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Abstract  

In this paper, oxidative desulfurization (ODS) process is studied for the purpose of removing the sulfur 

components from light gas oil (LGO) via experimentation and process modelling. A recently developed (by the 

authors) copper and nickel oxide based composite nano catalyst is used in the process. The ODS experiments are 

conducted in a batch reactor and air is used as an oxidizer under moderate operation conditions. Determination of 

the kinetic parameters with high accuracy is necessary of the related chemical reactions to develop a helpful 

model for the ODS operation giving a perfect design of the reactor and process with high confidence.  

High conversion of 92 % light gas oil was obtained under a reaction temperature of 413 K and reaction time of 

90 min for synthesized Cu Ni /HY nano catalyst. 

Here model based optimization technique incorporating experimental data is used to estimate such parameters. 

Two approaches (linear and non-linear) are utilized to estimate the best kinematic parameters with an absolute 

error of less than 5% between the predicted and the experimental results. An environmentally friendly fuel is 

regarded the main goal of this study, therefore the optimization process is then employed utilizing the validated 

model of the prepared composite nano-catalyst to get the optimal operating conditions achieving maximum 

conversion of such process. The results show that the process is effective in removing more than 99% of the 

sulfur from the LGO resulting in a cleaner fuel.  
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1. Introduction 

Desulfurization of petroleum products to get clean fuel is recently considered a significant issue for 

environmental and industrial scope. Sulfur in petroleum poisons catalytic converters leads to the erosion of parts 

of refineries and internal combustion engines due to the forming of oxy-sulfur acids. Hydrodesulphurization 

process (HDS) is the most commonly used in petroleum industrial processes for the disposal of sulfur compounds 

from diesel oil and other cuts. But such process should work under extreme conditions, such as high hydrogen 

pressure (about 35-270 bar) and high temperatures (up to 673 K), with a large amount of active metal catalysts 

hydrogen making such process is very expensive. hydrodesulfurization  is also effective in removing sulfides, 

thiols, disulfides, mercaptanes, but less effective in removing thiophene sulfur compounds (4,6 

dimethyldibenzotiophene, dibenzotiophene benzotiophene) [1]. Many Authors and petroleum companies have 

made efforts to find alternative solutions of such process or by improving and modifying of the process itself by 

getting new catalysts and designs. So, the oxidative desulfurization (ODS) process is found as an alternative 

process for HDS process, which is essentially a two-stride process, oxidation, tracked by liquid extraction. [2,3]. 

In the process of oxidative desulfurization (ODS), sulfur types such as dibenzotiophene are usually converted 

into the corresponding sulfone and sulfoxide [1]. The oxidative desulfurization (ODS) process has many 

advantages over HDS process. Where, ODS process can operate under moderate operating conditions (under 

atmospheric pressure and reaction temperatures about 473 K), increasing the interaction of aromatic compounds 

without using hydrogen compared with HDS [4,5]. Oxidants are fundamental in the oxidative desulfurization. 

Several types of oxidants have been reported in previous work, such as NO2, H2O2, O2 and organic peroxides [6-

8]. Also, the catalysts play a highly essential role in the oxidative desulfurization (ODS) process due to their 

responsible for increasing the oxidative reactions using air as oxidant.  

Various nanoparticles such as metallic oxides (TiO2, Al2O3, CuO, Fe2O3 ….) were synthesized for the 

preparation of nano fluids or used as a efficient catalyst or adsorbent. Nanofluid is suspension of nanoparticle 

within the fluid affecting the thermos-physical properties such as specific heat, viscosity, density and adsorption 

capacity [9-11].   



Building of high accuracy mathematical model of the ODS process is the main goal of the present work 

(depending on experiments and the new composite-nano catalyst recently produced by the authors) that can be 

utilized for the purpose of obtaining further and more profound understanding of such operation by simulation 

and optimization and as a result achieving an environmentally friendly fuel. There is no benefit of using the 

model unless it matches or represents the actual process. Thus, the optimal kinetic parameters of the relevant 

chemical reactions of the process are obtained using the parameter estimation technique. The technique 

depends on optimizing the unknown kinetic factors to get the optimal parameters of the process with high 

accuracy by minimizing the errors (the objective function) between the model outcomes and the results of the 

experiments (utilizing the new composite nano-catalyst). Linear and non-linear optimization technique with 

high effectiveness is employed to correspond the real experimental data and getting the optimum kinetic 

parameters, which are confidently utilized to reactor design for the purpose of reducing sulfur components 

found in LGO by ODS reactions and air as an oxidant in a batch reactor. Eventually, the developed model is 

employed for getting the nil-sulfur concentration of ODS operation (an environmentally friendly fuel) to match 

the environmental legislations relatively to sulfur concentration by optimization approach.  

 

 

2. Experimental Work 

The experimental work including materials used, catalyst preparation (preparation of Y zeolite, composite nano-

catalyst preparation (CuO-NiO)/HY) and oxidative desulfurization reactions (evaluation of the prepared 

catalyst)) is briefly mentioned here and further details of the experimental pilot plant (the support preparation, 

nano-catalyst preparation and ODS reactions) can be found in [12].  

The oil feedstock employed in this study is LGO (light gas oil) obtained from KAR refinery/ Erbil –Iraq (0.8396 

sp.gr at 15.6 oC, 6856 ppm sulfur content, 69 oC flash point, 2.38 cSt kinematic viscosity at 313 K). 

Y zeolite is prepared utilizing modified sol-gel style [13] and summarized in Figure 1 below. HY zeolite is 

achieved by exchange of ions [14] as illustrated in Figure 2.  

For composite nano-catalyst preparation (CuO-NiO)/HY, the homemade composite nano catalyst is prepared with 

multiple active components (20% copper oxide and 10% Nickel oxide) by Incipient Wetness Impregnation 



method (IWI). The catalyst designing steps and flow chart steps of the catalyst preparation are shown in Figure 3 

and 4.  

For oxidative desulfurization reactions where the prepared catalyst is evaluated, a batch reactor is utilized for 

oxidizing of sulfur components found in LGO. A 250 ml round bottom flask with three necks is used to carry out 

the ODS reactions. This process is illustrated in Figure.5 below.  

