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ABSTRACT: The subject of this work is to study the effect of pH, molybdenum content, and some of 

the transition metals (such as Vanadium, Chromium, Manganese, Iron, Cobalt, Nickel) on the catalyst 

properties and performance of Oxidative DeSulfurization (ODS). To achieve this aim, the mesoporous 

5%Co10%Mo/γ-Al2O3 catalyst was prepared by the incipient wetness impregnation method. Then,  

the as-synthesized catalysts were characterized by X-Ray Diffraction (XRD), N2-adsorption/desorption, 

Inductively Coupled Plasma Mass Spectrometry (ICP-MS), Scanning Electron Microscopy (SEM)  

and NH3-Temperature Programmed Desorption (NH3-TPD). The catalytic activity was measured 

with a catalytic ODS setup. The catalyst with 10wt%Mo (as an active metal) and 5wt%Co content  

(as a promoter) at pH=4 represented the optimum performance for oxidative desulfurization.  

The 5%Co10%Mo/γ-Al2O3 has the Surface Area =170.61 m2/g, Pore Volume =0.64 cm3/g, and 

Average Pore Diameter = 15.18nm when these parameters were increased, it led to the best operation 

condition of sulfur removal. The SEM images showed that the application of Co and Mo metals 

reaches more homogenous impregnation. The NH3-TPD result introduced the strong acidic sites of 

5%Co10%Mo/γ-Al2O3. The obtained results proved that the total sulfur (all kinds of sulfur in the feed) 

of light naphtha decreased from 160ppm to 20ppm during ODS process with the optimized catalyst. 

In that case, the kinetics of oxidative desulfurization of the optimized catalyst (5%Co10%Mo/γ-Al2O3) 

was studied. Moreover, a kinetic affinity model was utilized to determine the kinetic parameters of 

this reaction and the modeling results showed good agreement with experimental data. 
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INTRODUCTION 

In recent years, the production of transportation fuels 

has been required. Since sulfur impurities exist in the fuels, 

they are a major source of air pollution and acid rain. Also, 

fuels could affect pollution control devices. Therefore, 

such fuels should be free of polluting compounds and new 

specifications of sulfur concentration have been established  

in many different countries [1-9].  

The hydrodesulfurization (HDS) process is the current 

method of reducing sulfur content in diesel fuel. This 

process is conducted under high pressure, high 

temperature, and in the presence of Co/Mo or Ni/Mo 

catalysts. HDS is the most effective process to remove 

aliphatic sulfur compounds and some derivatives of the 

thiophene [10,11]. In spite of these advantages, the 

existing HDS is incapable of meeting ultra-low sulfur 

standards because of the limited treatment on 

benzothiophenes (BTs) and dibenzothiophenes (DBTs).  

It is known that DBTs have alkyl substituents on their  

4 or 6 positions [12].  

In comparison with HDS method, the Oxidative 

DeSulfurization (ODS) process is a better choice for 

reducing sulfur components in diesel. Accordingly, the 

refractory organic sulfur components are oxidized to their 

corresponding sulfones. These products can be removed  

by extraction, adsorption, distillation, or decomposition [13, 14]. 

In the ODS process, H2O2 is commonly utilized  

as an oxidizing reagent since it is cheap and nonpolluting. 

Furthermore, it is not a strong corrosive agent and it is 

commercially available. However, when a catalyst does 

not exist, H2O2 is a weaker oxidizing reagent. Some 

researchers have described the application of organic 

acids, and polyoxometallic acids and their salts in the 

aqueous solution, as catalysts in the oxidation by H2O2  

of organosulfur compounds to their corresponding sulfones. 

It is difficult to separate these homogeneous catalysts from 

the reaction products. However, preparing new supported 

catalysts of H2O2 activation constitutes the most desirable 

advance in the ODS process [15-17]. 

Abdullah et al. [18] introduced the MoO3-PO4/Al2O3  

as ODS catalyst, and improved the properties by using 

alkaline earth metals. The results showed that the activity 

of the catalyst decreased in the following order: Ca/MoO3-

PO4/Al2O3>Sr/MoO3-PO4/Al2O3>Ba/MoO3-PO4/Al2O3. 

Moreover, the activity of Ca/MoO3-PO4/Al2O3 catalyst 

with different Ca/Mo ratios was investigated. When  

the ratio of Ca/Mo was 15:85, the value sulfur removal was 

the highest (79%) at 45ºC, 30 min, O/S molar ratio of 3.0, 

dimetylformamide (DMF) as a solvent, and diesel/solvent 

ratio of 1.0. Wenwu et al. [19] studied the influences of 

Gallium (Ga) modification on mesoporous Al2O3, with 

emphasis on the changes in the morphology of the active 

phases and its application as catalyst support for catalytic 

performances of DBT HDS. The catalyst supports whose 

wide mesopore size distribution was synthesized from the 

boehmite sol-gel by using the hydrothermal synthesis 

approach. Ga2O3 was used to modify the synthesized 

catalyst support. Then the corresponding sulfide NiMo 

supported catalysts were prepared. The superior catalytic 

performance was obtained over the NiMoGa/Mo/γ-Al2O3 

catalyst because of the moderate interaction that exists 

between the active metals and the supports. The superior 

morphology for Ni promoted MoS2 crystals results  

in the highest degree of sulfidation, the largest proportion 

of the NiMoS phase, and the enhanced activity of 

hydrogenation as a result of the introduction of Ga species. 

