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Abstract 
Achieving an environmentally friendly fuel with respect to minimum sulfur compounds has recently 
became a significant issue for petroleum refining industries. This paper focuses on investigating 
oxidative desulfurization (ODS) process for removal of sulfur compounds found in light gas oil (LGO) 
in a batch reactor (at different reaction temperatures and batch time) using a novel nano-catalyst 
based on 4% iron oxide (Fe2O3) as an active component. Precipitation and Impregnation methods are 
used to prepare the nano-gamma alumina (γ-alumina) and to generate the new synthetic homemade 
nanocatalyst. A mathematical model is formulated for the ODS process to estimate the optimal kinetic 
parameters within gPROMS package. An excellent consistency with the experimental data of all runs 
with error less than 5% have obtained. The optimization results display that the new nanocatalyst 
prepared here is effective in removing more than 97% of the sulfur compounds from LGO resulting in 
a cleaner fuel. 
Keywords: Nano-catalyst; Parameters estimation; Iron oxide; Gamma alumina; Mathematical model. 

1. Introduction

In recent years, growing global energy demand, strict environmental legislations on trans-
portation fuels and depleting oil reserves have together formed a triangle of constraints posing 
great challenges to refiners. Growing emissions in the form of SOX will increase with increasing 
energy demand due to combustion of fuels in transportation or in oil refineries. These emis-
sions are harmful because of the emitted sulfur dioxide (SOX) can react with water in the 
atmosphere forming acidic rains that harmful to soil, buildings, forests and ecosystems [1-3]. 
Also, sulfur emissions lead to aggravate heart illness, respiratory illnesses, trigger asthma and 
contribute to the formation of atmospheric particulates [4].  

Sulfur compounds in fuel oil can be classified into four main groups mercaptans, thiophenes 
(TH), benzothiophenes (BT), and dibenzothiophenes (DBT) [5]. As a result, environmental reg-
ulations on the sulfur level are legislated in transportation fuels to reduce the sulfur content 
in diesel to less than 10 ppm since 2005 in Europe, less than 15 ppm since 2006 in the US, 
and less than 50 ppm since 2008 in Beijing and Shanghai in China and recently less than 10 
ppm [6]. Therefore, desulfurization of fuels is very essential process in petroleum industry, 
and there is a need to find new methods that are more efficient, cost effective meeting the 
expectations of environmental regulations and refining requirements [7]. Many methods have 
been applied to remove sulfur compounds from fuel oil, such as hydrodesulfurization (HDS), 
extractive distillation, selective adsorption, biodesulfurization, and oxidative desulfurization 
(ODS) [8]. Hydrodesulfurization (HDS) is a common method for sulfur removal, which is used 
in petroleum refineries, but this process has drawbacks such as higher investment costs, high 
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operating conditions and low efficiency on DBT [9-12]. Therefore, researchers focus on the non-
conventional low cost and low severity processes. So, ODS process is regarded as an alternate 
technique and considered to be a good choice among them. ODS is considered as a promising 
desulfurization technology because it can be operated at low temperature and low pressure 
and does not require the use of hydrogen.  

 
Figure 1. Schematic representation of sulfur removal 
in the ODS process 

Also, ODS process can easily remove 
the refractory sulfur compounds owing to 
their high electron density [13-16]. ODS 
process can enhance the efficiency of sul-
fur removal without destroying and poi-
soning catalyst [17]. As shown in Figure 1, 
the sulfur compounds in fuel oil are oxi-
dized to their respective sulfones or sul-
foxides by oxidizing agents. These com-
pounds formed can be easily removed 
from fuel oil by extraction or adsorption 
due to their high polarity [11, 18]. 

The preparation of the catalyst and 
the choice of oxidant are also considered 
the main effective factors on the ODS 
process [19]. In the former works, several 
types of oxidants have been studied, 
such as O2, H2O2 and organic peroxides 
[20-22]. The catalyst plays a very  

important key role in the ODS process owing to its responsibility for activating oxidants [23]. 
The catalytic system can be classified into supported and non-supported catalyst. 