 

Figure 1: Block diagram of zeolite preparation stages  

Figure 2: Block diagram of HY zeolite Preparation 

[[ 

Figure 3: Steps of the catalyst preparation   

Figure 4: Flow chart of catalyst preparation 

Figure 5: Schematic diagram of batch reactor 

 

In the ODS process, the experiments are carried out using the homemade prepared nano-catalyst (20%CuO + 

10%NiO) (In our last paper [13], a new homemade HY zeolite nanoparticle has designed and five new 

homemade synthetic composite nano-catalysts are being prepared for such operation over homemade HY 

zeolite nanoparticle as catalyst under different operational conditions namely reaction temperature (80oC, 

100oC, 120oC, 140oC), time of reaction (30 min, 50 min, 70 min, 90 min) utilizing the rate of air flow at 40 L/hr 

under atmospheric pressure. The feedstock is light gas oil containing sulfur compound. The prepared catalyst 

and the device are installed for running of experiments and the following proceedings are taken at every test: 

100 ml of the light gas oil (feedstock) is obtained and put it in a flask. The flask is putted on the magnetic 

stirrer and linked to the condenser to prevent any evaporation of LGO and enable the air to depart. A 

thermometer is connected to the flask to measure the temperature of the reaction. Air is introduced into the 

flask by a glass tube. Magnetic stirrer is heated and when the desired temperature is reached, the reactor is 

fitted with the designed catalyst by 1 gm with starting the air compressor to operate and the reaction time is 

started to record. After completion of each experiment, the heating magnetic stirrer is discontinued, cleaned and 

dried to begin with another experiment. 



3. Mathematical model of batch reactor for oxidative desulfurization reaction 

3.1 Mass balance equation (MB) 

The general batch reactor MB relation for oxidative desulfurization reaction associated to the sulfur component 

can be described as: 

𝐼𝑛𝑝𝑢𝑡 = 𝑂𝑢𝑡𝑝𝑢𝑡 + 𝐶𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛 𝑏𝑦 𝑐ℎ𝑒𝑚𝑖𝑐𝑎𝑙 𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛 + 𝐴𝑐𝑐𝑢𝑚𝑢𝑙𝑎𝑡𝑖𝑜𝑛               (1) 

𝐼𝑛𝑝𝑢𝑡 𝑜𝑓 𝑠𝑢𝑙𝑓𝑢𝑟 = 𝑂𝑢𝑡𝑝𝑢𝑡 𝑜𝑓 𝑠𝑢𝑙𝑓𝑢𝑟    (In the batch reactor)    (2) 

Substitute Eq.2 into Eq.1 giving the follow eq.3 

𝐴𝑐𝑐𝑢𝑚𝑢𝑙𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑠𝑢𝑙𝑓𝑢𝑟 =  − 𝐶𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛 𝑜𝑓 𝑠𝑢𝑙𝑓𝑢𝑟 𝑏𝑦 𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛            (3) 

𝐴𝑐𝑐𝑢𝑚𝑢𝑙𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑠𝑢𝑙𝑓𝑢𝑟, 𝑚𝑎𝑠𝑠
𝑡𝑖𝑚𝑒⁄ = 𝑉.

𝑑𝐶𝑠𝑢𝑙𝑓𝑢𝑟

𝑑𝑡
        (4) 

𝐶𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛 𝑜𝑓 𝑠𝑢𝑙𝑓𝑢𝑟 𝑏𝑦𝑐ℎ𝑒𝑚𝑖𝑐𝑎𝑙  𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛, 𝑚𝑎𝑠𝑠
𝑡𝑖𝑚𝑒⁄ = 𝑉. (−𝑟𝑠𝑢𝑙𝑓𝑢𝑟)     (5) 

From equations.4 and 5 we get equation 6  

𝑉. (−𝑟𝑠𝑢𝑙𝑓𝑢𝑟) = −𝑉.
𝑑𝐶𝑠𝑢𝑙𝑓𝑢𝑟

𝑑𝑡
           (6) 

So,  

(−𝑟𝑠𝑢𝑙𝑓𝑢𝑟) = −
𝑑𝐶𝑠𝑢𝑙𝑓𝑢𝑟

𝑑𝑡
           (7) 

Since the (−𝑟𝑠𝑢𝑙𝑓𝑢𝑟) is obviously dependent on the concentration of sulfur component, integration of equation 7 

above cannot be applied to evaluate the sulfur component concentration.  

So that: 

𝑑𝑡 = −
𝑑𝐶𝑠𝑢𝑙𝑓𝑢𝑟

(−𝑟𝑠𝑢𝑙𝑓𝑢𝑟)
            (8) 

Where: 

at  t = 0  𝐶𝑠𝑢𝑙𝑓𝑢𝑟 = 𝐶𝑠𝑢𝑙𝑓𝑢𝑟,𝑜             



at  t = t  𝐶𝑠𝑢𝑙𝑓𝑢𝑟 = 𝐶𝑠𝑢𝑙𝑓𝑢𝑟,𝑝      

By integration equation (8), 

𝑡 = ∫
𝑑𝐶𝑠𝑢𝑙𝑓𝑢𝑟

(−𝑟𝑠𝑢𝑙𝑓𝑢𝑟)

𝐶𝑠𝑢𝑙𝑓𝑢𝑟

𝐶𝑠𝑢𝑙𝑓𝑢𝑟,𝑜
                  (9) 

 

3.2 Chemical reaction rate 

The chemical reaction rate contains of many intrinsic parameters. These parameters can be obtained using the 

kinetic model and conducting of the catalyst test on laboratory scale.  The chemical reaction is complex and can 

be taken assuming nth kinetics order as follow. 

(−𝑟𝑠𝑢𝑙𝑓𝑢𝑟) = 𝑘𝑎𝑝𝑝𝐶𝑠𝑢𝑙𝑓𝑢𝑟
𝑛                                (10) 

The internal diffusion based on the catalyst effectiveness factor (η0) is taken into accounts by correlating the 

apparent reaction rate constant (𝑘𝑎𝑝𝑝) to intrinsic reaction rate constant [15].  