Additionally, Yaseen [20] reported the promoting 

influence of Fe as a highly cost-effective and efficient 

metal and its incorporation to Co or Ni-based MoO3/Al2O3 

catalysts in the ODS of DBT in the presence of H2O2 and 

formic acid as an oxidant and a catalyst, respectively. They 

studied the effect of operating parameters, such as reaction 

time, reaction temperature, catalyst dose, and amount of 

oxidant in ODS process. Their results revealed that 99% of 

DBT conversion was obtained at the temperature of 60ºC 

and reaction time of 150 min over FeNiMo/γ-Al2O3. 

Shahidian et al. [21, 22] prepared a specific type of 

mesopore extrudates gamma alumina, and they applied  

it as the catalyst in the heavy oil hydrodesulfurization unit. 

Using acidic or alkaline treatment, the mesoporous 

extrudates gamma alumina was made from boehmite 

powder for the first time. Morales et al. [23] modified the 

CoMo/γ-Al2O3 and NiMo/γ-Al2O3 which was used in HDS 

method by using phosphoric acid. Fattahi et al. developed 

some mathematical and kinetic models for catalytic reactor 

which are used for desulfurization and hydrogenation of 

oil feed. These models included appropriate kinetic rate 

expressions of the main hydrogenation reactions [24-29]. 

In the other investigation, Garfinkle [30] used the chemical 

affinity model for the kinetics of chemical reactions. 

Roosta et al. [31-34] successfully applied the chemical 

affinity model to the kinetics of gas hydrate formation.  
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Table 1: Specification the raw materials. 

No. Chemical Name Initial Mass fraction  Purity Company 

1 hydroxyethyl cellulose Industrial grade Iran 

2 ammonium hepta molybdate tetra hydrate 99% Merck, Germany 

3 phosphoric acid 99% Merck, Germany 

4 ammonia Industrial grade Iran 

5 nickel (II) nitrate hexahydrate 98% Applychem, Germany 

6 manganese (II) nitrate tetrahydrate 98% Merck, Germany 

7 cobalt (II) nitrate 97% Merck, Germany 

8 chromium (III) nitrate 99% Merck, Germany 

9 Iron (III) nitrate 99% Merck, Germany 

10 Ammonium monovanadate 99% Merck, Germany 

11 hydrogen peroxide Industrial grade Iran 

12 acetonitrile Industrial grade Iran 

 

This model requires only the pressures of a consumed mole 

of the reactants and it does not require mass or heat transfer 

coefficients. Since this model is simple and applicable,  

it was chosen as a kinetic model of the present study.  

Likozar et al. [35] used the NiMo catalyst in the hydrotreatment 

process. It was investigated the mechanism, ab initio 

calculations, and microkinetics of straight-chain alcohol, 

ether, ester, aldehyde, and carboxylic acid hydrodeoxygenation 

over Ni-Mo catalyst. 

The present work represents the preparation, 

characterization, and kinetics affinity model of some 

of the mesoporous γ-Al2O3 catalysts. The different effects 

are considered, especially for molybdenum content, some 

transition metals such as Co, Ni, Mn, Cr, Fe, or V and pH.  

The prepared catalysts are applied to the ODS process  

of light naphtha with 160ppm sulfur. Moreover,  

the as-synthesized catalysts were characterized by X-Ray 

Diffraction (XRD), N2-adsorption/desorption, and 

Inductively Coupled Plasma Mass Spectrometry (ICP-MS). 

According to the results of the ODS process and other 

analyses, the optimized catalyst ( γ-Al2O3) 

was chosen. Then, the properties of γ-Al2O3

were studied by and 

NH3-TPD). 

The chemical affinity model has been applied to several 

studies on the γ-Al2O3. The important 

aspects of this model are explained in the appendix.  

EXPERIMENTAL SECTION 

Materials 

In this research, the boehmite powder, extracted from 

Azarshahr Nephlinsinite mine ores, was used as the 

precursor (Surface Area (SA)>200 m2/g, Pore Volume 

(PV) =0.48 cm3/g, Average Pore Diameter (APD) = 8.10 nm, 

100mesh). The specification of other raw materials are 

listed in Table 1. 

 

Characterization 

The specific surface area and pore volume of catalysts 

were measured by using N2-adsorption/desorption 

porosimetry (Belsorp mini II, BEL JAPAN).  All catalysts 

were degassed under vacuum at the temperature of 250ºC 

for 3 h before each measurement (Belprep vac II, BEL 

JAPAN). This analysis was done in liquid nitrogen  

at -196ºC. The N2-adsorption/ desorption isotherms are applied 

to calculate the Brunauer–Emmett–Teller (BET) specific 

surface area. Pore volume and pore diameter distribution 

were computed by using the Barrett–Joyner–Halenda (BJH) 

technique of the isotherm. The total pore volume was estimated 

from the N2 uptake value at P/P0 = 0.98 (ISO 15901-2-2006, 

ISO 15901-3-2007). The XRD patterns of the synthesized 

catalysts were recorded on a Panalytical X' Pert Pro model 

equipped with a CuKα anti cathode (λ = 1.54 Å; 40kV; 

