
 

 

Gasoil Desulfurization by Ozone at High-Entropy Oxide Catalyst: 

Optimization, Thermodynamic, and Kinetics Investigation 

 

Abstract  

Oxidative desulfurisation (ODS) is a promising alternative technology for 

producing sulfur-free fuel compared to conventional hydrodesulfurisation 

technology, as the ODS reaction can be performed under moderate operating 

conditions. This study focuses on investigating the performance of oxidation 

desulfurisation of Iraqi gas oil using a novel catalyst. High-entropy oxides (HEO) 

catalysts are prepared by mechanochemical mixing of cobalt, chromium, iron, 

titanium, and nickel chlorides using a nanoball mill. The HEO catalyst was 

characterised by X-ray diffraction (XRD), Energy Dispersive Spectroscopy (EDS) , and 

Fourier Transform Infrared Spectroscopy (FTIR). Scanning Electron Microscopy 

(SEM)  was used to investigate the prepared catalyst morphology. Characterisation 

findings indicate that the prepared catalysts are in the nano to semi-micron range, 

with different shapes and varying active functional groups. The gasoil ODS 

performance was investigated by using ozone as the oxidant agent and the impact of 

catalyst amount (0.5-1 g), temperature (150-200 °C), and the oxidation time (30-60 

minutes) on catalytic desulfurisation performance. A Box-Behnken experimental 

design (BBD) was used to design the experiments. The removal efficiency ranged 

between 85% and 99%, with an optimum sulfur removal efficiency of 98% achieved 



 

 

at 0.59 g, 200 °C, and 60 minutes for catalyst dosage,  reaction temperature, and 

oxidation time, respectively. The analysis of variance (ANOVA) revealed that the 

effects of the studied variables follow the following order: oxidation time, reaction 

temperature, and catalyst dosage. 

 A kinetics study shows that the reaction obeys a pseudo 1st order reaction and 

has a relatively low activation energy (22.033 kJ/mol) due to the presence of a catalyst. 

Thermodynamically, the reaction is non-spontaneous, as indicated by its positive 

Gibbs free energy (ΔG), and the reaction rate increases with temperature. 

Keywords: dibenzothiophene, high entropy oxide, ozone, oxidation, Box- Behnken 

experimental design 

1.Introduction  

SOx emissions increase as the consumption of transportation fuel increases 

due to sulfur organic compounds (SOCs) present in transportation fuel products. 

These compounds may be associated with fuels in various forms, including sulfide, 

thiol, mercaptan, disulfide, and thiophene. SOCs present in fuels cause bad 

consequences such as pollution of the environment and human health (respiratory 

disease and cancer), corrosion in metallic equipment and buildings, soil 

eutrophication, and poisoning of valuable catalysts in the upstream unit  [1 -2]. On 

the other hand, the high sulfur concentration fuel increases the cost of refining 

petroleum fractions [3]  for that, there are environmental regulations issued by 

governments in different countries around the world that limit the sulfur content in 



 

 

various types of fuels  [2], for instance, the Chinese national V standard was enacted 

in China, which identifies the sulfur content limit not more 10 ppm [4], and the 

European Union has also executed the Euro VI standard, which specify the sulfur 

concentration to 10 ppm; thus, it is necessary to produce low-content sulfur fuel with less 

than 10 ppm, or even free sulfur fuel [5]. 

Different techniques have been used for removing sulfur from fuels, such as 

hydrodesulfurisation (HDS)  [5 - 7]  adsorptive desulfurisation (ADS) [8 - 10] , bio-

desulfurisation [11 - 12]  , extraction  [13 - 14] , reactive adsorption desulfurization [16] 

Electrochemical desulfurization technique [17]and oxidative desulfurization 

(ODS)[16 - 18] . Among these different methods, HDS is considered the most 

common and significant technique that is used in petroleum refineries. Still, this 

process does not remove heavy thiophenic derivatives (T) such as benzothiophene, 

dibenzothiophene, and 4,6-dimethyl dibenzothiophene effectively because of the 

high electron density on the sulfur atom, which makes HDS inefficient for breaking 

the carbon-sulfur bonds [21] .The ODS technique may be considered an alternative 

and promising method for removing thiophenic components because it can be 

performed under moderate conditions (low pressure and temperature). Its selectivity 

characterises ODS, which does not require the provision of expensive hydrogen gas 

for desulfurisation. In this process, the oxidation of SOCs produces sulfoxides and 

sulfones, depending on the oxygen availability provided by oxidation agents [20]. 

There are many oxidants used in the ODS reaction, including hydrogen 

peroxide [22], molecular oxygen [23], ozone, and organic peroxides. Hydrogen 



 

 

peroxide (H2O2) is widely used as an oxidising agent in the ODS process to reduce 

the sulfur content associated with the fuel. It was decomposed into water, forming an 

oil-water biphasic system, which resulted in a lowering of the fuel quality. Therefore, 

it was necessary to recover it using alternative techniques, such as solvent extraction 

[24]. Oxygen has significant advantages when used as an oxidising agent due to its 

low cost, high availability, and relatively safe use [21]. On the other hand, ozone is 

classified as a very strong oxidation agent due to its high oxidation potential (2.076 

V), which is higher than that of H2O2 (1.77 V) [25]. Ozone is a very strong oxidant 

and can be oxidised by OSCs present in fuel as follows: 

 

Where R-S-Ŕ is a sulfur compound such as mercaptan, sulfide, thiophene, etc., while 

sulfone is the oxidised sulfur product; for example, the DBT oxidation can be 

represented as below [26] : 