Supported catalyst consists of support and active metal such as Mn/Al2O3 [24], Co-Mo/Al2O3 
and Ni-Mo/Al2O3 [25]. Nano-catalyst can be used in this process where nano-structured mate-
rials having much higher activities than that of the corresponding bulk materials [26]. Catalytic 
activity increases with decreasing the size of the particles [27]. By reducing the domain size of 
catalyst particle as far as possible, the number of active sites can be maximized [28]. Alumina 
is widely employed as a catalyst or catalyst support in several chemical processes, such as 
ammonia synthesis, synthesis gas and hydrogen production, oils hydrogenation, petroleum 
refining, automotive emissions control, and others [29-30]. Comparing micron-sized alumina 
particles, nano alumina have many advantages such as high hardness, good wear resistance 
and outstanding mechanical properties at high-temperature [31-33]. A smaller particle size pro-
vides a much larger surface area for molecular collisions and hence increases the rate of 
reaction, making it a better catalyst and reactant [33]. Iron oxide is used in the oxidative 
desulfurization process as an active metal in catalyst due to it is inexpensive as compared to 
other metal oxides, and it has excellent physicochemical properties, such as porosity, high 
surface and electropositivity [34].   

The novelty of this study is to prepare a new homemade nano-catalyst for deep oxidative 
desulfurization process, which contain Fe2O3 as active metal and γ-alumina as support. The 
loading of Fe2O3 on γ-alumina has not been reported in the public domain for ODS process. 
Also, γ-alumina nanoparticles used as a support of the catalyst is prepared by precipitation 
method from simple available raw material in addition to the precipitation method that has 
not been used to prepare γ-alumina as catalyst support for ODS process. As well as, oxidative 
desulfurization process is carried out by using real light gas oil (LGO) fraction as feedstock in 
a batch reactor utilizing the air as an oxidant.  

The study aims to develop new homemade nano-catalyst for deep oxidative desulfurization 
process of light gas oil with low cost and less environmental effect via laboratory experiments. 
The objectives of this study can be summarized as follows:  
• Preparation of homemade γ-alumina nanoparticles as support for catalyst. 
• Preparation of new nano-catalyst, which is 4% Fe2O3 / γ-alumina nanoparticles. 
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• Investigating the activity of the prepared catalyst via oxidative desulfurization reactions 
using light gas oil (LGO) fraction as feedstock at different operating conditions in a batch 
reactor utilizing the air as an oxidant. 

• Studying the impact of the main operating variables (temperature and batch time) on the 
efficiency of desulfurization of the light gas oil.  

• Determining the optimal kinetic parameters of the relevant reactions that can be used with 
high confidence to reactor design via optimization technique (two ways are employed for 
this purpose (linear and non-linear)).  

• Achieving an environmentally friendly fuel by applying the optimization process to get the 
minimum sulfur content based on the validated model of the prepared nano-catalyst over 
homemade nano- γ-alumina. 

2. Experimental work 

2.1. Catalyst preparation 

2.1.1. Material  

The chemical compounds that used for support and catalyst preparation are explained in Table 1. 

Table 1. List of materials and chemicals utilized for support and catalyst preparation  

Chemicals Formula Molecular weight, 
g/gmol Purity % Supplier 

Ferric nitrate hydrate Fe(NO3)3.9H2O 404 98 Himedia 
Aluminum nitrate (Al(NO3)3.9H2O) 375.13 97 GCC 
Ammonium hydroxide (NH4OH) 17.03 28% GCC 
Ethanol C2H5OH 46.07 98 Hayaman 

2.1.2. γ-Alumina preparation 

In previous studies, the commercial γ-alumina has used as a catalyst support in ODS pro-
cess [25-26]. In this study, the preparation process of γ-alumina is carried out by precipitation 
method that has the advantages of high purity, low cost, simple equipment manufacturing, 
large amount of production and short process beside available raw materials used in this 
method. So, γ-alumina is prepared here by the such method based on simple available raw 
material and simple equipment manufacturing. 