40mA) for 2θ between 5° and 85°. It uses a 0.1° step with 

an integration time of 4 s. Additionally, ICP-MS was carried 

out with Perklin Elmer, 
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Optima 7300 model (U.S.A.). The catalytic oxidative 

desulfurization activity test is accomplished under the 

special feed with 160ppm of sulfur and at the ambient 

condition (35ºC and atmospheric pressure). After this stage, 

the total sulfur was determined by Rigaku devices (U.S.A.) 

with a semiconductor Silicone PIN diode detector 

according to ASTMD: 4294. The surface morphology of 

the catalysts was conducted by using Scanning Electron 

Microscopy (SEM) by ZEISS (Germany) SIGMA VP.  

A study can be carried out with NH3-TPD analysis and 

using Micromeritics ChemiSorb 2750 apparatus.  

 
Catalytic Oxidative desulfurization activity 

Catalytic experiments were carried out in a 100 mL 

jacketed round-bottom flask. It was equipped with  

a condenser, magnetic stirrer, and recirculation water bath 

to control the temperature at 45ºC and atmospheric 

pressure. 50 mL of light naphtha (160ppm total sulfur)  

was used as the oil feed. In a typical run, the prepared 

catalyst and H2O2 were suspended slowly under the vigorous 

stirring speed in an oil feed (catalyst/oil=0.05 g/mL). After 

one hour, the mixtures were left at room temperature  

for one hour. Then the oil phase of samples was withdrawn 

with acetonitrile three times. The total sulfur was determined 

by Rigaku devices. The used feed specification (light naphtha) 

is given in Table 2. 

 
Preparation Method of Oxidative Desulfurization 

Catalyst and Catalyst Support 

The Preparation Extrudates Gamma- Alumina Catalyst 

Support 

Boehmite powder was blended with 5% hydroxylethyl 

cellulose (HEC). Then adequate water (about 5 mL)  

was added to it. The mixture was kneaded until  

a homogeneous paste was obtained. The alumina paste  

was passed through the extruder and dried for two hours  

at room temperature. Particularly, it was kept in an oven  

at 120 ºC for 24hr. Then it was calcined up to 600 ºC by 

using a furnace with a temperature programming rate  

of 100 ºC/h for catching the untreated catalyst support.  

The gamma-alumina phase is formed from the boehmite 

powder in this section. Appropriately, the catalyst support 

had the following properties (length=2-7 mm, outer 

diameter=1.50mm, SA=150-200 m2/g, PV<0.73 cm3/g, 

APD = 13.55 nm). 

The Molybdenum Content Effect on Preparation of Mo/γ-Al2O3 

Mo/γ-Al2O3 catalysts were prepared by incipient 

wetness impregnation method. According to the required 

weight percent of Mo (0%, 5%, 10%, 15%, and 20%),  

an appropriate amount of ammonium hepta molybdate  

was dissolved in a specific volume of distilled water. Each 

solution with γ-Al2O3 catalysts support was placed 

 in the rotary evaporator at 50 ˚C for 2 h. The wet γ-Al2O3 

was placed in a thermal cabinet with a thermal 

programming rate of 10 ºC/20 min in the temperature 

range of (50-120) ˚C. The samples were dried at 120 ˚C  

for 24hr in an oven. Since stabilization of molybdenum  

is required to form molybdenum oxide, the catalyst  

was calcined up to 600 ºC in a furnace with a temperature 

programing rate of 100 ºC/h. 

 

The pH Effect on Preparation of Mo/γ-Al2O3  

10%Mo/γ-Al2O3 catalysts were selected to study the 

effect of pH on the decreasing sulfur level. 12.26 g 

ammonium hepta molybdate was dissolved in 100 mL 

distilled water at room temperature (25˚C). This 

ammonium hepta molybdate solution was divided into five 

portions. Then each pH portion was adjusted between1-5 

by using phosphoric acid. Afterwards, each solution with 

γ-Al2O3 catalysts support was placed in the rotary 

evaporator at 50 ˚C for two hr. Then, the wet γ-Al2O3  

was placed in a thermal cabinet with the thermal 

programming rate of 10 ºC/20min (50-120 ˚C). 

Accordingly, the samples were dried at 120 ̊ C for 24 hours 

in an oven. Similar to the previous section, stabilization  

of molybdenum is needed to form molybdenum oxide. 

Therefore, the catalyst was calcined up to 600 ºC  

in a furnace with temperature programing rate of 100 ºC/h. 

 

The Effect of Transition Metals on Preparation of  

Mo/γ-Al2O3   

In this step, some transition metals (such as Vanadium, 

Chromium, Manganese, Iron, Cobalt, and Nickel) were used 

as effective metals. They were impregnated on the calcined 

γ-Al2O3 catalyst at pH=4.  Firstly, impregnated solution of 

two salts (solution A and solution B) must be prepared for 

each catalyst according to Table 2. In order to prepare 

solutions A and B, each salt must be dissolved in distilled 

water. Then two solutions (according to Table 3)  

must be mixed and the pH was stabilized at 4 by using 

phosphoric acid.  
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Table 2: Specifications of light naphtha feed. 

Method Result Unit Analysis No. 

