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 Sulfur compounds pose significant challenges for environmental 

pollution. This issue has led to the application of various methods for 

sulfur detection and removal, which differ depending on the sulfur 

content. Among these methods is oxidative desulfurization, which has 

attracted considerable attention due to its mild operating conditions, 

ambient pressure, and relatively low temperature. In this study, a 

combination of chromium and nickel metals supported on ZSM-5 

zeolite was used for oxidative desulfurization. Initially, nickel (3–8 

wt.%) and chromium (1–8 wt.%) were separately loaded onto the 

zeolite to investigate the effect of each metal individually. 

Subsequently, a combination of 5 wt.% nickel and 1–8 wt.% chromium 

was simultaneously loaded onto the zeolite. The material containing 3 

wt.% chromium and 5 wt.% nickel exhibited the highest efficiency 

within two hours. The synthesized catalysts were thoroughly 

characterized using FTIR, XRD, FESEM, EDX, and BET techniques. 

ZSM-5 zeolite with 5 wt.% nickel and 3 wt.% chromium showed 63% 

sulfur removal in the oxidative desulfurization process over two hours, 

indicating the favorable performance of this catalyst for the process.  
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1. Introduction 

Pollution in the atmosphere originates from 

both natural processes and human activities. 

Carbon, hydrogen, and sulfur are the common 

elements found in the petroleum industry. 

Among these elements, sulfur plays a 

significant role in environmental systems. 

Sulfur is found in terrestrial environments in 

the form of sulfide and sulfate minerals, in 

marine environments as soluble sulfates, and 

in the atmosphere as hydrogen sulfide and 

sulfur dioxide [1, 2]. Given that the energy 
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required by humans in the modern world is 

supplied by petroleum and its derivatives—

including gasoline, diesel, aviation fuel, and 

fuel oil, which mainly contain various sulfur 

compounds—the conversion of this sulfur 

into harmful gases such as sulfur oxides 

(SOx) has become one of the major sources of 

environmental pollution [3, 4]. 

To reduce pollutants resulting from sulfur in 

fuels, various techniques, including the 

following, have been developed. 

· Oxidative desulfurization [5, 6, 7] 

· Hydrodesulfurization [8, 9, 10] 

· Biodesulfurization [11, 12, 13, 14] 

· Extractive desulfurization [15, 16, 17] 

· Adsorption desulfurization [18, 19] 

The selection of an appropriate 

desulfurization technique largely depends on 

the sulfur content and the nature of the fuel. 

Not all of these methods are applicable to 

every type of fuel. For instance, heavy oils 

pose specific challenges due to their high 

sulfur content, high viscosity, and high 

boiling point. Consequently, specific methods 

must be employed to remove sulfur from 

them. Figure 1 presents a visual 

representation of the recommended 

desulfurization methods based on the 

concentration of sulfur [20]. 

As mentioned earlier, one of the methods for 

sulfur removal is oxidative desulfurization. 

This method has attracted significant attention 

as an efficient approach for sulfur removal 

under mild operating conditions, typically at 

ambient pressure and relatively low 

temperatures. In this method, sulfur-

containing molecules are selectively oxidized 

by one or two oxygen atoms using a suitable 

oxidizing agent, leading to the formation of 

sulfones and sulfoxides. Due to their higher 

polarity, compared to that of the original 

sulfur compounds, these oxidized species are 

easily removed from light petroleum fractions 

through extraction or adsorption techniques 

[21, 22, 23, 24]. Several parameters, the most 

important of which are the catalyst, the type 

of the oxidizing agent, and the operating 

conditions, influence the efficiency of the 

desulfurization process [25].  

As mentioned earlier, one of the parameters 

affecting oxidative desulfurization is the type 

of the catalyst. The catalyst plays a crucial 

role in the performance of ODS. 

Incorporating metal species onto suitable 

supports significantly increases the number of 

active sites available for the reaction. 