A weight of (80 g) of Al(NO3)3.9H2O is dissolved in 100 mL of deionized water. Under con-
stant magnetic stirring and in the presence of an ice bath, drops of ammonium hydroxide are 
added until the solution mixture is turned to foaming solution. The pH of the solution mixture 
is initially recorded at 2, then gradually increased and raised sharply from 2 to 7.5 during 
producing γ-alumina. Then, (50 mL of water + 50 mL of ethanol) is mixed and added to the 
foaming solution to remove any insoluble impurity. The filtered foaming solution is dried by 
using the furnace at temperature of 120°C for 12 hours. Such behavior causes the foaming 
solution to transfer to the solid state until the shrinkage in volume and changing in color of 
the foaming solution from grey to white is noticed. The dried sample is then crushed by hand 
in mortar to dispose the agglomeration of particles. After that, the samples is calcinated at a 
temperature of 650°C for 6 hours by using a furnace to obtain the nano γ-alumina and water 
as illustrated in equations 1 to 4 [35-36]:      

                   

 

Al(NO3)3 (S) + H2O                      Al(OH)3 (S) + 3 NH4NO3 +H2O                                                                   (1) 

2Al(OH)3 (S)                      Al(OH)3 (S) + 3 NH4NO3 +H2O                                                                              (2) 

2AlO.OH (S)                     γ-Al2O3 (S) +H2O                                                                                                     (3) 
650oC 

110oC 

3NH4OH 
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The process of calcination is carried out at steps where the temperature is increased with 
rate 6oC/min to 250oC for 1 h then to 450oC for 1 h and finally to 650oC for 4 h. The powder 
is cooled down until room temperature by switching off the furnace. The next step is crash-
ing the powder, where the utilization active γ-alumina is crashed using a mortar and ham-
mer to obtain final result of the nano activated γ-alumina. The prepared γ-alumina steps are 
shown in Figure.2. 

 
Figure 2. γ-Alumina preparation steps 

2.1.3. Preparation of Fe2O3/ γ-alumina catalyst 

Homemade nano-catalyst (4% Fe2O3/γ-alumina) that has not been reported in the public 
domain in ODS process is prepared here by impregnation method. 0.95 gm of ferric nitrate 
hydrate is dissolved in 23 mL of deionized water then the solution is stirred by using magnetic 
stirrer for one hour at room temperature to get the saturated solution. 7.125 gm of the pre-
pared γ-alumina nanoparticles are weighed in a beaker and the solution of ferric nitrate is 
added to the prepared γ-alumina in the beaker and stirring via magnetic stirrer for one hour 
at room temperature until the solution is completely impregnated. The impregnated γ-alumina 
is dried and calcinated in the furnace with four step processes. The solution is charged into 
beaker and placed in the furnace where temperature is raised to 120oC overnight. After that, 
the temperature is increased to 400oC for 2 h and finally to 550oC for 3 h to be gradually 
reduced. The purpose of calcination step is to convert metal salts loaded on γ-alumina to their 
corresponding metal oxides and deposition of the active metal oxide on the catalyst support. 
Also, the catalyst has acquired the physical and chemical properties. The prepared catalyst 
steps are shown in Figure.3. 

 
Figure 3. The catalyst preparation steps 
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2.2. Oxidative desulfurization reactions 

2.2.1. Oil feedstock 

Light gas oil (total sulfur content = 0.7510 wt %) obtained from KAR refinery/North of Iraq 
(Erbil) is utilized as liquid feedstock for ODS reaction. The physical properties of the light gas 
oil are illustrated in Table 2 and tested by the central laboratory of petroleum/ Erbil. 

Table 2. Properties of light gas oil feedstock 

Physical property Values Physical property Values 
Specific gravity at 15.5oC 0.8207 Pour point (oC) <-20 
API gravity 39.23 Distillation (oC) 
Total sulfur content (wt %) 0.7510 Initial boiling point (oC) 195 
Kinematic viscosity at 313 K 3.21 10% 212 
Flash point, (oC) 73 50% 246 
Cetane index 54 90% 300 
Cetane number 54 Final boiling point (oC) 328 

2.2.2. Batch reactor 

The oxidation reaction of sulfur compound is conducted in a batch reactor. Three necks 
round bottom flask of 500 mL is used for the reaction.  

 
Figure 4. Process diagram of batch reactor system 

The middle neck is connected to a ver-
tical condenser to condense the vapor of 
oil feedstock in order to permit air to leave 
only. The second neck used as air inlet 
which connected to compressor and the 
air will reach to the bottom of the flask by 
glass tube while the third neck is used to 
measure the temperature in the flask by 
inserting a thermometer to the solution in-
side the flask and to withdraw the sample 
reaction when the time is approached. The 
heating and mixing of the batch reactor is 
carried out via heating mantle stirrer. The 
process diagram and experimental device 
of ODS is shown in Figure 4. 