 

The proposed mechanism for the ozonation of OSCs (e.g., DBT) involves 

ozone attacking the sulfur atom to produce the corresponding sulfoxide, which is 

then further oxidised to produce the corresponding sulfone. The sulfoxide is an 

intermediate product (R-S-O-Ŕ). In contrast, the sulfone is the more stable product 

(R-SO2-Ŕ) [27]. Using transition metals as a catalyst enhances the ozone oxidation 

power for organic compounds. This enhancement results from free radicals produced 



 

 

by ozone. The free radicals are involved in oxidation reactions and support 

desulfurization processes for producing sulfoxides and sulfones, due to direct contact 

between ozone and the fuel [28]. Ozone breaks down through decomposition under 

the influence of electrical fields, impurities, or heat [29]. In the present case, 

decomposition was done under heat as follows: 

𝑂3

𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐 𝑜𝑟 ℎ𝑒𝑎𝑡 
→            𝑂2 + 𝑂̇                                             (3) 

As mentioned above, the catalyst system is required for the ODS reaction, in 

which there have been many attempts to use different catalyst systems in the ODS 

reaction, for instance, cerium supported on alumina [30], Fe2O3 supported on 

Graphene oxide [31], MoO3 supported on carbon nanotubes [32], NiO-MoO3 

supported on activated carbon[33], the hollow PW12 /TiO2 at MgCO3  [34], 

CuO/TiO2-SiO2  , and CuO/SiO2 nano catalysts [35], NiW supported on activated 

carbon[36], MnO2-FeO3 supported on activated carbon[19], polyoxometalates, and 

metal-organic frameworks  [37]. 

HEO is a novel type of solid crystalline structure that contains five or more 

metal species that are characterised by their unique physical properties. The 

configurational disorder and entropy (S) were stabilised, so these types of materials 

at high temperature show high stability because of the disordered distribution of 

metal species, and because of entropy contribution, the Gibbs free energy (G) at high 

temperature is at a more negative value[38], which means materials are stable 

thermodynamically at high temperature. According to entropy engineering, the 



 

 

atoms within the HEO crystalline structure are disordered, which confers unforeseen 

benefits to these atoms, such as various redox behaviours, oxygen vacancies, and 

cation compositions [36-38]. The non-arranged atoms in the crystalline unit cell, or 

disorder, prevent lattice defects and cause defect stabilisation [39]. The HEO proved 

to be an excellent material for various catalytic processes due to the presence of these 

defects. For instance, a holy HEO catalyst (MgCuZnNiCo)O is a wonderful material 

for benzyl alcohol oxidation [40]. The improved configurational entropy will lead to 

an increase in endurance for lattice deformation, allowing for the combination and 

stability of high-concentration metal cations, which in turn will enhance the 

activation of oxygen presence in the lattice and the formation of active species [41]. 

HEO exhibits a variety of effects or high entropy complexes, allowing for the easy 

control of the chemical states of each species, which can result in either the elements 

being rich or deficient in electrons [42]. 

The instability of metal oxides sometimes occurs during the ODS reaction 

because of organic acidic species in fuels. Consequently, some scientists have found 

that transition metal nitrides are potentially suitable alternatives to transition metal 

oxides for catalytic oxidation reactions [40]. They are characterised by having 

catalytic activities higher than those of transition metal oxides; for instance, the 

Mo2N/porous carbon catalyst, which achieved an excellent desulfurisation efficiency 

compared to the tungsten trioxide/zirconium oxide (WO3/ZrO2) catalyst[43]. The 

surface of HEO or a multi-component structure is unstable due to its high surface 

energy and large curvature [44]. Scientists have developed a method for controlling 



 

 

the synthesis of polyhedral catalysts by regulating the supersaturation associated 

with surface energy during crystal growth. This strategy provides an effective means 

of controlling the surface structure and shape of nano- and microcrystals, which is 

necessary for numerous applications [45]. It's supposed that the elements were 

uniformly distributed and had similar signal intensity for the elements in HEO, in 

which these elements were arranged in disorder and interacted with each other [46]. 

Metals are vital for catalytic applications, particularly those involving high-energy 

polyhedral crystals, such as those found in HEO. Polyhedral HEO is a promising 

option for superior catalytic reactions, as the different crystal facets are characterised 

by distinct surface atom arrangements, which provide adsorption/desorption active 

sites for reactant accessibility and intermediate or product formation, thereby 

increasing the catalyst activity and selectivity for the reaction. On the one hand, the 

different faces in polyhedral have remarkably different electronic features [47]. 

In this paper, a high-entropy oxide, HEO (CoCrFeNiZn)Ox (HEO), was 

prepared by mechanochemical mixing, where the metal precursors were mixed using 

a nanoball mill, and finally the catalyst was calcined at 600 °C, 650 °C, and 700 °C. 

The synthesised HEO catalyst was used for the desulfurisation of gas oil, utilising 

ozone as the oxidant agent. The oxidation desulfurisation investigation examines the 

effects of catalyst amount, temperature, and oxidation time on removal efficiency. 

The study included the estimation of kinetic and thermodynamic parameters 

(reaction rate constant, activation energy, Gibbs free energy, and entropy change). 

2. Experimental method  



 

 

2.1. Feed  

Iraqi gas oil was used as a feeds of the ODS reaction . Gas oil was supplied from 

the atmospheric crude oil distillation column in Al-Najaf refinery (Al-Najaf, Iraq). 