Catalysts enhance the conversion rate through 

specific chemical interactions or bonding with 

sulfur-containing molecules and improve the 

stability of the oxidative desulfurization 

process. In this work, the effect of adding 

chromium and nickel metals to ZSM-5 zeolite 

was investigated. According to the literature, 

systematic investigations into the synergistic 

effects of Ni and Cr co-supported on ZSM-5 

for oxidative desulfurization (ODS) are 

scarce, particularly with respect to the role of 

Ni in suppressing the formation of crystalline 

Cr₂O₃. Therefore, in the present study, we 

investigated the effect of their combination. 
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Figure 1. Desulfurization technologies for various petroleum fractions based on the concentration levels of 

sulfur [20]. 

 

2. Materials and methods 

The ZSM-5 zeolite used in this study, with a 

Si/Al ratio of 23, was supplied by Sigma. 

NaOH (Merck) served as the activating agent 

for the zeolite. Additional reagents, namely 

nickel nitrate, dibenzothiophene (DBT), n-

hexane, hydrogen peroxide (H₂O₂), and 

acetonitrile (CH₃CN), were all procured from 

Merck. 

 

2.1. Washing zeolites with sodium 

hydroxide (NaOH) 

Alkaline treatment of the zeolite with sodium 

hydroxide (NaOH) solution promotes the 

development of mesopores throughout its 

structure. Typically, 1 g of zeolite is 

suspended in 10 mL of 0.55 M NaOH. This 

suspension is transferred to a 100 mL round-

bottom flask fitted with a condenser and held 

at 50 °C for 160 min. Upon completion of the 

treatment, the mixture is cooled to ambient 

temperature, and the solid is washed multiple 

times with distilled water until neutrality is 

achieved. The resulting product is 

subsequently dried overnight at 110 °C. 

Finally, calcination was performed in air at 

550 °C for 5 h using a ramp rate of 5 °C min⁻¹ 

[26]. 

 

2.2. Adding metal to zeolites 

Incorporation of nickel, chromium, or a 

combination of both into the zeolite was 

achieved by dissolving the required amounts 

of nickel nitrate, chromium nitrate, or both 

salts in 30 mL of distilled water. After stirring 

the solution for 15 min, the NaOH-treated 

zeolite was added. The resulting suspension 

was kept under continuous agitation on a hot 

plate at approximately 50 °C until a gel-like 

consistency formed. The material obtained 

was then dried overnight at 110 °C and 

subsequently calcined in air at 550 °C for 5 h. 

In this study, the metal-modified zeolites 

were denoted as NX or CX, where X 

indicates the weight percent of nickel or 

chromium. Zeolites containing 5 wt.% nickel 

along with varying chromium loadings were 

named accordingly; for instance, the sample 

with 5 wt.% Ni and 1 wt.% Cr was designated 

as N5–C1. 

 

2.3. Model fuel 

A 1000 ppm dibenzothiophene solution in n-

hexane served as the model fuel. To prepare 

it, 5 mg of dibenzothiophene was dissolved in 

50 cc of n-hexane, and the mixture was stirred 

for 1 h to ensure uniformity. 
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2.4. Oxidative experiments 

The oxidation reaction setup comprised a 50 

mL flask fitted with a condenser and 

immersed in a water bath set to the desired 

temperature to provide the required thermal 

conditions. Heating and magnetic stirring 

were supplied by a heater-stirrer placed 

beneath the vessel (rpm = 50), while the bath 

temperature was continuously monitored with 

a thermometer. For all experiments, 100 mg 

of catalyst was added to 10 mL of the model 

fuel together with 5 cc of acetonitrile, and the 

H₂O₂-to-DBT molar ratio was 8.44. Tests 

were performed at 55 °C for 2 h, and the 

sulfur content was determined by UV-Vis 

spectrophotometry at 316 nm. Acetonitrile 

served as a polar solvent, an oxidation 

promoter (through peroxyimidic acid 

formation with H₂O₂), and an extracting 

agent for the oxidized sulfur compounds. 