2.3. Experimental testing 

2.3.1. Operating conditions 

In this work, the experimental work includes several runs with respect to ODS process 
based on the following operating conditions: 
• Reaction temperature: 90oC, 110oC, 130oC, 150oC. 
• Batch time: 40min, 60min, 80min, 100min. 
• The air flow rate is 120 L/h and the pressure is 1atm. 

2.3.2. Oxidation of sulfur compounds 

The oil feedstock is light gas oil containing sulfur compound. The prepared catalyst and the 
device are installed to run all the experiments and the following steps are performed in each run: 
• 80 mL of feedstock is charged to the round bottom flask. 
• The flask has been placed in the heating mantle stirrer and connected to the air tube and con-

denser. It is confirmed that the cooling water is flowing through the condenser to prevent any 
evaporation of the light gas oil. A thermometer is inserted to measure the reaction temperature. 

• When the required temperature is achieved, 0.8 g of the prepared catalyst is added to the 
reactor with a compressor operation and the time is recorded. 
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• At the end of the run, the heating mantle stirrer is turned off and the product material is filtered. 
• The reactor is washed, drying the process and prepare to start the next run. 
• All products are tested for sulfur content. 

2.3.3. Adsorption of oxidized sulfur 

The adsorption process between catalyst and sulfur compounds includes the contact of sulfur 
compounds that have low negative charge on the surface of catalyst having low positive charge and 
forming a polar interaction with the surface of catalyst where the oxidation reactions occur. 
So that, oxidation process increases the polarity of the oxidized sulfur compounds leading to 
increase the selectivity of sulfur compounds toward adsorption process due to such polarity [37]. 

2.4. Analysis of liquid samples 

The sulfur content in the feedstock and products has been tested in laboratory of oil and 
its derivatives- Erbil/Iraq. Product sulfur content is analyzed by X-ray fluorescence following 
the ASTM D4294 method. 

3. Mathematical model of batch reactor for ODS reaction 

Mathematical modeling is the art of translating problems from an application area into trac-
table mathematical formulations whose theoretical and numerical analysis provides insight, 
answers, and guidance useful for the originating application [38]. The model used in this study 
is composed by a set of equations taken from literature while the kinetic parameters are 
estimated by reducing the sum of the squared error between experimental data and model 
prediction. The gPROMS (general Process Modeling System program) is used for modeling, 
simulation and optimization of ODS process based on the prepared catalyst [39].  

3.1. Mass balance equations 

Mass balance equation of batch reactor for ODS process is composed of several differential 
and algebraic equations. The general mass balance over catalytic batch reactor in total sulfur 
compound inside reactor is  
Accumulation=Input-Output+Generation or disappearance by chemical reaction   (4) 
Input= Output = 0 (in the batch reactor)                 (5) 
Accumulation of sulfur = V. dCsulfur

dt
                (6) 

Disappearance of sulfur by the reaction = V. (− rsulfur)           (7) 
Substitution of Eq. (5) into Eq. (4) giving the following eq. 
Accumulation= Disappearance by reaction                (8) 
From Equations (6 to 8) 
dsulfur
dt

= (−rsulfur)                           (9) 

dt = dsulfur
(−rsulfur)                            (10) 

where: at  t=0 Csulfur = Csulfur,t; at  t=t Csulfur = Csulfur. 
By integration: 
t = ∫ dsulfur

(−rsulfur)
Csulfur
Csulfur,t

                                  (11) 

3.2. Chemical reaction rate 

The mechanism and the kinetic of catalytic air oxidation of sulfur are complex involving 
many steps to reach the end of reaction. The complexity of the chemical reaction could be 
taken into account by assuming nth order kinetics. 
�−𝑟𝑟𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠� = 𝐾𝐾𝑎𝑎𝑎𝑎𝑎𝑎𝐶𝐶𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑛𝑛                       (12) 