Visual Colorless liquid --- appearance 1 

ASTMD1298 736.1 kg/m3 Density at 15.6ºC 2 

ASTMD4294 160 ppm Total Sulfur 3 

ASTMD93 free ºC Flash Point 4 

ASTMD130 1a --- Corrosion at 50ºC 5 

ASTMD86 75 ºC Distillation-IBP 6 

ASTMD86 90 ºC Distillation-5% 7 

ASTMD86 95 ºC Distillation-10% 8 

ASTMD86 101 ºC Distillation-20% 9 

ASTMD86 106 ºC Distillation-30% 10 

ASTMD86 111 ºC Distillation-40% 11 

ASTMD86 115 ºC Distillation-50% 12 

ASTMD86 119 ºC Distillation-60% 13 

ASTMD86 125 ºC Distillation-70% 14 

ASTMD86 134 ºC Distillation-80% 15 

ASTMD86 146 ºC Distillation-90% 16 

ASTMD86 162 ºC Distillation-95% 17 

ASTMD86 192 ºC Distillation-FBP 18 

ASTMD86 1 Vol.% Distillation- Residue 19 

ASTMD86 0 Vol.% Distillation- Loss 20 

ASTMD86 --- Vol.% Distillation at 380ºC 21 

 

Table 3: The specification of impregnated solution made with 10 mL of distilled water. 

Catalyst Solution A Solution B 

10%Mo5%V/γ-Al2O3 0.63g ammonium hepta molybdate 1.61g ammonium monovanadate 

10%Mo 5%Cr/γ-Al2O3 0.63g ammonium hepta molybdate 1.55g  chromium(III) nitrate 

3O2Al-/γ5%Mn10%Mo 0.63g ammonium hepta molybdate 1.53g Manganese(II) nitrate 

3O2Al-/γ10%Mo5%Fe 0.63g ammonium hepta molybdate 1.64g iron (III) chloride hexahydrate 

10%Mo 5%Co/γ-Al2O3 0.63g ammonium hepta molybdate 0.88g cobalt (II) nitrate 

10%Mo5%Ni/γ-Al2O3 0.63g ammonium hepta molybdate 0.81g nickel (II) nitratehexahydrate 

 

After preparation of each impregnated solution, it was placed 

in the rotary evaporator at 50℃ for 2 h with γ-Al2O3. The wet 

γ-Al2O3 was placed in a thermal cabinet with a thermal 

program. It was dried in the temperature range of (50-120) ℃. 

The samples were dried at 120˚C overnight in an oven. 

Because of stabilizing the molybdenum to form molybdenum 

oxide, the catalyst was calcined in a furnace with a thermal 

programmed apparatus at 600 ˚C for 6 h.  
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Table 4: The BET, BJH results of the prepared catalysts. 

Catalyst 

BET BJH (Adsorption branch) 

Average Pore 

Diameter (nm)  

Surface Area 

(m2/g) 

Pore Volume 

(cm3/g) 

Pore Volume 

(cm3/g) 

Pore Radius 

(nm) 

Surface Area 

(m2/g) 

0%Mo 13.55 215.43 0.73 0.73 6.03 237.95 

5%Mo 14.50 210.83 0.76 0.76 6.03 227.90 

10%Mo 15.46 203.97 0.78 0.78 6.03 221.17 

15%Mo 13.71 193.67 0.66 0.65 6.03 184.80 

20%Mo 13.70 173.20 0.62 0.62 6.03 180.31 

10%Mo, pH=1 12.83 177.36 0.56 0.56 6.03 190.70 

10%Mo, pH=2 15.46 180.04 0.69 0.69 6.03 193.25 

10%Mo, pH=3 15.64 182.75 0.71 0.70 6.03 188.54 

10%Mo, pH=4 14.42 190.59 0.68 0.56 6.03 190.70 

10%Mo, pH=5 15.34 198.88 0.76 0.76 6.03 213.01 

10%Mo5%V/γ-Al2O3 15.84 133.35 0.52 0.52 6.91 140.01 

10%Mo 5%Cr/γ-Al2O3 10.80 162.11 0.43 0.43 6.91 159.91 

5%Mn10%Mo/γ-Al2O3 15.51 151.46 0.58 0.58 6.03 155.98 

10%Mo5%Fe/γ-Al2O3 11.49 162.48 0.52 0.52 6.91 173.60 

10%Mo 5%Co/γ-Al2O3 15.18 170.61 0.64 0.64 6.03 174.98 

10%Mo5%Ni/γ-Al2O3 14.85 166.87 0.61 0.61 6.23 146.63 

 

RESULTS AND DISCUSSION  

Catalyst characterization 

Molybdenum content effect 

To find the optimum mesoporous catalyst for ODS 

with H2O2, the effect of Mo loading was evaluated. This 

evaluation is shown in Fig. 1. The catalysts with 0%, 5%, 

10%, 15%, and 20%Mo/γ-Al2O3 content were prepared 

and evaluated in catalytic ODS reaction at a feed sulfur 

concentration of 160 ppm. The obtained result proved that 

Mo species can be considered as an active metal in the 

ODS reaction. The conversion of sulfur compounds 

increases with increasing Mo% content up to 10%. Then 

the sulfur removal decreases when the percent of Mo is  

in the range of (10-20) %. As an example, when the 

catalyst was prepared with 5% Mo, the total sulfur was 

120ppm after the ODS process. The catalyst with 10% Mo 

resulted in 100ppm of total sulfur after the ODS process. 