𝑘𝑎𝑝𝑝 =  ƞ𝑂 𝑘𝑖𝑛                                      (11) 

By substitution equation (10) in equation (9) and integration this equation, the following equation for ODS 

operation of sulfur with 𝑛𝑡ℎ order is provided: 

𝐶𝑠𝑢𝑙𝑓𝑢𝑟 = [𝐶𝑠𝑢𝑙𝑓𝑢𝑟,𝑜
(1−𝑛)

+ (𝑛 − 1). 𝑡. K𝑎𝑝𝑝]
(

1

1−𝑛
)
                      (12) 

 

3.3 Reactor behavior 

In the batch reactor, the ODS reactions of the sulfur component in LGO are performed using air as oxidant. Such 

operation involves many factors mainly, effective diffusivity, molar volume, oil viscosity and others. These 

factors are calculated via utilizing the following correlations. For the purpose of estimating the physical impacts, 

equation (12) is described as (employing η0 𝑘𝑖𝑛 including Arrhenius equation instead of K𝑎𝑝𝑝)[15]. 

𝐶𝑠𝑢𝑙𝑓𝑢𝑟 = [𝐶𝑠𝑢𝑙𝑓𝑢𝑟,𝑜
(1−𝑛)

+ (𝑛 − 1). t. 𝐾0𝑒−
𝐸𝐴

𝑅𝑇 . η0]
(

1

1−𝑛
)

                     (13) 



3.3.1 Effectiveness factor (𝜼𝟎) 

The effectiveness factor (η0) can be determined as a function of Thiele modulus (Φ) with the following equation 

valid for sphere particles [16-18].  

η0 =
3(Φ coth Φ−1)

Φ2                           (14) 

While, the generalized Thiele modulus for nth-order irreversible reaction is calculated by the following equation 

[16-18]: 

Φ =
𝑉𝑝

𝑆𝑝

√(
𝑛+1

2
)

𝑘𝑖𝑛𝐶
𝑠𝑢𝑙𝑓𝑢𝑟
(𝑛−1)

 𝜌𝑝

𝒟𝑒𝑖
                        (15) 

" 

3.3.2 The effective diffusivity (𝓓𝒆𝒊) 

The catalyst effective diffusivity is estimated using the following equation [19]:" 

𝒟𝑒𝑖 =
ℰ𝐵

𝒯

1
1

𝒟𝑚𝑖
+

1

𝒟𝑘𝑖

                         (16) 

The porosity of the catalyst (ℰ𝐵) is determined as follows:  

ℰ𝐵 = 𝑉𝑔𝜌𝑝                         (17) 

𝜌𝑝 =
𝜌𝑩

1−ℰ𝐵
                         (18) 

Where: 

𝜌𝑝 = particle density. 

𝜌𝑩 = bulk density. 

Vg : pore volume. 

The pore network tortuosity factor (𝒯) has reported to be from 2 to 7 [20]. In this study, such value is submitted 

to be 4 based on literatures [15,  20]. 

The 𝒟𝑘𝑖 (Knudsen diffusivity) is estimated using the following relation [17].  



𝒟𝑘𝑖 = 9700𝑟𝑔 (
𝑇

𝑀𝑤
)

0.5

                        (19) 

Where: 

𝑀𝑤 = Molecular weight of sulfur compound. 

𝑟𝑔 = Mean pore radius (cm)  

𝑟𝑔 =
2𝑉𝑔

𝑆𝑔
                          (20) 

𝑉𝑔 = pore volume 

𝑆𝑔 =Specific surface area of particle 

Tyn-Calus equation [21,22]  is employed to evaluate the  molecular diffusivity (𝒟𝑚𝑖): " 

𝒟𝑚𝑖 = 8.93 ∗ 10−8 (
𝑣𝑙

0.267𝑇

𝑣𝑠
0.433𝜇𝑙

)                        (21) 

 

3.3.3 Molar volume 

The molar volume of the model sulfur compound is calculated by the following equation [22]. 

𝑣𝑆𝑢𝑙𝑓𝑢𝑟 = 0.285(𝑣𝑐𝑆𝑢𝑙𝑓𝑢𝑟)
1.048

                       (22) 

The critical volume of liquid (light gas oil) is estimated by a Riazi–Daubert correlation [23]: 

𝑣𝑙 = 0.285(𝑣𝑐𝑙)1.048                        (23) 

𝑣𝑐𝑙 = critical volume of light gas oil. 

𝑣𝑐𝑙 = (7.5214 ∗ 10−3(𝑇𝑚𝑒𝐴𝐵𝑃)0.2896(𝜌𝐿15.6)−0.7666)𝑀𝑤𝐿                                                            (24) 

Where: 

𝑀𝑤𝐿 = Molecular weight of light gas oil. 



𝜌𝐿15.6 = LGO Density at 15.6oC. 

𝑇𝑚𝑒𝐴𝐵𝑃 = Mean average boiling point (oR)." 

" 

3.3.4 Catalyst external surface (Sp) and volume (Vp)  

The catalyst external surface (Sp) volume (Vp) is determined based on the particle form:" 

𝑉𝑝 =
4

3
𝜋(𝑟𝑝)3                        (25) 

𝑆𝑝 = 4𝜋(𝑟𝑝)2                        (26) 

𝑟𝑝 = Particular diameter 𝑐𝑚3 

 

3.3.5 Viscosity( 𝝁𝒍) 

Glaso's equation has utilized to evaluate the viscosity of LGO as follows [24]. 

𝜇𝑙 = 3.141 ∗ 1010(𝑇 − 460)−3.444[log 𝐴𝑃𝐼]𝛼                      (27) 

T= temperature in (oR). 

𝛼 = dimensionless number and estimated from this equation. 

𝛼 = 10.313[log10(𝑇 − 460)] − 36.447                      (28) 

𝐴𝑃𝐼 = American petroleum institute and estimated from this equation. 

𝐴𝑃𝐼 =
141.5

𝑠𝑝.𝑔𝑟15.6
− 131.5                        (29) 

𝑠𝑝. 𝑔𝑟15.6 = Specific gravity of LGO at 15.6oC. 

To solving the equations presented above, the mathematical model are encoded for the ODS interaction utilizing 

gPROMS package (general Process Modeling System). 

 



3.4 Kinetic parameter estimation technique 

Estimating the kinetic parameter is very important step in many fields of science and engineering when many 

physiochemical processes are described by the equations system containing unknown parameters. The minimum 

difference error between the estimated and experimental results within the mathematical model is optimized to 

find best the kinetic parameters. Therefore, the results generated by the model should correspond to the 

experimental results as similar to each other as practicable. In order to optimize the operation, design of the 

reactor and catalyst choosing, developing an accurate kinetic model for predicting the output concentration of 

process compound under the same experimental conditions is regarded a significant issue [25]. 