The gas oil is characterised by its high sulfur content, 1.5 wt% (15,000 ppm), and  

(0.8406 ) specific gravity. The initial (IBP) and final (EBP) boiling points are 225 °C 

and 367.8 °C, respectively. The distillation data for gas oil is presented in Table 1. The 

other parameters are as follows: viscosity at 40 °C is 3.2 cSt,  ash content is 0.002%, 

cetane index is 56.1, and flash point is 94.5 °C. 

Table 1. Temperature-volume profile of the gas oil   

Vol.% 10 20 30 40 50 60 70 80 90 

Temp (°C) 246 253.2 260 267 275.5 285.3 297.7 314.7 341.2 

2.2. Chemicals 

There are five metal chlorides used; cobalt (II) chloride (CoCl2.6H2O -Merck 

99%), nickel (II) chloride (NiCl2.6H2O -Sigma-Aldrich 98%), chromium (III) 

chloride (CrCl3. H2O- Alfa Chemika 99%), titanium (ZnCl2 -Sigma-Aldrich 99%), 

and iron (III) chloride (FeCl3 Sigma-Aldrich 99%): Acetonitrile (CH3CN -Sigma-

Aldrich 99.9%), and hydrochloride (HCl -Merck 37%). 

2.3. Catalyst preparation 

The catalyst was prepared by mixing the metal chlorides mechanochemically, 

each at an equal mole ratio (0.0025 mol), and 0.125 mol of urea. The mixture was 



 

 

poured into a nano ball mill (NOAH model NQM-0.4) supplied with ceramic balls (7 

mm) in diameter. Mixing and grinding were performed at 400 rpm for 2 hours at 

ambient temperature, during which the five-salt mixture was converted to a paste 

form, followed by a moisture-removing step by pouring the produced paste into a 

desiccator, which was kept at 80 °C overnight; then the resultant was transferred to the 

muffle furnace (JINYU model 1700) to start the calcination step at three different 

temperatures (600, 650, and 700) °C for three hours [2]. The catalyst was characterised 

by Fourier Transform Infrared Spectrophotometer (FTIR) and X-ray diffraction (XRD). 

Surface morphology and texture properties were measured using the BET method. 

2.4. ODS reaction and solvent extraction  

The ODS reaction was done in a lab-scale reactor (three-neck round-bottom 

flask, 250 mL. The flask was equipped with three necks; the first one was for 

introducing ozone, the second was equipped with a condenser for total reflux, and 

the third one was used for introducing feedstock (gas oil) and inserting the catalyst 

dosage for each run, as well as for product suction after the run is over. During the 

experiment, this neck was closed after inserting the thermocouple through it. The 

total reflux condenser is used to avoid gas oil evaporation. The ozone flow rate is 20 

mL/min. The lab-scale experimental rig is shown in Fig. 1. 



 

 

 

Figure 1- The schematic of the experimental setup for the ODS reaction. 

The operating conditions (catalyst dosage, temperature, and reaction time) 

were adjusted according to the Box-Behnken experimental design BBD, which is 

illustrated in Table 3. The gas oil was poured into the reactor, and heating was started 

until the specified temperature was reached. The specified catalyst amount was 

introduced into the reactor, and ozone feeding commenced, marking the start of the 

reaction. The reaction was stopped after the specified reaction time had elapsed. The 

solvent extraction step was done by mixing the ODS reaction product with 

acetonitrile, and the mixture was shaken well using a shaker (ORBITAL Shaker, 

Rotator Model VRN-480 from GEMMY Industrial Corp)  at 100 rpm for 30 minutes. 

The mixture was left inside the separation funnel to settle, where there are two layers 

formed; the ower layer consists of sulfones and solvent (oxidation product and 



 

 

acetonitrile), and the upper layer is composed of low-sulfur fuel. Finally, the removal 

efficiency (R%) was calculated after measuring the final total sulfur content  by an X-

ray fluorescence sulfur analyser (SPECTROSCAN SL TU 4276-002-23124704): 

 

Where (Si) is the initial sulfur concentration, and (So) is the final sulfur 

concentration.  

4. Results and discussion  

4.1. Catalyst Characterization  

 

Figure 1- FTIR spectrum for HEO catalyst. 



 

 

FTIR spectroscopy can be utilized to detect and analyse metal-oxygen 

vibrations, which are important for characterising metal oxides and other materials. 

As shown in Fig. 2, the FTIR spectrum of the prepared HEO catalyst exhibits a 

characteristic set of bands. There is an adsorption band near 3441 cm-1, which is 

assigned to the O-H stretch vibration, indicating the presence of a hydroxyl group 

and/or an adsorbed water molecule [48]. The peaks at ≈ 2980 and 2930 cm-1 relate to 

the stretching of C-H vibrations, demonstrating the presence of aliphatic structures. 

The peak at around 1735 cm-1 represents carboxyl groups, such as those found in 

ketones, aldehydes, and carboxylic acids, for C=C stretching in aromatic rings. The 

band at 1380 cm-1 is attributed to the presence of O-H, which represents a phenolic 

cluster [48], [49] [50] There is a band at around 1288 cm-1, which corresponds to the 

C-O bond. Some peaks appear at 500–800, corresponding to metal─ xygen (M─O) 

vibrations. The characteristic absorption bands in the FTIR spectrum within the 400-

1100 cm⁻¹ range, particularly in the 400-600 cm⁻¹ region, are indicative of metal-

oxygen bond vibrations. The adsorption band at 570 cm -1, which is assigned to 

cobalt─oxygen (Co─O), and around 660 cm -1 was allocated to the linking vibration 

of cobalt─oxygen─cobalt (Co─O─Co)[51] .The peaks around 980 cm-1 can be 

attributed to chromyl (Cr=O) vibrations [52], the wide absorption band in the. The 

range between 700 and 600 cm-1 is attributed to the nickel─oxygen (Ni─O) stretch 

vibration [53]. The zinc oxide group, or zinc-oxygen (Zn-O) vibration band, is located 

at a wavenumber of approximately 580 cm-1 [52]. The iron-oxygen (Fe-O) band 

vibration can be recognised at a low wavenumber of roughly 500 cm-1 [53]. 