Each catalytic experiment was run in 

triplicate, and the results are expressed as 

mean ± standard deviation (SD). 

2.5. Characterization of catalysts 

FTIR spectroscopy was employed to identify 

the functional groups in the synthesized 

catalysts, using a Thermo AVATAR 

instrument (Germany) across a wavenumber 

range of 400–4000 cm⁻¹. XRD analysis was 

conducted on a PHILIPS PW1730 

diffractometer (Netherlands) with CuKα 

radiation (λ = 1.54056 Å), operating at 40 kV 

and 30 mA. FESEM imaging was performed 

with a TESCAN MIRA III instrument (Czech 

Republic). EDX mapping was carried out on a 

TESCAN MIRII system equipped with a 

SAMX detector (France). BET surface area 

measurements were obtained using a 

BELSORP MINI II analyzer (BEL, Japan), 

with sample degassing performed on a BEL 

PREP VAC II unit under vacuum while 

heating to 450 °C. Dibenzothiophene 

absorption was determined by UV-Vis 

spectrophotometry using a UNICO SQ-4802 

spectrophotometer. 

 

3. Results and discussion 

 3.1. XRD 

XRD patterns of samples SA23, Ni5, and Cr3 

are shown in Figure 2a. According to JCPDS 

card No. 44-003, the reflections at 2θ values 

of 9°, 23.3°, 24°, and 24.3° correspond to the 

(200), (051), (033), and (313) crystallographic 

planes of the zeolite framework, respectively. 

The presence of nickel oxide is confirmed by 

additional reflections at 37.3° and 43.2°, 

which are assigned to the (111) and (200) 

planes based on JCPDS card No. 00-024-216. 

Figure 2b illustrates the XRD patterns of the 

nickel–chromium samples, where a 

characteristic NiO peak is detected in all 

samples [27]. Furthermore, the reflections at 

2θ angles of 33.6°, 36.3°, 41.6°, and 54.9° are 

attributed to chromium oxide phases, and 

their intensity increases with rising chromium 

content, reaching a maximum at 8% 

chromium[28].
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Figure 2. XRD pattern of a) SA-23, Ni5,Cr3 b) Ni5% with Cr 1%-8%. 

 

The crystallinity percentage of the samples 

was determined using the Scherrer equation 

(1): 

DP = (Kλ) / (βCosθ)    (1) 

where DP represents the crystallite size in 

nanometers, K is a constant equal to 0.94, β is 

the full width at half maximum (FWHM) of 

the crystalline peak, θ is the diffraction angle, 

and λ denotes the X-ray wavelength. 

The crystallinity percentages obtained for 

samples SA23, Ni5, Cr3, Ni5/Cr1, Ni5/Cr2, 

Ni5/Cr3, Ni5/Cr5, and Ni5/Cr8 were 68%, 

56%, 60%, 61%, 63%, 70%, 57%, and 45%, 

respectively. 

3.2. FTIR 

FTIR analysis was performed to confirm the 

structural characteristics of the samples, and 

the resulting spectra are presented in Figure 3. 

In both spectra, absorption bands appear at 

1224 cm⁻¹, corresponding to external 

asymmetric stretching; in the 1050–1150 

cm⁻¹ range, attributed to internal asymmetric 

stretching; and at 795 cm⁻¹, assigned to 

external symmetric stretching; and at 445 

cm⁻¹, indicative of T–O bending vibrations. 

These features are characteristic of zeolite 

frameworks. The band at 3640 cm⁻¹ is 

assigned to silanol groups (Si–OH), while the 

peak at 3454 cm⁻¹ corresponds to Al–OH 

species within the framework, indicating the 

presence of Brønsted acid sites. Additionally, 

the band at 546 cm⁻¹ is attributed to double 

five-membered rings in the zeolite structure, 

confirming that a regular and crystalline 

framework was preserved after NaOH 

washing and the incorporation of nickel and 

chromium metals [26,29]. 