In this paper, the best values of the kinetic parameters of the relevant reactions are achieved by utilizing two 

approaches [25,26] that depend on the sulfur concentration in the ODS operation using all the experimental 

results. Such two ways are described as follows: 

1. Linear regression (LN): order of the interaction (n) and the reaction rate constant (k) is firstly 

optimized then employing pre-exponential factor (ko) and activation energy (EA) is calculated utilizing the 

Arrhenius equation with linear regression. 

2. Non-linear regression (NLN): the pre-exponential factor (ko), activation energy (EA) and the order of 

reaction (n) are directly optimized. 

Minimizing the next equation (objective function) is used for the purpose of getting the optimium kinetic 

parameter: 

𝑂𝐵𝐽 = ∑ (𝐶𝑠𝑢𝑙𝑓𝑢𝑟
𝑒𝑥𝑝

− 𝐶𝑠𝑢𝑙𝑓𝑢𝑟
𝑝𝑟𝑒𝑑

)
2

𝑁𝑡
𝑛=1                        (30)  

 

In equation 30, 𝑁𝑡, 𝐶𝑠𝑢𝑙𝑓𝑢𝑟
𝑒𝑥𝑝

 and 𝐶𝑠𝑢𝑙𝑓𝑢𝑟
𝑝𝑟𝑒𝑑

 expresses the numbers of experimental tests, the output sulfur content in 

LGO that has experimentally been reported and theoretically predicted, respectively. The conversion of sulfur 

component (Xsulfur) is determined employing the nest relation: 

𝑋𝑠𝑢𝑙𝑓𝑢𝑟 = 1 −
𝐶𝑠𝑢𝑙𝑓𝑢𝑟

𝐶𝑠𝑢𝑙𝑓𝑢𝑟,𝑜
                        (31) 

 



3.4.1 Formulation of optimization problem"  

The formulation of optimization problem for kinetic parameter estimating of (ODS) operation is described as the 

following: 

Given The operation conditions, reactor design and the catalyst  

Obtain Using LN approach: The rate constant (k) of oxidation reaction and reaction order at 

any temperature for each catalyst and then determination the Frequency factor and 

activation energy by LN to Arrhenius relation. Utilizing NLN approach: EA, n and 

ko are simultaneously determined at each catalyst.   

So as to minimize The sum of squared error (SSE). 

Subjected to Process constraints  

 

While, the formulation of optimization problem employing LN approach is mathematically stated as the 

following: 

Min      SEE 

𝑛𝑗 , 𝑘𝑖
𝑗
, (𝑖 = 1 − 4, )  

S. t.                                                                          f(h, x(h), x−(h), u(h), v) = 0  

𝐶𝐿 ≤ 𝐶 ≤ 𝐶𝑈 

𝑛𝐿
𝑗

≤ 𝑛𝑗 ≤ 𝑛𝑈
𝑗

 

𝑘𝑖𝐿
𝑗

≤ 𝑘𝑖
𝑗

≤ 𝑘𝑖𝑈
𝑗

 

Whereas via utilizing the second way (NLN approach) the problem is displayed as follows: 

Min      SEE 

                 𝑛𝑗 , 𝐸𝐴𝑗, 𝑘𝑜
𝑗
,   

                 S. t.                                                       f(h, x(h), x−(h), u(h), v) = 0  

𝐶𝐿 ≤ 𝐶 ≤ 𝐶𝑈 



𝑛𝐿
𝑗

≤ 𝑛𝑗 ≤ 𝑛𝑈
𝑗

 

𝐸𝐴𝐿
𝑗

≤ 𝐸𝐴𝑗 ≤ 𝐸𝐴𝑈
𝑗

 

𝑘𝑜𝐿
𝑗

≤ 𝑘𝑜
𝑗

≤ 𝑘𝑜𝑈
𝑗

 

Where:f (h, x(h), x−(h), u(h), v) = 0:"represents the previously presented process model. h represents an 

independent variable, u(h): the decision variable, x(h) is the set of all algebraic and differential variables, x−(h) 

is the derivative of the differential variables related to time, v is the design variable, 𝐶 is the concentration, L is 

the lower bounds and U is upper bounds."  

The optimization solution method is implemented via gPROMS by two stages which is stated as the following 

[25]. 

• Simulation is implemented which calculates the objective function, equality and inequality constraints (all the 

constraints) and all the required gradients. 

• The optimization is implemented (where the control variables values like the kinetic parameters are updated). " 

 

4. Results and Discussion 

4.1 Characterizations of catalysts 

4.1.1 XRD 

The synthetic zeolite nanoparticles sample has tested for its crystallinity utilizing XRD via Copper-Potassium α 

radiation Ni filter at λ of 1.5406 Aº (wave length). The data obtained at 5 degree per minute scan rate for  2𝛳 

have ranged to be from 5 to 60 degree. XRD has conducted at the University of Baghdad- Geology Department -

Iraq. The size of crystallites was correlated using Scherrer’s equation as follows: 

 𝑑 = 0.94 𝜆 𝛽 cos 𝛳⁄                               (32) 

ϴ represents the Bragg angle where the dispersing wave is scattered on the lattice plane creating extreme peaks. 

β is the expansion line at the half  maximum strength reflecting the full width at half the limit (FWHM). The 

crystallite diameter is expressed by d and the length of X-ray wave by λ. The average diameter of crystallite for 



designed zeolite at 24 hr (aging time) and temperature of 85oC is 22.86 nm. All peaks generated are attributed to 

Y zeolite framework with a standard degree of 2 theta of as shown in Table 1. 

Table 1:  X-ray diffraction data of synthetic NaY zeolite"  

 

 

 

4.1.2 Fourier Transform Infrared (FTIR) 

For investigating the zeolite nanoparticles acid sites, FTIR analysis should be carried out. Sample were 

prepared by mixing 1wt.% of zeolite and 99% of KBr pressed as a disk. Infrared technology was used to 

measure the surface chemistry of HY zeolite as shown in Figure 6 (A and B). The regions of the zeolite 

structure are characterized and illustrated as the band. Where, the OH stretching band appears in the regions 

between 3339.89-3440.19 cm-1 named lower frequency band Al-OH and SiO4 molecules. The range about 

1636.67 cm-1 matches to the bending vibration of H2O molecules in the zeolite framework. While, the regions 

between 985.67-1068.4 cm-1 indicated to the existence of Silica-Oxide bands specified for asymmetric outward 

extending. The region from 544.910 to 632.68 cm-1 has indicated symmetrical inner tetrahedral stretching. 