 

 

Fig.3 shows XRD patterns of the prepared HEO catalyst. As seen, the pattern 

reflects the complete incorporation of these five components into a supersaturated 

solid solution at the selected calcination temperatures (600, 650, and 700 °C). The 

specific peaks are detected at two θ angles of around 35.6° and 62.2°, relating to the 

(111) and (220) planes, respectively, indicating the production of cubic cobalt oxide  

[54]. The peak around 35.64 is attributed to cobalt oxide of face─centred cubic (FCC)  

structure [55], while the peak at 62.02 ° is indexed (220) perfectly to the face-centred 

cubic FCC crystal. It can be attributed to the nickel oxide present [52]. In contrast, the 

sharp peaks at 36.74 and 53.76° correspond to the crystal planes for (110) and (116), 

respectively, which are attributed to the presence of Cr2O3. They have a hexagonal 

structure, which agrees with the findings of W. G. Adnan et al. [56]. The results reveal 

that thermal treatment is necessary for the formation of high-entropy metal oxides 

[57], while the broad peak at approximately 31.3° is characteristic of the zinc oxide 

(ZnO) structure [42], [58]. 

 



 

 

 

Figure 3- XRD pattern for the HEO catalyst. 

The average crystallite size (dp) of the prepared catalyst particles was 

estimated from the XRD pattern by applying the famous Scherrer formula given 

below [59] :  

 

Where (λ) is the radiation wavelength of the Cu target (0.1518 Å), (κ) is the 

equipment constant, β (FWHM) is the full width at half maximum, and (θ) is the 

Bragg's angle of diffraction. The crystallite size depends on various parameters such 

as peak widening, intensity, dislocation density (δ), sharpness, and material strain 

(ε) [60]. The dislocation density (δ) is defined as the number of dislocation lines per 



 

 

unit volume, or it refers to defects inside a crystal. The dislocation density is 

estimated by [61]: 

 

The low value for dislocation density indicates that the materials produced 

have a high degree of crystallinity (good crystallinity) [58 - 59]. The strain (ε) of the 

films is estimated using the equation [61] : 

 

Table 2 presents the calculated values for crystal size using the Scherrer 

formula. As seen, the average crystallite size is 5.17 nm, while the 5th , and 6th  columns 

show the dislocation density (δ) and strain  respectively.  

Table 2. The structural parameters for the prepared HEO catalyst  

2 θ (°) FWHM d(Å) 
Crystal size 

dp (nm) 

Dislocation 

density (δ) nm2 

strain  

×10-3 

18.34 0.252 4.8326 5.85 2.92 60.97 

30.22 0.317 2.9548 5.45 3.37 65.50 

31.32 0.536 2.8541 2.67 14.08 133.85 

35.64 0.441 2.5171 2.51 15.84 141.99 

36.74 0.474 2.4441 4.73 4.48 75.48 

37.16 0.601 2.4177 7.02 2.03 50.79 



 

 

43.16 0.353 2.0942 4.41 5.14 80.90 

43.64 0.383 2.0723 3.78 7.00 94.35 

53.76 0.431 1.7036 18.86 0.28 18.92 

57.28 0.463 1.6071 3.30 9.18 108.10 

62.86 0.538 1.4772 6.26 2.55 56.95 

65.02 0.321 1.4333 1.55 41.50 229.81 

 

The structure and morphology of the surface HEO catalyst were examined by 

SEM (FEI model QUANTA 450). At the same time, the elemental analysis was done 

using energy-dispersive spectrometry (EDS ) (BRUKER model X Flash 6110) as 

displayed in Fig.4. The SEM images proved that the particles of the prepared catalyst 

have sizes ranging from nanoparticles to semi-microns with many shapes, including 

polyhedral, cubic, semi-spherical, and irregular. Some particles have sharp edges 

with high crystallinity, especially zinc and chromium oxides. The chromium and zinc 

oxide particles, such as nanoporous grids with narrowing ends, appear to be broadly 

agglomerated [59]. As seen, the polyhedral particles are not uniform in size; however, 

it is clear that these polyhedral particles have distinct corners and edges with varying 

numbers of faces. It can be observed that the catalyst surface features a multi-height 

stepped surface; these steps are capable of generating active sites, thereby enhancing 

the catalyst's activity. The SEM analysis also reveals that the catalyst surface displays 

particle aggregation, regardless of their shape (cubic, semi-spherical, polyhedral, 

etc.), which is observed in the structure. The aggregated particles are a significant 



 

 

conformation for metal oxides. The elemental mapping of the prepared catalyst was 

defined using EDS. The EDS spectra are illustrated in Fig. 5. As noted, the figure 

presents EDS measurements for the five elements, including oxygen, which provides 

strong evidence of metal oxide formation. It can be recognised that the presence of 

metals (iron, zinc, nickel, cobalt, and chromium) is used for catalyst synthesis. Still, 

the weight percentage differs from that planned, indicating the occurrence of 

undesirable agglomeration somewhere on the catalyst surface, as is evident in the 

SEM image. Hence, these results confirm the successful deposition of metal onto the 

catalyst surface. The simple inequality between observed findings and 

predetermined values was attributed to the fact that the observed results reflect the 

composition of the prepared catalyst surface, where the oxidation of the surface, 

contamination, and adsorption of other elements may contribute to this disparity. 