 
Figure 3. FTIR patterns of SA-23 and Ni5/Cr3 

 

3.3. BET 

Figure 4 presents the adsorption and 

desorption isotherms. All samples exhibit 

type IV isotherms with hysteresis loops, 

which are characteristic of mesoporous 

materials [28, 29]. The hysteresis loops are 

particularly pronounced in samples C3 and 

SA-23, indicating a well-developed 
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mesoporous structure. Although sample C3 

shows the highest surface area and nitrogen 

adsorption capacity, this does not directly 

result in the formation of efficient active sites. 

By contrast, sample Ni5/Cr3, despite its lower 

nitrogen uptake, benefits from synergistic 

interactions between nickel and chromium 

that enhance its structural properties. 

Specifically, π–π interactions between nickel 

and aromatic pollutants such as 

dibenzothiophene, together with increased 

surface polarity and chromium-induced van 

der Waals forces, collectively improve the 

material's suitability for pollutant adsorption 

[30]. 

 
Figure 4.  Nitrogen adsorption-desorption isotherms at 77 K for SA-23, Ni5, Cr3, Ni5/Cr3 

 

3.4. FESEM 

The catalytic properties and stability of the 

catalysts are largely governed by their 

morphology. NaOH treatment of the zeolite 

causes surface roughening and partial 

degradation of the zeolite framework, 

consistent with the reported results [28]. The 

nickel-modified zeolite shows smaller 

nanoparticles than its chromium-modified 

counterpart, in good agreement with previous 

literature indicating successful encapsulation 

of nickel nanoparticles within the zeolite 

structure [31]. In contrast, chromium 

incorporation leads to a more cohesive 

structure that reduces the available surface 

area for pollutant adsorption [32, 33]. Bright 

spots in the microscopic images confirm the 

accumulation of heavy chromium particles on 

the external zeolite surface. The zeolite 

containing both nickel and chromium 

nanoparticles exhibits a hybrid morphology 

combining the features of both metals. The 

small, dispersed particles suggest nickel 

encapsulation, whereas the smooth, reflective 
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surfaces indicate chromium deposition on the 

outer surface of the zeolite. 

 

 

Figure 5. FESEM of SA-23,C3,Ni5 and Ni5-Cr3 

 

3.5. EDX 

X-ray spectroscopy combined with elemental 

mapping analysis was employed to determine 

the elemental composition of the samples. 

The index spectrum of all samples shows a 

prominent peak corresponding to silicon, 

indicating a high concentration of this 

element within the zeolite framework. A 

second intense peak, attributed to oxygen, 

together with the silicon signal, confirms the 

presence of SiO₄ tetrahedral units, which are 

characteristic of zeolite structures. In 

addition, a minor signal associated with 

carbon was detected, likely originating from 

surface contamination or residues from the 

sample preparation process. The low noise 

level in the high-energy region of the index 

spectrum across all samples suggests the 

absence of heavy elements. Elemental 

mapping performed across the matrix of all 

samples revealed a homogeneous distribution 

of components throughout the zeolite. The 

percentage of each element, derived from the 

index analysis for all four samples, is 

presented in the tables in Figure 5. As shown, 

the measured percentages of chromium and 

nickel are lower than their initially calculated 

values, a discrepancy that may be attributed to 

experimental error. 
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Figure 6. EDX-Mapping of: a) SA-23, b) Cr3, c) Ni5, and d) Ni5/Cr3. 