Absorption at 453.29-472.58 cm-1 assigned to Silica-Oxide-Al extending. Where, Al is in the octahedral 

coordination. Thus, it has reported that the Fourier Transform Infrared spectra of the synthetic zeolite matches 

the typical industrial absorption peaks type [27-31]. FTIR analysis has been conducted at the University of 

Baghdad – lab of Env. Central-Iraq. 

Figure 6: FTIR of HY zeolite for aging time of 48hr (A) Transmittance and (D) Absorbance 

 

4.1.3 X-Ray Fluorescence (XRF) 

The chemical composition of the prepared catalyst was measured using X-Ray Fluorescence type Spectro Xeros, 

Ametek (Germany). The analysis has been carried out at the Iraqi Technology College by inserting 3 g of the test 

in a disk shape and moving Helium over it. Such analysis has employed for evaluating the structural expression 

of the designed catalyst, and metal oxides loaded such as Copper oxide and Nickel oxide were determined as 

illustrated in Table 2. 

 
 

Synthesized Zeolite 

2ϴ I/Io Intensity FWHM degree d nm 

6.344 100 0.327 25.41 

15.97 75 0.247 33.92 

23.61 84 0.9162 9.25 



Table 2: XRF analysis of the catalyst prepared   

Compound Catalyst (20%CuO+10%NiO)/ HY zeolite 

Copper oxide (wt%) 17.418 

Nickel oxide (wt%) 9.564 

Alumina (wt%) 18.318 

Silicon dioxide (wt%) 53.14 

 

4.1.4 Pore volume and surface area analysis 

Thermo Analyzer (USA) method has conducted utilizing Brunauer, Emmett, and Teller (BET) to measure the 

pore volume and the surface area of the designed catalyst. The experiments were carried out in the Iraqi oil 

Ministry (Oil Research and Development Center). Where, the surface area values for NaY, HY zeolite and the 

prepared catalyst are 641.87 m2/g, 612.83 m2/g, 425.57 m2/g respectively, while the pore volume is 0.379 cm3/g, 

0.366 cm3/g and 0.232 cm3/g for NaY, HY zeolite and the prepared catalyst, respectively. The values of the bulk 

density for HY zeolite and the prepared catalyst have reported to be 0.448 g/cm3, 0.568 g/cm3 respectively. Note 

that, there is small clogging of pores by metal particles causing slightly loss of the surface area due to 

impregnation operation. It has also been observed that the pore volume decreases while the bulk density was 

increased. 

 

4.1.5 Atomic Force Microscope (AFM) 

AFM test has been utilized for the purpose of identifying the particle size and the surface topography of the 

designed catalyst. Such analysis was also carried out at the Iraqi Technology College. Samples have conducted 

using C2H5OH as a dispersion material for the tests followed by drying process of the samples. Table 3 illustrates 

the average nano-particle size, which is 84.78 nm and the diameters have ranged from 60 to120 nm. The highest 

particles volume ratio is 11.63 % at scale distribution of 100 nm, and minimum volume ratio is 2.91% for the 

size particles of 115 nm. Roughness and 2,3D dimensional images of the prepared catalyst are illustrated in 

Figure 7 below.  

 

 



Table 3: Particles size distribution of the catalyst 

Diameter 

(nm)< 

Volume 

(%) 

Cumulation 

(%) 

Diameter 

(nm)< 

Volume 

(%) 

Cumulation 

(%) 

Diameter 

(nm)< 

Volume 

(%) 

Cumulation 

(%) 

60.00 

65.00 

70.00 

75.00 

80.00 

3.49 

11.05 

9.88 

9.30 

8.72 

3.49 

14.53 

24.42 

33.72 

42.44 

85.00 

90.00 

95.00 

100.00 

105.00 

8.72 

9.30 

9.88 

11.63 

5.23 

51.16 

60.47 

70.35 

81.98 

87.21 

110.00 

115.00 

120.00 

5.81 

2.91 

4.07 

93.02 

95.93 

100.00 

 

 

 

Figure 7: Dimensional roughness image of the catalyst prepared  

 

Based on the results presented above, the prepared catalyst indicating that the impregnation having no effect on 

the surface structure of the catalysts and a uniform pore size distribution has observed. Particle size also checked 

using laser scattering by wet dispersion and the average particle size obtained was 99 nm as shown in Figure 8.  

 

 

Figure 8: Particle size checked using laser scattering by wet dispersion 

 

4.2 ODS reaction results 

Experiments of ODS process were conducted in a batch reactor employing the prepared homemade composite 

nano-catalyst. Different parameters influencing the elimination of sulfur concentration of LGO were studied. 

These factors are reaction time, reaction temperature. 

 

4.2.1 Reaction temperature influence  

Effect of reaction temperature on the sulfur compounds conversion in the oxidation reactions is studied at 353 to 

413 K at several reaction time as illustrated in Figure 10 (with simulation results). It can be observed that a 

decrease in reaction temperature causing a decrease in sulfur compound conversion. This behavior is due to 

increase the temperature contributing to raise the amounts of other significant behaviors such as surface tension, 



diffusivity, solubility and viscosity. Thus, increasing the temperature increases the rate of absorption of 

molecular air through LGO the rate of diffusion of the sulfur component along with the dissolution of air within 

the catalyst pores to enter the active sites in which the reaction of oxidation happens. Also, increasing the 

temperature increases the amount of components with high activation energy and hence increases the amount of 

components involved in the ODS process leading to eliminate the sulfur content. This outcome corresponds to 

the performance mentioned in the past work [32], where the reaction of the ODS operation will be influenced by 

the temperature where activation energy is mainly dependent by the rate of the reaction. Results have also shown 

that desulfurization efficiency increases according to the reaction between the air as oxidant material and sulfur 

components in the presence of catalyst to produce sulfons. Such results showed that hydroxyl radicals will be 

produced over the catalyst surface which works as strong oxidizing agents of sulfur to sulfones. The polarity of 

the compounds will be increased by increasing the obtained sulfones and sulfoxides and enhancing the 

conversion through catalyst pore opening in the adsorption step.  