When the catalyst with 15% Mo was used, the total sulfur 

was 117ppm after the ODS process. Using the catalyst 

with 20% Mo, the total sulfur was 120ppm after the ODS 

process. Since increasing Mo loading results in more 

polymerization of Mo species, the activity of the catalyst 

decreases in the ODS process. 

The physicochemical properties and the composition of 

catalysts are shown in Table 4. The N2-adsorption/desorption 
 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1: Catalytic ODS activity test of the different molybdenum 

content. 

 

results indicated that the Surface Area (SA), Average Pore 

Diameter (APD) and Pore Volume (PV) of Mo/γ-Al2O3 

decreased with the increasing the weight percent of Mo 

which was loaded on the γ-Al2O3 catalyst support [19].  

It was found that the catalysts with the range of (15-20) 

Mo% had the lowest sulfur removal in comparison  

with 0-10Mo %. In the range of (15-20) Mo%, the decrease in SA, 

PV and MPD resulted in decreasing sulfur removal. Fig. 2 

shows up the pore size distribution of the sample measured 

according to BJH method. It can be seen that the catalyst 
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Fig. 2: BJH plot of the different molybdenum content. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3: Adsorption/Desorption isotherms of the different 

molybdenum content. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4: XRD analysis spectrum of the different molybdenum content. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5: Catalytic ODS activity test of different pH at  

10%Mo/𝛾- Al2O3. 

 

displays a uniform mesoporous structure. According to  

the IUPAC classification and Fig. 3, all of the prepared 

mesopore Mo/γ-Al2O3 catalysts exhibited type IV 

isotherms with H2 hysteresis loop. Typical mesoporous 

materials due to complex pore networks are made up of 

pores with wide pore size distribution [19]. 

Fig. 4 shows the XRD results of catalyst samples with 

various molybdenum content, including 0wt%, 5wt%, 

10wt%, 15wt%, and 20wt%. The results of the tests 

indicate when the amount of molybdenum is 0wt% and 

5wt%, the amorphous phase of MoO3 is observed on the 

support. Appropriately, when Mo content increases up to 

10wt% MoO3, 15wt% and 20wt% lead to the formation of 

the crystalline MoO3 with broad reflection centering at 2𝜃 

(23-27°). These 2𝜃 (23-27°) were attributed to the MoO3 

with orthorhombic phase. In all samples, two specific 

peaks are observed at 2𝜃 (45 and 67º) related to γ-Al2O3. 

Hence, they are all due to the 𝛾-Al2O3 crystalline structure. 

Accordingly, loading Mo does not affect the γ-Al2O3 

crystalline structure [36,37]. Therefore, based on the 

results of ODS, BET, and XRD, the catalyst with 10wt% 

Mo (PV=0.78 cm3/g, SA=203.97 m2/g, APD= 15.46 nm) 

was selected as the optimum molybdenum concentration.  

 

The pH Effect on Preparation of 10%Mo/γ-Al2O3  

To find the optimum pH on catalyst activity,  

all prepared catalysts were tested at different pH values. 

All experiments were conducted in a catalytic ODS 

reactor. Fig. 5 displays the results of the catalytic activity 

of all prepared 10%Mo/γ-Al2O3. Consequently, the results 

reveal that the solution acidity significantly changes  

the sulfur elimination. Maximum sulfur removal was observed 

at pH values of 1 and 4. The minimum sulfur removal  

was perceived at pH=5 [6, 38-40]. The N2-

adsorption/desorption results (Table 4) indicated that 

the SA and PV of 10%Mo/γ-Al2O3 increased with  the  
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Table 5: ICP-MS results of the prepared catalysts. 

Other metals wt.% Mo wt.% P wt.% Al wt.% Catalyst 

- 8.33 2.33 54.97 Mo/γ-Al2O3 (pH=1) 

- 8.37 1.16 55.06 Mo/γ-Al2O3 (pH=2) 

- 8.40 0.58 55.19 Mo/γ-Al2O3 (pH=3) 

- 8.41 0.22 55.25 Mo/γ-Al2O3 (pH=4) 

4.01 8.31 1.16 54.85 10%Mo5%V/γ-Al2O3 

3.17 8.33 1.17 53.41 10%Mo 5%Cr /γ-Al2O3 

4.40 8.30 1.14 54.93 5%Mn10%Mo/γAl2O3 

3.02 8.34 1.17 54.68 10%Mo5%Fe/γ- Al2O3 

3.80 8.36 1.16 54.73 10%Mo 5%Co /γ- Al2O3 

4.02 8.31 1.16 54.80 10%Mo5%Ni/γ- Al2O3 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 6: BJH plot of the different pH at 10%Mo/𝛾- Al2O3t. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 7: Adsorption/Desorption isotherms of different pH  

at 10%Mo/𝛾- Al2O3. 

