT conversion (%)
3.65 8.7 685 16.86 16.41 98.11

3.5. The Recycling Capability and Stability of the Catalyst

The stability of the optimized Ni/GeAl,0;(USG) catalyst was evaluated through successive DBT desulfurization
runs. As shown in Fig. (15), DBT conversion gradually decreased from 97.4% to 86.3% over seven cycles, indicating
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good catalyst stability. After seven runs, the catalyst was regenerated by washing with methanol for 2 h under
stirring, drying at 110 °C for 24 h, and calcining at 500 °C for 5h. The regenerated catalyst achieved 91.5% DBT
removal, confirming effective regeneration.

Sintering of the sub-5nm y-Al,O; particles is negligible under these conditions, as they retain their nanoscale
size even after calcination at 700 °C, demonstrating excellent thermal stability. Furthermore, the ODS reaction is
conducted at 60 °C, well below alumina’s Tammann temperature (~900 °C), where significant sintering would
occur. Thus, the gradual decline in activity over repeated cycles is primarily attributed to active site poisoning by
sulfone by-products [48].

100
Ni/GeAI203(USG) After Recovery

80

75

Removal %

70

65

60

55

50

120
94.4

240 300 360 420
91.3 89.9 86.3 91.5

Time (min)
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Figure 15: Stability of the catalyst. Reaction condition: temperature 60°C, time 60 minutes, catalyst 0.2g, fuel 50 ml and DBT
concentration 500 ppm.

3.6. Similar Works

As presented in Table 2, the catalytic performance of NiO supported on bio-synthesized y-Al,O; catalyst was
compared with recently reported catalytic ODS systems. FeMo-Ox/LaTiOy-2 [49] and MoOs/LaTiO-2 [50] catalysts
achieved complete removal of 4,6-DMDBT at elevated temperature (130 °C) and under continuous oxygen flow
conditions, requiring 75 and 150 min, respectively. Similarly, phosphomolybdenum vanadium pyridine ionic liquid
systems required prolonged reaction time (8 h) and relatively high temperature (110 °C), while achieving only 65%
sulfur removal [51]. Although phosphotungstic acid-UiO-66 exhibited rapid DBT removal (5 min) at room
temperature, the system employed a specific oxidant-to-sulfur ratio and extraction conditions that may limit large-
scale applicability [52]. In contrast, the NiO-bio-synthesized y-Al,O; catalyst developed in this work achieved
98.11% DBT removal at a relatively mild temperature (60 °C) within 60 min, without the need for high oxygen flow
rates or harsh reaction conditions. These results demonstrate that the present catalyst offers a favorable balance
between efficiency, operational simplicity, and moderate reaction conditions, highlighting its potential for practical
oxidative desulfurization applications.
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Table 2: Comparison with recent catalysts in ODS.

Sulfuric - Removal . .
Catalyst Pollutant Conditions Efficiency (%) Time (min) Ref.
FeMoOX/LaTiOy-2 4,6-DMDBT t =130 °C, stirring speed = 800 'r/mln, 02 flow rate = 100 75 [49]
200 cm3 /min
MoO3/LaTiox-2 4,6-DMDBT 130 °C, 20 mg catalyst dosage, and 200 mL/min oxygen 100 150 (501
flow rate
phosphomolybdenum | high-sulfur 110 °C, reaction time of 8 h, catalyst dosage of 0.20 g,
vanadium pyridine petroleum and air flow rate of 100 mL/min, phosphomolybdenum 65 480 [51]
ionic liquid coke vanadium pyridine ionic liquid as solvent

phosphotungstic m(model oil) =2 g, m(MeCN) =0.3 mL, O/S =2,
acid-UiO-66 DBT m(catalyst) =30 mg, t =5 min, T=RT 100 > (>2]
NiO-Bio synthesized 60°C, 60 minutes, catalyst 0.2g, fuel 50ml and DBT This

. DBT . 98.11 60

y-Alumina concentration 500ppm work

4. Conclusions

In this study, four bio-templates—Pistacia Atlantica gum, glucose, gelatine, and gond katira gum—were
evaluated for the synthesis of y-alumina powder. All templates produced y-alumina, but the gelatine-derived
sample exhibited the highest crystallinity and surface area. MoO; and NiO were subsequently impregnated on this
alumina, with NiO showing superior DBT conversion due to higher surface area and reduced particle
agglomeration. NiO impregnation assisted by sonication further increased DBT conversion, attributed to
enhanced NiO dispersion and stronger interactions between the active phase and support. Optimization of
structural parameters (alumina sol pH, gelatine content, NiO content, calcination temperature) and the
operational O/S ratio led to a catalyst achieving 98.11% DBT conversion.
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