 

 

 

 

a) 

b) 

d) 

c) 



Juboori and Moradi / Iranian Journal of Chemical Engineering, Vol. 23, No. 3, 3-17, (2026) 

 

 11 

 

3.6. Adding Ni and Cr metals 

In this study, nickel and chromium metals 

were introduced into the SA-23 zeolite 

structure at various concentrations ranging 

from 1 to 8 wt.%. As shown in Figures 7a and 

7b and Table 1, the highest oxidation capacity 

for dibenzothiophene was achieved with the 

samples containing 5% nickel and 3% 

chromium. The notable decrease in adsorption 

capacity for the sample with 8% nickel can be 

ascribed to three main factors: pore blockage 

caused by metal aggregation, a reduction in 

the number of accessible active sites for 

adsorption, and the formation of inactive NiO 

oxide phases that do not participate in the 

adsorption process [34–36]. The BET analysis 

results for this particular sample confirmed a 

pore size of 23.7 nm and a specific surface 

area of 15.16 m²/g, indicating a decrease in 

effective surface area relative to samples with 

lower metal loading. 
 

Table 1.  

Oxidative desulfurization efficiency of  all 

ccatalysts. Data are expressed as mean ± SD (n = 

3). 

Catalyst 
Oxidative desulfurization 

activity (%) 

N3 33.7±1.5 

N5 57.2±0.8 

N8 28.8±0.8 

C1 36.5±0.5 

C2 48.3±0.6 

C3 53.3±1.2 

C5 27.3±1.2 

C8 18.7±0.6 

N5-C1 43±1 

N5-C2 46.3±1.5 

N5-C3 63.7±0.6 

N5-C5 32.3±2.5 

N5-C8 19.7±1.5 

 

With respect to chromium, earlier studies 

have shown that the optimal loading range, 

depending on operating conditions such as 

temperature and contact time, generally falls 

between 1 and 3 wt.%. Loadings above this 

range lead to a decline in adsorption 

performance owing to factors including the 

tendency to form Cr₂O₃ crystalline structures 

(trivalent chromium oxide) and a marked 

reduction in the number of acidic sites within 

the zeolite framework [37]. For the sample 

containing 3% chromium, which lies within 

the optimal range, BET analysis revealed a 

pore size of 5.9 nm and a specific surface area 

of 95.3 m²/g, indicating favorable metal 

dispersion and preservation of the porous 

zeolite structure. 

 

3.7. Simultaneous addition of nickel and 

chromium metals. 

Because the zeolite sample loaded with 5 

wt.% nickel showed high oxidative 

desulfurization efficiency, this nickel content 

was held constant, and chromium was loaded 

onto the zeolite alongside the nickel in 

amounts ranging from 1 to 8 wt.%. The 

experimental results of the oxidative 

desulfurization process using these catalysts 

are presented in Figure 7c and Table 1. As 

can be seen, the Ni5/Cr3 catalyst—containing 

5% nickel and 3% chromium—exhibits the 

highest oxidative desulfurization efficiency. 

The BET analysis results for these samples 

are listed in Table 2. These results indicate 

that all catalysts possess a mesoporous 

structure, with pore diameters ranging from 

16.4 to 22.47 nm. Although variations in 

specific surface area, pore volume, and pore 

diameter influence the accessibility of 

reactants to active sites, comparison of the 

oxidative desulfurization results reveals no 

direct correlation between the BET 

parameters and sulfur removal efficiency. The 

decrease in oxidative desulfurization 

efficiency observed for the Ni5/Cr5 and 

Ni5/Cr8 samples relative to Ni5/Cr3, despite 

their increased pore volume and diameter, can 
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be attributed to the aggregation of chromium 

metal and the resulting reduction in the 

number of active sites. The FESEM results 

further confirm this aggregation [38, 39]. 

 

 
 

 
Figure7. Results of oxidative desulfurization experiments for: (a) nickel metal, (b) chromium metal, (c) 

5% nickel and 1–8% chromium. All data are expressed as the mean ± standard deviation (SD) from three 

independent replicates (n = 3). Error bars represent SD. 

 

Table 2. 