 

increasing the weight percent of P. The corrosive  

effect of phosphoric acid, added during impregnation, 

leads to an increase in SA and PV content.  Thus,  

we could attribute this change in SA and PV either to 

erosion of the micropores or to blocking of them by  

the phosphate species [23]. Fig. 6 shows up the pore size 

distribution of the sample measured according to BJH 

method. One can see that the catalyst displays a  

uniform mesoporous structure. According to the  

IUPAC classification and Fig. 7, all of the prepared 

mesopore, including 10%Mo/γ-Al2O3catalysts  

at different pH exhibited type IV isotherms with H2 

hysteresis loop [11].  

Table 5 shows the results of ICP-MS [41]. The presence 

of phosphorus is frequently used as a secondary promoter. 

To improve the performance of the catalyst for ODS, 

and HDS reactions by possessing beneficial influence 

on the strength and heat stability of the γ-Al2O3. 

Furthermore, the addition of phosphoric acid during  

the catalyst preparation reduces the number of required 

impregnation steps. The enhancing influence of 

phosphorus on the activity of a catalyst is sometimes 

explained as a function of improved dispersion of  

the precursor metal salts on the γ-Al2O3. Because of the 

high solubility of the metal salts on the γ-Al2O3  

in the phosphoric acid-containing impregnation solution, 

the deposition of large crystalline aggregates on the  

γ-Al2O3 surface is minimized [41]. Therefore, the catalyst 

with 10%Mo/γ-Al2O3 at pH=4 was selected  

as an optimum one. 
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Fig. 8: Catalytic ODS activity test of transition metal. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 9: XRD analysis spectrum of different transition metals. 

 

Effect of transition metals 

Some efforts have been done to improve the 

performance of 10%Mo/γ-Al2O3 catalyst by using other 

transition metals such as Co, Ni, Mn, Cr, Fe, or V in the 

ODS process. To find the optimum mesoporous catalyst 

for ODS process, the effect of loading some of the 

transition metals on 10%MoO3/γ-Al2O3 support at pH=4 

was evaluated. The results have been shown in Fig. 8 

Furthermore, the catalysts prepared with 10% Mo and 

5%Co, 5%Ni, 5%Mn, 5%Cr, 5%Fe, or 5%V with γ-Al2O3 

as catalyst support.  The prepared catalysts were tested  

in ODS reaction at a feed sulfur concentration of 160 ppm. 

Fig. 8 shows the conversion of sulfur of the prepared 

catalysts in the following order: CoMo/γ-Al2O3> 

NiMo/γ-Al2O3>FeMo/γ-Al2O3>CrMo/γ-Al2O3>MnMo/γ-

Al2O3>VMo/γ-Al2O3. Therefore, the 10%Mo5%Co/γ-

Al2O3 catalyst was selected as the optimum ODS catalyst.   

XRD technique was used to get an insight into the 

chemical composition, crystallinity of catalyst, and 

presence of Co, Ni, Mn, Cr, Fe, or V in γ-Al2O3 supported 

catalysts. XRD runs were recorded at 2𝜃 (5°- 80°) and  

the scans are depicted in Fig. 9.  Two prominent diffraction 

peaks that appeared at 2𝜃 (45° and 67º) for all samples 

 are assigned to γ-Al2O3. It is concluded that the impregnation 

of metals did not affect the 𝛾-Al2O3 crystalline phase of catalyst 

support [42]. The results of XRD analysis can be confirmed  

the fact that almost all metals appeared at their previously 

reported peaks, Cobalt oxide (Co3O4) at 2𝜃= 32°,36°,37°,45°, 

and 67° [43], iron oxide (Fe2O3) at 2𝜃= 24°, 33°, 35°,37, 45° 

and 67° [20], nickel oxide (NiO) at 2𝜃= 32, 36, 37°, 40, 45° 

and 67° [44,45], vanadium oxide (V2O5) at 2𝜃= 19°, 26°, 

28°, 32°, 33°, 37°,45°, and 67° [46,47], manganese oxide 

(Mn2O3) at 2𝜃= 17°, 26°, 28°,32°, 33°, 37°, 40°, 45°, and 

67° [48], chromium oxide (Cr2O3) at 2𝜃=36°, 37°, 45°,54° 

and 67° show the characteristic peaks [49,50]. Two peaks 

exist at 2𝜃= 45° and 67° for NiO.  They are close to 

specific peaks of γ-Al2O3 and they can be assigned to  

the overlap of defect NiO and γ-Al2O3 [43]. For CoMoO4, 

patterns of the template sample 5%Co10%Mo/γ-Al2O3 and 

only a small peak in the 2𝜃= 32°-37° is observed for  

the conventional sample 5%Co10%Mo/γ-Al2O3. This result 

indicates the trace amount of CoMoO4. These data agree 

with the elemental analysis of the catalysts. Furthermore, 

Mn2O3, Cr2O3, Fe2O3, and V2O5 (having a relative peak) 

were confirmed in XRD scan that indicates the presence  

of crystalline metal oxides, though in a small amount.  

It is further believed that the species in a material present 

at concentrations lower than 5%, so they cannot be properly 

detected by XRD technique. According to the above 

explanations, very weak peaks of all metals were observed 

for all the oxide phases.   