The apparent kinetic constant (kapp) is associated to intrinsic kinetic constant by internal 
diffusion that is represented by the catalyst effectiveness factor (ƞ0) [40]. So that, the reaction 
rate equation can be presented as follow: 
�−𝑟𝑟𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠� = ƞ0 𝑘𝑘 𝐶𝐶𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑛𝑛                        (13) 

922



Petroleum and Coal 

                          Pet Coal (2022); 64(4): 917-937 
ISSN 1337-7027 an open access journal 

The reaction rate constant is influenced by the temperature according to (Arrhenius equa-
tion) [41-42]. 
k=k0𝑒𝑒(−𝐸𝐸𝐸𝐸𝑅𝑅𝑅𝑅)                                   (14) 
From equation (13 and 14),  
�−𝑟𝑟𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠� = ƞ0 𝑘𝑘𝑜𝑜𝑒𝑒

(−𝐸𝐸𝐸𝐸𝑅𝑅𝑅𝑅 )
 𝐶𝐶𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠

𝑛𝑛                           (15) 
Also, ko and EA can be calculated by linearization of equation 14, which gives the following equation: 

𝑙𝑙𝑙𝑙𝑘𝑘 = 𝑙𝑙𝑙𝑙𝑘𝑘𝑜𝑜 − (−𝐸𝐸𝐸𝐸
𝑅𝑅

1
𝑇𝑇

)                                (16) 
By substitute equation 13 in equation 11 and integration these equation, the final expres-

sion of the catalytic oxidation reaction of sulfur with nth order kinetic can be presented as follows: 
 𝐶𝐶𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 = [ 𝐶𝐶𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠,𝑡𝑡

(1−𝑛𝑛) + (𝑙𝑙 − 1). 𝑡𝑡.𝐾𝐾𝑎𝑎𝑎𝑎𝑎𝑎]( 1
1−𝑛𝑛)                   (17) 

3.3. Reactor performance 

The oxidation reaction of the sulfur compound present in light gas oil is carried out in the 
batch reactor. The process includes number of parameters mainly, diffusivities, effectiveness 
factors, oil viscosity and others. These parameters are determined by using the correlations 
presented in this chapter.  
𝐾𝐾𝑎𝑎𝑎𝑎𝑎𝑎 = ƞ0 𝐾𝐾𝑖𝑖𝑛𝑛                                        (18) 
Hence, equation 17 is written as follows: 
 𝐶𝐶𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 = [ 𝐶𝐶𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠,𝑡𝑡

(1−𝑛𝑛) + (𝑙𝑙 − 1). 𝑡𝑡.𝐾𝐾𝑖𝑖𝑛𝑛 . ƞ0]( 1
1−𝑛𝑛)                          (19) 

3.3.1. Effectiveness factor (ƞ0) 

The effectiveness factor (ƞ0) can be determined as function of Thiele modulus with the 
following equation valid for sphere particles [43-44]. 
ƞ0 = 3(ɸ cothɸ−1) 

ɸ2
                                     (20) 

While, the generalized Thiele modulus for nth-order irreversible reaction is determined by 
the following equation [43-44]. 

ɸ = 𝑉𝑉𝑃𝑃 
𝑆𝑆𝑃𝑃
�(𝑛𝑛+1

2
) 𝑘𝑘𝑖𝑖𝑛𝑛 𝐶𝐶𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠

(1−𝑛𝑛)𝜌𝜌𝑝𝑝
𝐷𝐷𝑒𝑒𝑖𝑖

                               (21) 

3.3.2. The effective diffusivity (Dei) 

The effective diffusivity of the catalyst structure (porosity and tortuosity) is represented by 
taking the pores network inside the particle into account as follows [40,44]. 
𝐷𝐷𝑒𝑒𝑖𝑖 = ℇ𝐵𝐵

𝒯𝒯
1

1
𝐷𝐷𝑚𝑚𝑖𝑖

+ 1
𝐷𝐷𝑘𝑘𝑖𝑖

                                    (22) 

where, catalyst porosity (ℇB) can be calculated by the following two equations based on ex-
perimental data: 
ℇ𝐵𝐵 = 𝑉𝑉𝑔𝑔𝜌𝜌𝑎𝑎                                            (23) 
𝜌𝜌𝑎𝑎 = 𝜌𝜌𝐵𝐵

1−ℇ𝐵𝐵
                                           (24) 

The tortuosity factor (𝒯𝒯) of the pore network have the value of (2 to 7)[45]. According to 
literatures, the tortuosity factor has reported to be 4 [40-43]. The effective diffusivity within the 
catalyst particle contains two types of diffusivity, Knudsen diffusivity Dki and molecular diffu-
sivity Dmi.  