Surface area and pore size for different 

percentages of Cr by 5% Ni 

Sample 

name 

BET 

(m2/g) 

Pore 

size 

(nm) 

Total pore 

volume(p/p0=0.990) 

[cm3 g-1] 

N5-C1 20.21 18.15 0.091716 

N5-C2 16.15 19.63 0.079305 

N5-C3 14.4 20.87 0.075148 

N5-C5 17.15 18.94 0.081373 

N5-C8 15.67 22.47 0.099283 

 

Table 3 compares the results of this study 

with those of previous research on oxidative 

desulfurization. As observed, the sulfur 

removal efficiency of the catalyst prepared by 

this research group is lower than the same of 

some of the previously reported catalysts. 

This reduction can be attributed to the high 

oxide content of the metals used in the 

structure and the lower number of active sites 

in this synthesized catalyst compared to other 

catalysts presented in the table. Nevertheless, 

the reported performance is acceptable for 

practical applications under similar conditions 

and could be improved by optimizing the 

synthesis conditions. 
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Table 3.  
Comparison of the efficiency of the oxidative desulfurization of the synthesized catalyst (this work) with 

those of previously reported catalysts in the literature. 

Catalyst 
Temperature 

(k) 
Oxidant Removal (%) Ref. 

10 % Mn/Nano-Activated Carbon 353 H2O2 94.1 [40] 

CoMo/reduced graphene oxide (rGO) 

with an active phase of Co3O4–MoO3 

333 Citric acide 99 [41] 

novel POM-based IL 333 tertbutyl 81.9 [42] 

ZrXPTA supported on γ-Al2O3 313 * 96.5 [43] 

CrN-based catalyst supported on porous 

carbon 

303-333 H2O2 96 [44] 

Potassium ferrate 315 Ferrate 99.6 [45] 

2D-0.6TiO2@MWCNT 342 H2O2 97.5 [46] 

polyoxometalate * H2O2 * [47] 

Zr-MOFs and SO4 2- /γ-Al2O3 313 H2O2, Fe(VI) 100 [48] 

γ-Al2O3 403-437 Air * [49] 

dual functional mesoporous catalyst 353 peracetic acid 98.42 [50] 

zeolite bimetallic nanocatalyst 433 * 91.8 [51] 

Co3O4/γ-Al2O3, MnO2/γ-Al2O3 403-437 molecular air * [52] 

Fe2O3-supported composite 323-353 peracetic acid 98.42 [53] 

Ag2O3/Zeolite 353-413 Air 87.4 [54] 

nano-catalyst 353 peracetic acid 98.42 [55] 

Zeolite ZSM5-5%Ni-3%Cr 323 H2O2 63% This work 

4. Conclusions 

The release of sulfur compounds from 

industry continues to rise, underscoring the 

growing need for efficient sulfur removal 

methods. In the present study, the oxidative 

desulfurization process was investigated using 

a zeolite modified with two metals, nickel and 

chromium. The obtained results offer new 

insight into the synergistic performance of 

these two metals together. Initial evaluations 

showed that, among the single-metal samples, 

the optimal loading was 5 wt.% for nickel and 

3 wt.% for chromium. Subsequently, when 

both metals were loaded together onto the 

zeolite, it was observed that if the nickel 

content was below 3 wt.%, the 

dibenzothiophene removal efficiency 

decreased compared with the case in which 

only chromium was used. At higher 

concentrations, however, the performance 

improved significantly. The reason for this 

phenomenon appears to be the role of nickel 

in suppressing the formation of the crystalline 

Cr₂O₃ phase, which is regarded as an inactive 

phase. Ultimately, the best performance 

belonged to the sample containing 5 wt.% 

nickel and 3 wt.% chromium. This catalyst 

was able to remove 63% of the sulfur, which 

is considered a remarkable achievement. This 

success provides a clear perspective for the 

industrial application of this catalyst. In 

summary, the findings of this research pave 

the way for the development of 

desulfurization processes on an industrial 

scale and offer a practical and promising 

solution for reducing sulfur pollution in 

produced fuels. 
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