The N2-adsorption/desorption results (Table 4) 

indicated that the surface area of 10%Mo/γ-Al2O3 

decreased with the loading of other transition metals such 

as Co, Ni, Mn, Cr, Fe, and V rather than the cases without 

metals [11]. Catalyst with Co atoms has the largest SA, PV 

and APD while the one with VMo/ γ-Al2O3 has  

the smallest SA, PV and APD.  Fig. 10 reveals the pore size 

distribution of the sample measured according to BJH 

method. It can be seen that the catalyst reveals a uniform 

mesoporous structure. According to the IUPAC 

classification and Fig. 11, all of the prepared mesopore 

10%Mo/γ-Al2O3 catalysts exhibited type IV isotherms 

with H2 hysteresis loop [11]. 
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Fig. 10: BJH plot of different transition metals. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 11: Adsorption/desorption isotherms of different transition 

metals. 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 12: SEM Images of the 10wt.%Mo/𝛾- Al2O3 (left) and optimum sample 5%Co10%Mo/𝛾-Al2O3 (right). 

 

Table 5 shows the results of the ICP-MS analysis of the 

prepared catalysts with transition metals such as Co, Ni, 

Mn, Cr, Fe, or V with 10% Mo a pH=4. SEM images  

(Fig. 12) indicate that no agglomeration of two metals 

exists (right figure) on the prepared catalyst. It was found 

that the distribution and impregnation of metals were done 

well. Hence, a more homogenous impregnation was taken 

place. Moreover, these two metals lead to the production 

of a catalyst with uniform particle size distribution. Fig. 13 

shows NH3-TPD profile of the 5%Co10%Mo/𝛾-Al2O3 

catalyst. For this catalyst, the spectrum indicated two well-

resolved peaks at 420 ˚C and 880 ˚C. The results of this 

section showed that two types of adsorption sites  

for NH3-TPD are present on the catalyst. The peak at the 

temperature of 880 ˚C is attributed to N2 and H2 gases 

produced from the decomposition of NH3. The peak at the 

temperature of 420 ̊ C is due to releasing the adsorbed NH3 

from alumina and introducing the strong acidic sites. 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 13: NH3-TPD analysis spectrum of the optimum sample 

(5%Co10%Mo/𝛾-Al2O3). 

 

The kinetics of the reaction  

In previous sections, the optimum ODS catalyst 

(5%Co10%Mo/γ-Al2O3 ) was determined. To test the 

performance of this catalyst, the kinetics of the oxidative  
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Table 6: The results of the experiments. 

Total sulfur with catalyst Total sulfur without catalyst Time (min) 

160 160 0 

110 145 10 

80 138 20 

55 133 30 

40 123 40 

25 118 50 

18 114 60 

18 111 70 

18 105 80 

18 105 90 

18 105 100 

18 105 110 

18 105 120 

 

Table 7: The results of the kinetics investigation by affinity model. 

tk (min) |Ar/RT|  

159.41 0.76 Without catalyst 

78.38 0.87 With catalyst 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

Fig. 14: The variations of sulfur concentration versus time 

without catalyst. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 15: The variations of sulfur concentration versus time in 

the presence of 5%Co10%Mo/γ-Al2O3 catalyst. 

 

desulfurization was determined with and without the 

presence of ODS catalyst. The chemical affinity model 

was used to determine the kinetic parameters of this 

reaction. This model is simple and it can be used only 

based on the concentration of the sulfur. Moreover,  

it does not require heat or mass transfer coefficients. 

Therefore, among different kinetic models, the chemical 

affinity model was selected for this study. The results of 

the model are presented in Tables 6, 7, and Figs. 14-17. 

The obtained results show that the presence of the catalyst 

increases the normalized rate constant and decreases  

the equilibrium time of the reaction. Therefore, it significantly 
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Fig. 16: Affinity variations versus –ln[(ti/tk) exp (1–(ti/tk))] 

without catalyst. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 17: Affinity variations versus –ln[(ti/tk) exp(1–(ti/tk))] in the 

presence of 5%Co10%Mo/γ-Al2O3 catalyst. 

 

improves the kinetics of desulfurization reaction. 

Therefore, it is concluded that the applied catalyst 

performs well for desulfurization reaction. 

 

CONCLUSIONS 

The influence of pH, molybdenum content, and some 

of the transition metals, including Vanadium, Chromium, 

Manganese, Iron, Cobalt, and Nickel on the properties of 

catalyst and performance of oxidative desulfurization 

(ODS) was determined. The results of this study proved 

that the oxidative activity of Mo/γ-Al2O3 catalyst increased 

when Mo content increased up to about 10%. It decreased 

when Mo content was lower than this value. It can be concluded 

that the optimum condition of alumina catalyst was  

10% of molybdenum at pH=4 by using phosphoric acid.  

The addition of transition metals onto the Mo10%/γ-Al2O3 

catalysts resulted in a significant increase in the sulfur 

removal of ODS reaction. Experimental data showed that 

the catalytic activity of the oxidative desulfurization 

reaction followed this order: CoMo/γ-Al2O3> NiMo/γ-Al2O3> 

FeMo/γ-Al2O3> CrMo/γ-Al2O3> MnMo/γ-Al2O3> 

VMo/γ-Al2O3. Furthermore, the improvement on the 

molybdenum catalyst indicated that oxidative 

desulfurization for light naphtha was achieved over the 5% 

of cobalt calcined at 600ºC. The BET results of 

5%Co10%Mo/γ-Al2O3 showed that the SA, MPD, and PV 

have the highest amount in comparison with the other 

transition metals and led to an increase in sulfur removal. 