The Knudsen diffusivity is calculated as follows [40,43]: 
𝐷𝐷𝑘𝑘𝑖𝑖 = 9700 𝑟𝑟𝑔𝑔( 𝑇𝑇

𝑀𝑀𝑤𝑤
) 0.5                           (25) 

where, mean pore radius (𝑟𝑟𝑔𝑔) is estimated from this equation [46]: 
𝑟𝑟𝑔𝑔 = 2𝑉𝑉𝑔𝑔

𝑆𝑆𝑔𝑔
                                     (26) 

The molecular diffusivity is calculated by Tyn-Calus equation [47-48]:  
𝐷𝐷𝑚𝑚𝑖𝑖 = 8.93 ∗ 10−8(𝑣𝑣𝑠𝑠

0.267𝑇𝑇
𝑣𝑣𝑠𝑠0.433µ𝑠𝑠

)                         (27) 
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3.3.3. Molar volume 

The molar volume of the model sulfur compound is calculated by the following equation [48]: 
𝑣𝑣𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 = 0.285(𝑣𝑣𝑐𝑐𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠)1.048                                (28) 
𝑣𝑣𝑠𝑠 = 0.285(𝑣𝑣𝑐𝑐𝑠𝑠)1.048                                        (29) 
𝑣𝑣𝑐𝑐𝑠𝑠 = (7.5214 ∗ 10−3(𝑇𝑇𝑚𝑚𝑒𝑒𝐸𝐸𝐵𝐵𝑚𝑚)0.2896(𝜌𝜌𝐿𝐿15.6)−0.7666)𝑀𝑀𝑀𝑀𝐿𝐿                 (30) 

The critical volume of liquid (light gas oil) is estimated by a Riazi–Daubert correlation [49]: 

3.3.4. External volume(Vp) and surface (Sp) of the catalyst 

The external volume (Vp) and external surface (Sp) of the catalyst can be calculated ac-
cording to shape of the particle; for sphere particle: 
𝑉𝑉𝑎𝑎 = 4

3
𝜋𝜋(𝑟𝑟𝑎𝑎)3                            (31) 

𝑆𝑆𝑎𝑎 = 4𝜋𝜋(𝑟𝑟𝑎𝑎)2                                   (32) 

3.3.5. Viscosity(µ𝒍𝒍) 

The viscosity of light gas oil can be calculated by using Glaso's equation as follows [50]: 
µ𝒍𝒍 = 3.141 ∗ 1010(𝑇𝑇 − 460)−3.444(𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙)𝛼𝛼                 (33) 
Where, (α) is Dimensionless number and estimated from this equation: 
α = 10.313[𝑙𝑙𝑙𝑙𝑙𝑙10(𝑇𝑇 − 460)] − 36.447                       (34) 
Also, American Petroleum Institute (API) is estimated from this equation: 
API = 141.5

𝑠𝑠𝑎𝑎.𝑔𝑔𝑠𝑠15.6
− 131.5                                (35) 

The equations of the mathematical model in this chapter are encoded for the ODS interac-
tion and solved using the gPROMS (general Process Modeling System) package. 

4. Kinetic parameter estimation technique 

Estimating the kinetic parameter is very important step in many fields of science and engi-
neering when many physiochemical processes are described by the equations system contain-
ing unknown parameters. Recently, the benefits of developing kinetic models for chemical 
engineers have increased with accurate calculations of parameters due to advanced control 
techniques and optimization of process, which can apply the fundamental models.  

The appropriate value of the kinetic parameters can be estimated by reducing the errors 
between experimental data and predicted data by the mathematical model. Therefore, the 
predicted values from the model should match the experimental data as closely as possible [51]. 
For the purpose of optimizing the process, reactor design, process control and catalyst selec-
tion, it is important to develop kinetic models that can accurately predict the concentration of 
the product under the conditions of the process.  