 

4.2.2 Influence of reaction time  

The designed homemade nono-catalyst (CuO-NiO/ HY zeolite) has evidently enhanced the sulfur removal of 

LGO oxidized by the air with increasing the reaction time. Generally, the results indicated that the 

desulfurization efficiency has increased when the reaction time increased to some level. Such performance is 

explained based on the reaction between the air as oxidizer and sulfur components generating sulfones 

compounds enhanced by increasing the reaction time. Raising the reaction time allows the reactants to have the 

ability to more contact among them and many reactions are obtained. The impact of time on the conversion of 

sulfur compound by oxidation reaction was studied in 30 min, 50 min,70 min and 90 min as shown in Figure 10 

(with simulation results) at different temperatures and it can be seen that the conversion is increasing by 

increasing the reaction time. As a result, the contact time between the reactants increases providing deeper 

interaction with the catalyst active site as well as high reaction between the air and sulfur components. 

 

 

 



4.3 Kinetic parameters determination 

Suitable kinetic parameters amounts for ODS process reactions were calculated via two approaches (linear and 

nonlinear). Therefore, predicted data should match the actual outcomes of experiments as much as probable by 

minimizing errors between experiments and predicted outcomes. The simulation results gave an excellent 

matching among all the estimated and experimental outcomes with an absolute error inferior to 5 per cent. The 

values of the fixed factors employed in this model are reported in Table 4." 

 

Table 4: Values of fixed factors utilized in ODS process. 

Parameter Symbol Unit Value 

Sulfur initial content  Ct wt% 0.6856 

Time time1,time2,time3, 

time4 

Min time1=30,time2=50,time3=70, 

time4=90 

Reaction temperature T1, T2,T3,T4 K T1=353, T2=373, T3=393, T4=413 

Density of LGO at 15.5oC 𝜌𝑙 
𝑔𝑚

𝑐𝑚3⁄  0.8396 

Pore volume/catalyst mass  Vg 𝑐𝑚3

𝑔𝑚⁄  0.2325 

particle specific surface area  Sg 𝑐𝑚3

𝑔𝑚⁄  4255776 

Mean average boiling point TmeABP oR 957 

Acceleration gravity 𝑔 𝑚
𝑠𝑒𝑐2⁄  9.81 

Gas constant R 𝐽
𝑚𝑜𝑙𝑒. °𝐾⁄  8.314 

Catalyst particle volume  Vp 𝑐𝑚3 2.5525*10-15 

Particle external surface area  Sp 𝑐𝑚2 9.0322*10-10 

Bulk density 𝜌𝐵 𝑔𝑚
𝑐𝑚3⁄  0.6743 

Molecular weight of light gas 

oil 

MwL 𝑔𝑚
𝑚𝑜𝑙𝑒⁄  200.468 

Molecular weight of sulfur Mwi 𝑔𝑚
𝑚𝑜𝑙𝑒⁄  32.06 

Mean pore radius rg Nm 1.0926 

 

4.3.1 Linear approach 

As previously mentioned, ki and n is separately estimated at each reaction temperature for the catalyst using this 

approach. These values are included in Tables 5 below." 



"Table 5: Optimal parameters generated by optimization technique employing 1st strategy" 

Parameter Value Units 

𝑛 1.636 − 

k1   95.231 × 10−4 (𝑤𝑡−0.63606). 𝑚𝑖𝑛−1  

k2  2.167 × 10−2 (𝑤𝑡−0.63606). 𝑚𝑖𝑛−1 

k3  4.317 × 10−2 (𝑤𝑡−0.63606). 𝑚𝑖𝑛−1 

k4 8.771 × 10−2  (𝑤𝑡−0.63606). 𝑚𝑖𝑛−1  

SEE  1.84 × 10−3 − 

 

Figure 9 illustrates the relation between lnk and 1/T based on Arrhenius equation (equation 33 below) to estimate 

the pre-exponential factor and activation energy.  

𝑘 = 𝑘𝑜𝑒(−
𝐸𝐴

𝑅𝑇
)
                         (33) 

Linearization of equation 33 gives the following equation: 

𝑙𝑛𝑘 = 𝑙𝑛𝑘𝑜 − (
𝐸𝐴

𝑅

1

𝑇
)                       (34) 

Figure 9: The relation between T-1 and ln(k) of the ODS process 

 

From this Figure, the frequency factor (pre-exponential factor) has been estimated to be is 37160.4387 and 

activation energy (EA) is 44.5489kJ/mol 

4.3.2 Non-linear approach 

The activation energy, pre-exponential factor (Frequency factor) and the order of the reaction (n) are 

simultaneously calculated in this way. Such optimal kinetic parameters obtained by utilizing the optimization 

technique are listed in Tables 6 below. 

"Table 6: Optimal parameters generated by optimization technique employing 2nd strategy" 

Parameter Value Unit 

𝑛 1.647 − 

ko  42321.6 (𝑤𝑡−0.64704). 𝑚𝑖𝑛−1 

EA 44.9204 (
𝑘𝐽

𝑚𝑜𝑙𝑒⁄ ) 

SSE  1.59 × 10−3 − 



4.4 Simulation and experimental results 

After determining the best kinetic parameters of the ODS process, the simulation issue is required. The 

simulation relies on standard engineering relationships such as mass balance, kinetic relations, and chemical 

equilibrium data to predict the behavior of the chemical reaction. The simulation process for both approaches is 

carried out within gPROMS software. The predicted and experimental results have reported in Tables 7 and 8 at 

several process conditions for linear and nonlinear ways. 