By using this catalyst in the catalytic ODS reactor at 25ºC 

and ambient pressure, the total sulfur of the light naphtha 

decreased from 160ppm to 20 ppm. The SEM images 

showed that the application of Co and Mo metals reaches 

more homogenous impregnation and indicates that no 

agglomeration of two metals exists (right figure) on the 

prepared catalyst. The NH3-TPD result introduced the 

strong acidic sites of 5%Co10%Mo/γ-Al2O3. The kinetic 

model based on the chemical affinity showed that the 

applied catalyst significantly increases the removal rate of 

sulfur from naphtha. The present method based on using 

mild operating conditions, low cost of the catalyst, high 

conversion of the sulfur, and simple mechanization can be 

considered as forwarding steps of the industrial process of 

desulfurization for fuel oil. The chemical affinity model is 

simple, requires only the concentration of sulfur, 

computing all-important kinetic parameters, and  

does not require the heat or mass transfer coefficients.  

The results of the kinetic studies on the optimum sample 

(5%Co10%Mo/γ-Al2O3 catalyst) showed that tk=78.38 

min and [Ar/RT]=0.87.  

 

Acknowledgments 

The authors would like to thank Guilan University for 

their support. The authors would like to acknowledge 

Mr. Fadavi director of research and technology of the Arak 

Oil Refining Company and Mrs. Soheila Sheybani for 

financial support of this project. 

 

Appendix 

The Chemical Affinity Model 

The chemical affinity model has been applied  

to several studies. The important aspects of this model  

are explained. The chemical affinity (Ai) is defined as a generalized
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driving force of a chemical reaction. It can be expressed  

as follows: 

i j j i

j

A ( )          (1) 

In the above equation,
i

 is the chemical potential of 

component i. 

Using the thermodynamic equation of chemical 

potential, the following equation is derived for chemical 

affinity: 

jo

j j j j j
aR T l n ( )



           (2) 

All experiments are conducted at a constant 

temperature; therefore, Equation (1) can be stated as 

follows: 

jo

i i j i

j

A A R T ( l n a( ) )


       (3) 

In Equation (3),
o

A shows the affinity at standard 

conditions. A indicates a temperature-dependent term. 

The chemical affinity model considers Qi as an activity 

ratio. This parameter is defined as follows:  

j

i j i

j

Q ( (a ) )


        (4) 

Based on Equation (4), Equation (3) is restated as 

follows: 

o

i i i
A A R T l n (Q )       (5) 

When the system is at the equilibrium condition, Ai=0 

and Ai
o=RT ln(K). K shows the thermodynamic 

equilibrium constant. Considering Equation (5), the 

following expression can be derived: 

i
i Q

A R T l n ( )        (6) 

in which 

i

i

Q

Q
( )

K
        (7) 

When a reaction takes place in a closed system, 

constant volume, and at a constant temperature, one  

can calculate the affinity decay rate from the following 

equation: 

i

T , V

T , V

A
Å

t

 
  

 

     (8) 

The previous studies proved that ÅT,V  inversely 

depends on time. Therefore, the chemical affinity can be 

expressed based on Eq. (9): 

i r i i

k k

A A t t
l n e x p (1 )

R T R T t t

  
     

 
   

    (9) 

In the above equation,

 
i

i

t

k

t

t


 
  
 

. To reproduce  

the experimental kinetic data, the value of
it

  must be 

determined so that Kt  must be computed. The value of tk 

is computed by using the iterative approach. 

To compute the parameters of the chemical affinity 

model, the extent of the sulfur removal in terms of time is 

determined. Instead of activity, the concentration of sulfur 

during the sulfur removal reaction has been chosen to 

determine the extent of the reaction. This extent is defined 

as follows:  

i

c i o i

Q

c f o f

n n n

n n n


  


                 (10) 

Where subscripts o and f are the initial and the 

equilibrium conditions, respectively. 

o o
n C V                   (11) 

i i
n C V                   (12) 

f f
n C V                   (13) 

In Equations (11) and (13), Co and Cf show the initial 

and equilibrium concentrations of the sulfur, respectively.  

To our knowledge, volume and temperature are constant 

in Equations (11-13). 

Combining Equations (10-13, 14) (in a fixed volume 

and constant temperature) is derived: 

c i o i o i o i

Q i

c f o f o f o f

n n n C V C V C C

n n n C V C V C C

  
    

  
               (14) 

When Equation (6) and Equation (14) are combined, 

the chemical affinity can be written as follows: 
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c i o ii

c f o f

n C CA
l n l n

R T n C C

   
      

      

                (15) 

Combining Equations (10) and (16), Equation (16) is 

stated as follows: 

r
A

R T
c i o i i i

c f o f k k

n C C t t
e x p (1 )

n C C t t



  
    

     

               (16) 

tk and –Ar/RT show the kinetic parameters of the present 

model. The value of ( r
A

R T
) is known as a normalized rate 

constant of the model. If Ai versus  
i i

t t
ln . ex p 1   

 
 is 

plotted, the values of Ar and tk can be calculated.  
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