 



 

 

Figure 4- SEM images of the prepared HEO catalyst 

 

Figure 5- EDS results for the HEO catalyst showing the elemental mapping. 

The surface area and pore volume of the synthesised HEO catalyst were 

obtained through BET surface area analysis. The adsorption and desorption of 



 

 

nitrogen gas by the HEO catalyst resulted in a type IV isotherm, as shown in Fig. 6, 

indicating the mesoporous nature of the HEO catalyst. The obtained texture 

properties, as determined by BET analysis, include surface area, pore size, and pore 

volume, which are 33.06 m²/g, 8.515 nm, and 0.07 cm³/g, respectively. A similar 

examination is conducted for synthesising a hollow Lamellar HEO for the aerobic 

oxidation of benzyl alcohol. The BET analysis revealed that the BET pore volume and 

surface area of the holey lamellar HEO catalyst were 0.106 cm³/g and 42 m²/g [40]. 

 

 Figure 6: N2 adsorption–desorption isotherms of synthesised HEO catalyst. 

4.2. Performance of catalytic ODS reaction 



 

 

An experimental design technique was employed to investigate the impact of 

the studied parameters (catalyst dosage, temperature, and time) on removal 

efficiency and to optimise the operating conditions. BBD was used here from the 

available RSM techniques. The application of BBD involved the lowest number of 

experiments for investigating the impact of each independent variable, which was 

measured at three levels: low, medium, and high (in terms of coded values -1,0, and 

1). The number of required experiments for applying BBD is: 

 

Where N is the number of runs, k is the number of studied variables, and r is 

the number of replicates of central points, thus the minimum number of runs is 15 

for three replicated runs. The ranges for the chosen variables studied are listed in 

Table 3. In contrast, Table 4 presents the matrices for BBD in optimising the ODS 

reaction, examining the impact of catalyst amount (dosage), temperature, and 

oxidation time on removal efficiency. 

Table 3: Experimental design levels of chosen variables studied. 

Variables (unit) Symbol in BBD 
levels 

-1 0 1 

Catalyst dosage (g) 

 
x1 0.5 0.75 1.0 

Reaction Temperature (°C) 

 
x2 150 175 200 

Oxidation time (minutes) x3 30 45 60 



 

 

 

Table 4: Experimental design matrix generated by applying BBD, and experimental 

responses with real values for the operating conditions for all runs 

Run  

Coded value Real value 

R% 
Factor 1 

x1 catalyst 

dosage) 

Factor 2  

x2 (reaction 

Temperature) 

Factor 3 

x3(oxidation 

time) 

Factor 1 

x1 

catalyst 

dosage) 

Factor 2  

x2 (reaction 

Temperature) 

Factor 3 

x3 

(oxidation 

time) 

1 -1 -1 0 0.5 150 45 71 

2 1 -1 0 1 150 45 67 

3 -1 1 0 0.5 200 45 82 

4 1 1 0 1 200 45 79 

5 -1 0 -1 0.5 175 30 58 

6 1 0 -1 1 175 30 68 

7 -1 0 1 0.5 175 60 84 

8 1 0 1 1 175 60 80 

9 0 -1 -1 0.75 150 30 62 

10 0 1 -1 0.75 200 30 73 

11 0 -1 1 0.75 150 60 76 

12 0 1 1 0.75 200 60 99 

13 0 0 0 0.75 175 45 75 

14 0 0 0 0.75 175 45 71 



 

 

 

The RSM can be used to predict a statistical second-order polynomial 

correlation between the dependent response (sulfur removal efficiency) and the 

studied variables as follows [64] : 

 

According to the observed experimental results that are listed in Table 2, the equation 

illustrates the mathematical relationship as follows: 

𝑅% = 133+ 95.9𝑥1 + 1.51𝑥2 − 0.07𝑥3 − 42.8𝑥1
2 + 0.0039𝑥2

2+0.0004𝑥3
2 + 0.053𝑥1𝑥2

− 0.924𝑥1𝑥3 + 0.00785𝑥2𝑥3           (10) 

R% is the sulfur-removing efficiency. X1, B, and C represent catalyst amount, 

temperature, and oxidation time, respectively. The predicted model has a high 

correlation factor (R² = 97.01%) and an adjusted R² (adj. R² = 88.03%). The high R² 

value indicates that the model performs strongly in relation to the experimental data. 

The adjusted R² gives a more accurate assessment of the model's performance. R² 

measures how well the model's predicted sulfur removal matches the actual 

efficiency. These values indicate that the model explains a significant portion of the 

variance in desulfurization efficiency. This reflects accuracy and robustness in 

capturing relationships between the studied variables and the response. The similar 

R² and adjusted R² values further support the reliability of the model, showing that 

it explains data complexity without overfitting [65]. The optimum ranges for the 



 

 

variables—catalyst dosage, reaction temperature, and oxidation time—are 0.59 g, 

200°C, and 60 minutes, respectively. This results in an optimum sulfur removal 

efficiency (98%) as shown in Fig.7. 