 

 

Table 6: Simulation and experimental results using Linear strategy at different process conditions 

Temperature 

(K) 

Time 

(min) 

Sulfur content   (wt%) Conversion 
Error % 

Experimental Predicted Experimental Predicted 

353 30 0.5365 0.5557 0.2175 0.1895 3.58 

353 50 0.4705 0.4899 0.3137 0.2853 4.14 

353 70 0.4206 0.4361 0.3865 0.3639 3.68 

353 90 0.3811 0.3912 0.4441 0.4294 2.66 

373 30 0.4271 0.4404 0.3770 0.3577 3.11 

373 50 0.3408 0.3470 0.5029 0.4938 1.83 

373 70 0.2763 0.2822 0.5969 0.5884 2.14 

373 90 0.2446 0.2350 0.6432 0.6571 3.89 

393 30 0.2982 0.3126 0.5651 0.5441 4.83 

393 50 0.2105 0.2168 0.6929 0.6838 2.98 

393 70 0.1536 0.1611 0.7759 0.76499 4.89 

393 90 0.1267 0.1256 0.8152 0.8169 0.91 

413 30 0.1753 0.1830 0.7443 0.7331 4.39 

413 50 0.1160 0.1104 0.8308 0.8389 4.80 

413 70 0.0787 0.0754 0.8852 0.8900 4.19 

413 90 0.0538 0.0555 0.9215 0.9191 3.11 

 

 

 



"Table 8: Simulation and experimental results utilizing Non-Linear strategy at several process conditions" 

Temperature 

(K) 

Time 

(min) 

Sulfur content   (wt%) Conversion 
Error % 

Experimental Predicted Experimental Predicted 

353 30 0.5365 0.5554 0.2175 0.1898 3.53 

353 50 0.4705 0.4897 0.3137 0.2857 4.08 

353 70 0.4206 0.4359 0.3865 0.3642 3.64 

353 90 0.3811 0.3912 0.4441 0.4294 2.64 

373 30 0.4271 0.4406 0.3770 0.3574 3.15 

373 50 0.3408 0.3475 0.5029 0.4931 1.97 

373 70 0.2763 0.2829 0.5969 0.5873 2.39 

373 90 0.2446 0.2359 0.6432 0.6558 3.53 

393 30 0.2982 0.3041 0.5651 0.5564 1.99 

393 50 0.2105 0.2095 0.6929 0.6944 0.47 

393 70 0.1536 0.1552 0.7759 0.7736 1.05 

393 90 0.1267 0.1207 0.8152 0.8239 4.70 

413 30 0.1753 0.1835 0.7443 0.7323 4.69 

413 50 0.1160 0.1113 0.8308 0.837 4.09 

413 70 0.0787 0.0763 0.8852 0.8887 3.09 

413 90 0.0538 0.0563 0.9215 0.9178 4.69 

 

According to the results introduced within Tables 7 and 8 above, it is observed that the non-linear strategy 

provides lower squared errors than linear method. So, it is reported based on the objective function that kinetic 

parameter determination using non-linear method having high accuracy. On the other hand, evaluating the 

Frequency factor (ko) and the activation energy (EA) via linearization method of equation 33 shows more errors 

compared to those got by simultaneous determination of kinetic parameters via NLN strategy. The comparison 

among all the results obtained experimentally and theoretically of the sulfur conversion employing non-linear 

strategy has shown in Figure 10 below. 

 

 



Figure 10: Comparison between simulated and experimental results for non-linear strategy 

 

From Figure 10 and Tables (7 and 8), it is observed that the sulfur removal for oxidative desulfurization process 

(ODS) is increasing with increasing the temperature of the reaction as well as the time of the reaction. As the 

reaction temperature increases, the conversion of the sulfur compound increases. Increasing the temperature 

produces an increase in the reaction rate constant according to the Arrhenius equation, leads to removes the 

sulfur content. Also, increasing the reaction temperature raises the amounts of materials that possess activation 

energy and hence raising the amounts of materials participated in the ODS reaction leading to raise the process 

conversion. 

 

 

4.5 Uncertainty analysis 

Errors are associated with various primary experimental measurements and the calculations of performance 

parameters. The factors influencing the number of errors and uncertainties are a selection of instruments, 

method of calibration, the environment of the experiment, methods of observation of readings and test 

planning. Uncertainty analysis is needed for research experiments to provide accurate results and findings. The 

general formula to find maximum possible error using root-mean-square method is. The uncertainty in 

determining the concentration of the sulfur was calculated by: Calculations of uncertainty are shown in Table 9 

below. 

 

Sstandard =
∑(X−X−)2

n−1
                        (35) 

Where: 

S= standard deviation 

X=concentration of sulfur 

X− =
∑ X

n
                              (36) 

n= number of experimental  



Uncertainty =
S

√n
          (37) 

Table 9: Uncertainty calculations 

Temperature, K 𝐗− S Uncertainty 

353 0.452175 0.004498 0.002249 

373 0.3222 0.006493 0.003246 

393 0.19725 0.00575 0.002875 

413 0.10595 0.002791 0.001395 

 

 

4.6 Entropy generation, Exergy destruction rate 

The effect of air flow rate on the conversion of oxidation reactions of sulfur compound has also been studied 

here. The air flow rate taken was 40 L/h and at 1 atm pressure and it has been observed that an increase in the 

air flow rate, the entropy generation increases due to the increase in turbulence. Entropy generation indicates 

the wastage of energy. Thus, high flow rates are not recommended for air systems. Also, increasing the flow 

rate, the exergy destruction occurs and efficiency decreases due to turbulence [33].So, a steady and little the air 

flow rate should be selected. 

 

5. Process conversion maximizing achieving an environmentally friendly fuel  

5.1 Formulation of the optimization problem for maximum conversion 

Based on the experiments and after getting the optimum kinetic parameter for the oxidative desulfurization 

(ODS) process, the optimum operation conditions for obtaining the minimum sulfur content are needful. 

Subsequently, the optimization problem can be formulated for the maximizing sulfur removal as follows:" 

 Given    The design of the reactor, the reaction order, the catalyst and Frequency factor  

 and activation energy 

 Obtain  The optimal process conditions 



 So as to maximize  The process conversion 

 Subjected to  All the constraints of the process 

 

In a mathematical strategy, the following formulation is being exemplified:" 

Max      𝑿𝒔𝒖𝒍𝒇𝒖𝒓 

𝑇𝑗 , 𝑡𝑖𝑚𝑒𝑗 , 𝐶𝑡
𝑗
          

S. t. f(h, x(h), x−(h), u(h), v) = 0  

𝑡𝑖𝑚𝑒𝐿
𝑗

≤ 𝑡𝑖𝑚𝑒 ≤ 𝑡𝑖𝑚𝑒𝑈
𝑗
 

𝐶𝑡𝐿 ≤ 𝐶𝑡 ≤ 𝐶𝑡𝑈 

𝑇𝐿
𝑗 ≤ 𝑇 ≤ 𝑇𝑈

𝑗 

𝑋𝑠𝑢𝑙𝑓𝑢𝑟𝐿
𝑗

≤ 𝑋𝑠𝑢𝑙𝑓𝑢𝑟 ≤ 𝑋𝑠𝑢𝑙𝑓𝑢𝑟𝑈
𝑗

 

The optimization solution method is implemented by gPROMS software. 