In this study, the best values of the kinetic parameters of the relevant reactions are 
achieved by utilizing two approaches that depend on the sulfur content in the oxidation process 
under different operating conditions. These approaches are given below:  
• Linear regression: Determines the reaction rate constant (k) and order of the interaction 

(n), then utilizing the Arrhenius equation with linear regression to evaluate the activation 
energy (EA) and pre-exponential factor (ko).  

• Non-linear regression: Evaluates the order of reaction (n), the pre-exponential factor 
(ko) and activation energy (EA) directly.  
In order to estimate the best value for the kinetic parameter, the following objective func-

tion was minimized as shown below: 

OBJ = � �𝐶𝐶𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠
𝑒𝑒𝑒𝑒𝑎𝑎 − 𝐶𝐶𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠

𝑎𝑎𝑠𝑠𝑒𝑒𝑝𝑝 �
2𝑁𝑁𝑡𝑡

𝑛𝑛=1
                          (36) 

In equation (36), Nt,𝐶𝐶𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠
𝑒𝑒𝑒𝑒𝑎𝑎  and 𝐶𝐶𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠

𝑎𝑎𝑠𝑠𝑝𝑝  represent the numbers of runs, the experimental con-
centration and predicted concentration by model of sulfur content respectively. The conversion 
of sulfur compound can be calculated using the following equation: 
𝑋𝑋𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 = 1 − 𝐶𝐶𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠

𝐶𝐶𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠.𝑡𝑡
                                 (37) 
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4.1. Optimization problem formulation for parameter estimation 
The formulation of optimization problem for parameter estimation can be stated as follows:  

Given:  The reactor configuration, the catalyst and the process conditions. 
Obtain: For the first approach: The reaction orders of oxidation reaction (n) for the catalyst 
and reaction rate constant (k) at different temperature (363, 383, 403, 423) K respectively 
and then calculation the activation energy and pre-exponential factor by linear regression by 
Arrhenius equation. For the second approach: the reaction order (n), activation energy (EA) 
and pre-exponential factor (ko) are simultaneously estimated for the catalyst. 
So as to minimize:  The sum of squared error (SSE). 
Subjected to:  Constraints on the conversion and linear bounds on all optimization variables 
Mathematically using linear regression, the optimization problem can be presented as follow: 
Min:                                         SSE 
𝑙𝑙, 𝑘𝑘𝑖𝑖 , (𝑖𝑖 = 1 − 4) 
S.t.f(z, x(z),ẋ(z), u(z),v) = 0 
CL ≤ C ≤ CU 

𝑙𝑙𝑠𝑠≤ 𝑙𝑙 ≤𝑙𝑙𝑠𝑠 

𝑘𝑘𝑖𝑖𝐿𝐿  ≤ 𝑘𝑘𝑖𝑖 ≤𝑘𝑘𝑖𝑖𝑖𝑖  
While by using the second approached (nonlinear regression) the problem can be presented 

as follow: 
Min:                                         SSE 
𝑙𝑙,𝐸𝐸𝑙𝑙, 𝑘𝑘0 
S.t.f(z, x(z),ẋ(z), u(z),v) = 0 
CL ≤ C ≤ CU 

𝑙𝑙𝑠𝑠≤ 𝑙𝑙 ≤𝑙𝑙𝑠𝑠 

𝐸𝐸𝑙𝑙𝐿𝐿≤ 𝐸𝐸𝑙𝑙 ≤𝐸𝐸𝑙𝑙𝑖𝑖 

𝑘𝑘𝑂𝑂𝐿𝐿   ≤ 𝑘𝑘𝑖𝑖 ≤𝑘𝑘𝑂𝑂𝑖𝑖  

S.t.f(z, x(z),ẋ(z), u(z),v) = 0: represent the process model that presented previously. 
z: is independent variable; u(z):  is the decision variable; x(z):  represent the set of all vari-
ables; ẋ(z):  represent the derivative of the variables with respect to time; v: is the design 
variable; C, CL, CU:  concentration , lower and upper bounds of concentration; L, U:  are lower 
and upper bounds. 