 

Figure 7- The optimum removal efficiency is 98% at o.59 g, 200 °C, and 60 

minutes for catalyst amount, reaction temperature, and oxidation time, respectively, 

according to BBD analysis.  

The analysis of variance ANOVA results of sulfur removal efficiency are 

presented in Table 5. According to the ANOVA investigation, the model is accepted 

based on the F-test (F-value), with an F-value of 10.81, which is greater than the 

tabulated value (F9,5, 0.05 = 4.77). The oxidation reaction time has the most significant 

effect on sulfur removal efficiency, followed by temperature and catalyst amount, as 

specified by their F-values of 57.47, 29.5, and 0.02, respectively (see Fig. 8). 



 

 

Table 5: ANOVA results for the second-order polynomial model for sulfur 

removal efficiency. 

Source Df Adj SS Adj MS F-Value P-Value 

Model 9 1291.54 143.505 10.81 0.038 

Linear 3 1154.9 384.965 29 0.01 

Dosage 1 0.24 0.236 0.02 0.902 

Temp. 1 391.67 391.667 29.5 0.012 

Time 1 762.99 762.993 57.47 0.005 

Square 3 53.44 17.814 1.34 0.407 

Dosage*Dosage 1 16.37 16.374 1.23 0.348 

Temp.*Temp. 1 14.15 14.154 1.07 0.378 

Time*Time 1 0.02 0.016 0 0.974 

2-Way Interaction 3 83.2 27.735 2.09 0.28 

Dosage*Temp. 1 0.43 0.433 0.03 0.868 

Dosage*Time 1 47.98 47.983 3.61 0.153 

Temp.*Time 1 34.79 34.788 2.62 0.204 

Error 3 39.83 13.277   

Total 12 1331.37    

 



 

 

 

Figure 8- Main effect of studied variables on sulfur removal efficiency by ODS 

reaction shown by Pareto chart. 

4.3. Evaluation of ODS reaction performance 

The prepared catalyst activity toward sulfur removal from gas oil by ODS 

reaction is examined at three operating variables [catalyst dosage (amount), 

temperature, and oxidation time] as an attempt to clarify the impact of these 

parameters on sulfur removal, in which the effect of the studied variables on sulfur 

removal individually was illustrated in Fig. 9; the sulfur removal increased with 

temperature and oxidation reaction time. By the way, the temperature range used 



 

 

(150-200 °C ) needs more investigation because, in this temperature range, ozone 

decomposes, in which O3 rapidly breaks down into oxygen and highly reactive atomic 

oxygen (O), but in the presence of a catalyst, ozone can still serve as a primary oxidant 

agent with short residence time or strong ozone adsorbed by the catalyst; finally, 

these will lower the activation energy [66]. At the same time, a decrease was observed 

as the catalyst dosage increased. As seen, the increase in catalyst amount cause 

increasing in sulfur removal, and this may be attributed to the abundance of active 

sites, which provide a good opportunity to reaction to take place [67], the rising in 

sulfur removal is not continuous with increasing the amount of catalyst, in which the 

sulfur removal value starts to decrease after it reaches the maximum value, and this 

may be because of the occurrence of agglomeration between particles via increasing 

the catalyst amount, which minimizes active sites on the catalyst surface [36, 63 - 64]. 

The obtained findings confirmed that removal efficiency improved with 

temperature, indicating that temperature is a significant parameter for enhancing 

ODS process performance. The increasing of sulfur removal with reaction 

temperature can be attributed to the raising in temperature is significantly effect on 

the rate of reaction, as in the Arrhenius equation, and this will enhance the sulfur 

removal efficiency. From another view, raising the reaction temperature leads raising 

the number of reactant molecules which having sufficient activation energy so this 

will improve the oxidation reaction between the reactants [19]. The rising reaction 

temperature causes an increase in the homogeneity between reactant species. It 

enhances the dispersion of reactants, allowing them to easily interact with the active 



 

 

sites within the pores [65]. Furthermore, it influences the density of acid sites within 

the catalyst structure—a factor dependent on temperature—which ultimately affects 

the catalyst's properties and enhances the efficiency of the oxidative desulfurization 

process  [63]. 

The results remarkably confirmed that sulfur removing efficiency is 

increasing with the reaction time because the increasing reaction time means 

increasing the contact between reactants species (OSCs in gas oil and ozone) via high 

interaction between the reactants species and improves sulfur removal, where the 

ODS reaction needs enough time like any other reaction to increase the conversion 

and boost the oxidation reaction which expanding the opportunity to reaction to 

happen, and this is agreed with Mohammed et al.  [70] Jarullah et al. [66] noted that, 

for prolonged reaction times, sulfur removal may decrease due to the depletion of 

contributing OSCs over time and reach an equilibrium state[71]. 

Employing RSM analysis can create 2-dimensional contour charts for 

investigating the interactive effect of each pair of factors on sulfur removal, while 

keeping the other factor constant. This enables the determination of the impact of 

catalyst amount, temperature, and reaction time on sulfur removal. Fig. 10 illustrates 

the interaction between the operating factors and the dependent response of sulfur 

removal. As shown, a strong interaction is observed, with a significant deviation 

between nonparallel curves. The impact of catalyst amount on the other parameters 

(reaction time and temperature) minimises their trend within the studied range, as 



 

 

catalyst dosage decreases sulfur removal. In contrast, time and temperature increase 

it [72] . 

 

 



 

 

Figure 9- The effect of the studied variables individually on sulfur removal efficiency. 

 

Figure 10- Interaction effect between the operating factors on sulfur removal 

efficiency. 