 

5.2 Optimal Results for maximum conversion 

After obtaining the optimum kinetic parameters, these optimum values will be employed in the kinetic model in 

order to obtain the optimum operation conditions to the minimize sulfur content. The optimum process 

conditions to obtain an environmentally friendly fuel using the prepared catalyst are presented in Table 10 below. 

Table 10: Optimum process conditions for oxidative desulfurization reaction 

Parameter Value Unit 

Ct 0.7498 wt% 

T 470.15 K 

Time 139.87 min 

Conversion 99.56 % 

 



The results shown in this section showed that the best operating conditions has played an important role to obtain 

cleaner fuel with maximum conversion above 99%. Thus, obtaining free-sulfur content product with an 

environmentally friendly issue, which is regarded the main goal of this work, is achieved. Based on the outcomes 

data introduced in the Table above, the optimum initial concentration, temperature of the reaction and reaction 

time for this purpose of achieved are: 0.7498 wt%, 470.15K and 139.87 min, respectively. Finally, the optimal 

reaction rate equation generated for ODS reactions of light gas oil using the homemade composite nano catalyst 

in addition to sulfur concentration profile are reported as follow: 

 

−𝑟𝑠𝑢𝑙𝑓𝑢𝑟 = 42321.6 η𝑜𝑒
(

−5402.983

𝑇
)
𝐶𝑠𝑢𝑙𝑓𝑢𝑟

1.64704                    (36)   

 

    Csulfur = [1.27664 + 27383.7681 ηoe
(

−5402.983

T
)
. t]

−1.5455

                                         (37)   

 

6. Conclusions 

Because of the environmental regulations focused on sulfur compounds (that are regarded to be the key issue of 

environmental pollution) and the difficulties of finding an acceptable catalyst for these contaminants to achieve 

clean fuel, a primary purpose of developing an extremely effective technique on modern oxidative 

desulfurization catalyst is seen as a serious problem for improving fuel quality. ODS process has investigated 

in this study for the purpose of getting clean LGO related to sulfur content via experimentation and process 

modelling. The experiments on ODS were carried out in a batch reactor utilizing air as an oxidizer material 

under mild process conditions. Where, zeolite NaY has successfully synthesized using Sol-Gel method and the 

results obtained were at 24h aging time and crystallization temperature of 85ºC using polypropylene bottle 

under autogenous pressure. XRD patterns of synthesized NaY showed a very good agreements with reference 

zeolite with surface area of 641.87 m2/g BET and pore volume of 0.379 cm3/g. Synthesized NaY zeolite was 

modified to HY by one step ion exchange technique using ammonium chloride with 4N under 70ºC with 

exchanging of 79%. Loading of transition metal of copper oxide (CuO) and nickel oxide (NiO) on modified 

HY were carried out by Incipient Wetness Impregnation method (IWI) with proportion were  (20% CuO+ 



10%NiO). Atomic force microscopy report a nano size level for NaY zeolite, HY zeolite, catalyst of 81, 71 and 

84.78nm, respectively. The highest conversion of sulfur compounds for light gas oil is (92.1529%) under the 

conditions of temperature = 413 K and reaction time = 90 min. In order to describe the experimental outcomes 

data be equations, a complete mathematical model was built and tested for process simulation and optimization. 

Model based optimization technique incorporating experimental data is used here to develop a useful model for 

the ODS process to obtain the optimal kinetic parameters using two methods (linear and non-linear approaches) 

with high confidence. It is noted that the second method (nonlinear approaches) is more reliable on the basis of 

reducing the total square errors among all the outcomes data obtained experimentally and mathematically 

(lower than 5 percent across all the tests) under various process conditions. An environmentally friendly fuel is 

regarded the main target of this study, thus the optimization process is then utilized using the validated model 

of the prepared composite nano-catalyst achieving maximum conversion of such process. The results showed 

that the process is effective in removing more than 99% of the sulfur from the LGO at optimal initial 

concentration of sulfur with 0.7498 wt%, temperature of the reaction at 470.15K and reaction time of 139.87 

min achieving a clean fuel. 

 

Nomenclature 

API    American Petroleum Institute  

𝐶𝑠𝑢𝑙𝑓𝑢𝑟     Sulfur Concentration  

k    Reaction Rate Constant 

 kApp    Apparent Rate Constant  

𝒟𝑒𝑖    Effective diffusivity  

𝒟𝑘𝑖   Knudsen diffusivity  

𝒟𝑚𝑖    Molecular diffusivity  

Sp. gr 15.6    Specific gravity of light naphtha at 15.6oC 

EA    Activation Energy  

𝑀𝑤𝐿    Liquid molecular weight of  

𝑀𝑤    Molecular weight of sulfur  

R    Gas constant  



𝑛    Order of reaction  

−𝑟𝑠𝑢𝑙𝑓𝑢𝑟     Reaction rate of sulfur  

𝑟𝑔   Pore radius  

𝑟𝑝    Particle radius 

𝑆𝑝    External surface area of catalyst particle 

𝑆𝑔    Specific surface area of particle 

𝑉𝑝    External Volume of catalyst particle 

𝑉𝑔    Pore volume 

𝑇𝑚𝑒𝐴𝐵𝑃     Mean average boiling point 

 

Greek Symbols 

η0    Effectiveness factor 

Φ    Thiel modulus 

ℰ𝐵    Porosity 

𝒯    Tortuosity 

𝜌𝐵    Bulk density 

𝜌𝑝    Particle density 

𝜇𝑙    Viscosity of liquid 

𝑣𝑙     Liquid molar volume 

𝑣𝑐𝑙     Critical molar volume of liquid 

𝑣𝑆𝑢𝑙𝑓𝑢𝑟     Molar volume of sulfur 

ᴼ    Initial (at time = 0) 
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