The mutual influence of the operating parameters on the ODS reaction was 

examined as follows: Fig. 11 shows the interactive effect of temperature and reaction 

time on sulfur removal, where both have an explicit impact on sulfur removal. At 30 

minutes, the removal efficiency increased from 60% to approximately 73% at 

temperatures ranging from 150 - 200 °C. At 60 minutes, the removal efficiency 

increased approximately from 75% to 93%. As shown, the maximum sulfur removal 

efficiency is displayed in the upper-right location (violet area), where the removal 

efficiency increases with increasing time and temperature, as declared above [51], 



 

 

[55], [73]. The interaction impact of catalyst amount with reaction temperature 

(Fig.12), and the interaction effect of catalyst dosage with reaction time (Fig.13), as 

seen from the effect of the catalyst amount, is clearly obvious, even though 

temperature and time have an encouraging effect on the removal efficiency, in which 

the efficiency is in the area of 80 – 90% ( not more than 90%), and this is because of 

the fact, as declared above, that the dosage of the catalyst has an effect in reducing 

the sulfur removal efficiency. 

 

Figure 11: Contour plot showing the interaction effect of reaction temperature and 

oxidation time on sulfur removal efficiency, while catalyst dosage was kept constant 

at 0.75 g. 



 

 

 

Figure 12- contour plot showing the interaction effect of catalyst dosage with 

reaction temperature on sulfur removal efficiency, while oxidation time was kept 

constant at 45 minutes. 



 

 

 

 Figure 13- contour plot showing the interaction effect of catalyst dosage and 

oxidation time on sulfur removal efficiency, while reaction temperature was kept 

constant at 175 °C. 

4.4. Reaction Kinetics and Thermodynamics for ODS reaction calculations 

The kinetics study is used to investigate reaction behaviour and determine 

the reaction time. The kinetics models most widely used are the pseudo-first- and 

second-order models [74]. For the present work, we assume the OSCs associated with 

gas oil are DBT, in which the DBT removal by O3 as follows: 

 



 

 

Where n and m are the reaction orders with respect to BDT and ozone 

concentrations, respectively. The solution for the above equation for the pseudo 1st 

order equation is: 

 

By assuming the ozone amount is in excess, se we can neglect the change in ozone 

concentration in comparison with the changing in DBT concentration, and the 

equation will become as follows: 

 

The integration of the equation yields the corresponding pseudo-first-order 

equation.  

 

Where [CDBT]t and [CDBT]0 are the final and initial concentration of DBT at final , 

respectively. By converting equation (14) in terms of conversion (XA) of DBT : 

 

Where  

The solution for pseudo second order is given as: 



 

 

 

A straight line with high correlation factor sloe to unit was gain when plotting 

(1/(1-XDBT) versus time, as seen in Fig.14; therefore, the experimental data well fit the 

pseudo first order model.  

 

Figure 14- The model of reaction kinetics study by plotting ln (1 / (1-XA) vs. time for a 

pseudo-first-order reaction. 

The results analysis according to the Arrhenius equation: 

 



 

 

Where Ea is reaction activation energy  (kJ/mol), T is temperature (K), and k0 is pre-

exponential factor (min-1). By linearize equation (17) we get the following: 

 

The plotting of ln(k) against 1/T supposedly yields a straight line, as shown in 

Fig. 15. The activation energy and pre-exponential factor are estimated by aim of the 

straight line slope and intercept. They are estimated activation energy and 

preexponential factors are 22.033 kJ/mol and 12.24 min-1, respectively. The presence 

of catalyst in the reaction reduces the activation energy for the reaction, making it 

relatively low [75]. For comparison, the value of the activation energy. Table 6 lists 

some estimated quantities of activation energy in previous literature, as shown in the 

Table 6. 

Table -6: Activation energy for dibenzothiophene for various catalysts /H2O2 

Catalyst Fuel Activation energy kJ /mol References 

H3PW12O40 Model fuel 45.9 [76] 

H3PMo12O40 Model fuel 29.0 [76] 

H3SiW12O40 Model fuel 28.3 [76] 

HPW/aEVM Model fuel 30.3 [77] 

Fe2O3/Graphene Gas oil 36.26 [31] 

NiFe2O4–PEG Model fuel 35.86 [78] 

Cu/titanium silicate-1 Model fuel 28.67 [79] 

MoO3/Carbon 

nanotube 

Model fuel 12.99 [32] 



 

 

 

 

Figure 15- The effect of reaction temperature on reaction rate constant according to 

the Arrhenius formula. 

Thermodynamic parameters were evaluated to determine if complex 

formation occurred during the reaction; therefore, the Eyring equation was used to 

obtain thermodynamic parameters for the ODS reaction [78].  

 

Where kB and h are Boltzmann and Planck constants respectively, in which kB = 

1.3807 ×10 -23 J/K, and h = 6.626 ×10 -34 J.S. A straight line could be obtained when 

plotting (∆H /RT) versus ln (k/T). The entropy  change (∆S) was determined from 



 

 

the straight-line intercept, while the enthalpy change (∆H ) ,and Gibbs free energy 

change (∆G) were estimated as follow: 

 

 

 As observed in Fig. 16, the high correlation factor for the plotted straight line 

(R2=0.9997) was obtained; the intercept = -6.348, therefore, the ∆S is -52.776 (J/mol. 

K). The Arrhenius and thermodynamic parameters of the ODS at different 

temperatures are summarised in Table 7. 

 

Figure 16- Typical plot used for the estimation of activation entropy for the reaction. 



 

 

Table 7: Thermodynamic Parameters for ODS reaction  

Temperature (K) k (Arrhenius constant) ∆H (kJ /mol) ∆S (J /mol. K) ∆G (kJ /mol) 

423 0.023 18.516 -52.776 40.840 

448 0.033 18.308 -52.776 41.952 

473 0.045 18.100 -52.776 43.063 

 

The reaction rate constant (k) increases with temperature; the positive Gibbs 

free energy (ΔG) implies that the ODS reaction is non-spontaneous. Still, the rising 

ΔG value with temperature means that temperature is improving the reaction. In 

contrast, a positive value for enthalpy change refers to an endothermic reaction, and 

a negative entropy change indicates a decrease in randomness or a reduction in 

stochasticity[78]. 

4.5. Possible ODS mechanism of the catalyst P-HEO 

Ozone (O3) is described as a very strong oxidant  [27], Hanlu Wang et al 

proposed the mechanism for reaction BT with Ozone included two paths as follows: 

the first path is formation of the complex (C8H6S—O(I) -O2) because of 

convergence between BT (C8H6S) and ozone molecules in which this happened 

endothermically (6.6 kJ/mol), this complex is overcame energy barrier of (15.2 

kJ/mol) where the oxygen atom (I) was attacking sulfur atom to produce a transition 

state (C8H6S=O(I) -- O-O), finally an exothermic step occurred by broken the (O(I) 



 

 

-- O-O) bond to result a sulfoxide (C8H6SO) and oxygen molecule. There is another 

ozone molecule that was close to the C8H6SO molecule produced to form C8H6SO 

- - O- O-O endothermically, followed by desorption of O2 to create the final product 

corresponding to the sulfone C8H6SO2. This mechanism is suggested according to 

the energy bond length between different atoms. At the same time, the second path 

is more satisfactory both thermodynamically and kinetically, in which ozone 

molecules attack unsaturated bonds at the BT ring structure via the Criegee 

mechanism, in which ozone cleaves the alkene double bond and forms a primary 

ozonide, and it decomposes into a carbonyl compound and carbonyl oxide  [80]. 

Cunhua Ma et al. [81]. The same mechanism is reported, depending on the IR spectra 

analysis of ozonation of BT, they proposed that the disappearance the stretching 

vibration C-S bond presence in BT and appearing stretching vibration bond for 

O=S=O at wavelength 1283, and 1117 cm -1 and a peak for S=O at 1073 -1 and this is a 

good indication for oxidation of BT to BTO and/or BTO2. 

It can be concluded that, in the presence of the HEO catalyst, the reaction 

mechanism is summarised as shown in Fig. 17. The catalyst surface adsorbs and 

transfers more ozone, which can be considered a significant activity sponsor for HEO 

in the ODS reaction. The ozone decomposes under the effect of heat to produce 

oxygen molecules and radical oxygen as follows  [29]: 

 



 

 

The composition of the HEO catalyst consists of multiple metals, so its surface is 

characterised by high electronegativity [91], which contributes to the synergistic 

activation of ozone with heat to form radical oxygen that attacks the sulfur atom, 

forming a sulfoxide after releasing an oxygen molecule. The availability of ozone 

caused more attack on the sulfur atom to produce an intermediate component that 

can eject O2 to form the corresponding sulfone C8H6SO2 (DBTO2). 

 

 

Figure 17- proposed mechanism for ODS reaction at HEO catalyst.  

5. Conclusion 

The oxidative desulfurisation (ODS) of Iraqi gasoil employing a new high-

entropy oxides (HEO) catalyst prepared by mechanochemical mixing of nickel, 



 

 

chromium, cobalt, titanium, and iron chlorides in a scale reactor. The oxidation 

reaction is achieved using ozone as the oxidant agent, with catalyst amount, 

temperature, and oxidation time serving as operational parameters under various 

operating conditions. The experimental findings have shown that removal efficiency 

is significantly improved by increasing temperature and oxidation time, while it 

decreases with increasing catalyst dosage. The optimal removal efficiency was 98% 

at 0.59 g,200 C, and 60 min for catalyst amount, reaction temperature, and oxidation 

time, respectively. The kinetics and thermodynamics calculations indicate that the 

ODS reaction follows pseudo-first-order kinetics. The reaction is non-spontaneous 

and endothermic, where the temperature increases both the reaction rate constant 

and the Gibbs Free energy. The activation energy is relatively low (22.033 kJ/mol) due 

to the presence of the catalyst. 

Nomenclature  

∆G Gibbs free energy 

∆H  Change in Enthalpy 

∆S change in entropy  

d[DBT] Change in DBT concentration  

dp  Average crystal size 

dt Change in time 

Ea  Activation energy  

h Planck constant 

k  number of variables 

k Reaction rate constant  



 

 

kB Boltzmann constant 

N Number of experiments 

r replicate the number of central points 

R% Sulfur removal efficiency  

-rDBT  Rate of reaction  

Si Initial sulfur content  

So Final sulfur content  

t time 

T Temperature (K) 

x1 Catalyst dosage (g) 

x2 Reaction Temperature (°C) 

x3 Oxidation time (minutes) 

XA Reaction conversion  

β FWHM is the full-width half-maximum 

β0 intercept coefficient 

βi linear effect coefficient 

βii squared effect coefficient 

βij the interaction effect coefficient 

δ dislocation density   

ε materials strain  

θ angle of diffraction 

κ equipment constant 

λ radiation wavelength  
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