The method of optimization solution by gPROMS is performed by two steps that can be 
presented as follows [52]:  
• First, performs a simulation which converge all the equality constraints described by func-

tion (f) and also to satisfy the constraints of inequality.  
• Secondly; performs the optimization (the values of the decision variables such as the kinetic 

parameters that can be updated).  
5. Results and discussion 
5.1. Catalyst characterization  
5.1.1. Chemical composition 

XRF is used to determine the structural formula of the prepared samples and the actual 
metal oxide loaded (Fe2O3). As shown in Table 3, the purity of the prepared γ-alumina is 
97.8%. The chemical composition for the prepared catalyst are summarized in Table 4. A good 
percentage of the active metal appear is observed. 

Table 3. XRF results of the prepared γ-alumina concentration 

Compounds  Concentration 
Al2O3 69.07 
SiO2 0.804 
P2O5 0.508 
SO3 0.021 
Other components 0.227 
Sum of concentration 70.63 
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Table 4. Chemical composition of the prepared catalyst 

Compounds Concentration 
γ-Al2O3 94.14 
Fe2O3 4.117 

5.1.2. X-ray diffraction (XRD) 

Figure 5 shows the XRD pattern of synthesized nano γ–alumina powder prepared. The three 
main reflections of nano γ-Al2O3 phase are obviously observed as broad peaks at 2θ angles 
around (36.8263º, 45.8903º, and 66.6322º), respectively [53-55]. The peaks in the pattern are 
significantly indicated that the formation of nano sized γ-Al2O3 crystallites is obtained. The 
size of crystallites was correlated using Scherrer’s equation [56] as follows. 
d = 0.94λ/β cos ϴ                        (38) 
where d is the diameter of crystallite; λ is the X-ray wave length; β is the broadening line at 
the half maximum intensity which represents the full width at half maximum (FWHM); ϴ is the 
Bragg angle at which the scattering wave was reflected or scattered at lattice plane producing 
intense peaks.  

 
Figure 5. XRD patterns for synthesized nano γ–alumina powder 

The average diameter of crystallite is 27.32 nm for the prepared nano γ–alumina powder. 
The percent crystallinity of samples is ascertained by comparing the ratio of intensity of the 
peaks for the prepared γ-alumina with the corresponding ratios of standard γ-alumina sample [57]. 

Table 5. characteristic peaks and their relative intensities for prepared nano γ–alumina powder 

2ϴ intensity I intensity I 
standard 

66.6322 100 100 
45.8903 83 80 
37.7555 27 65 

Therefore, crystallinity % is determined as follows [52]: 
Crystallinity % = Σ I sample

Σ I refrence
                            (39)   

 
Figure 6. XRD patterns for the prepared catalyst 

The percent crystallinity is estimated to be 
85.7% for prepared nano γ–alumina powder. 
The crystallinity is considered to be one of 
the most important effected factors on ther-
mal stability, where, thermal stability is in-
creased with increasing the crystallinity [58-59]. 
Figure 6 shows the XRD patterns of the pre-
pared catalyst after calcination at 550°C. The 
diffractogram of commercial iron oxide  

shows the characteristic peaks of Fe2O3 at 33.2º, 35.6º, 49.4º, 54.1º, 62.4º and 63.9º [60]. 
When impregnated with Fe2O3 in the catalyst, it is seen that the intensity of the peaks 

corresponding to γ-alumina drops, and the peaks corresponding to Fe2O3 start appearing as 
shown in the Figure 6. 
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5.1.3. Surface area and pore volume analysis  

The surface area, pore volume and pore size of synthesized support and catalyst are sum-
marized in Table 6. It can be observed that after impregnation, pore volume and the surface 
area decreased slightly due to the occupation of the active component in some spaces within 
the samples. Also, The bulk density is 0.482 gm/cm3 for the prepared catalyst. 

Table 6. Summary of surface area, pore volume and pore size of the prepared γ-alumina and catalyst 

Compounds γ-alumina Fe2O3/γ-alumina 
Surface area (BET), m2/g 263.91 256.68 
Pore volume, cm3/g 0.3163 0.316 
Pore size, nm 4.79419 4.92913 

5.1.4. Fourier transform infrared (FTIR) 

FTIR analysis for the synthesized γ-alumina in the wave number region of 4000-500 cm-1 
are shown in Figure 7. The band located at 3412 cm-1 was attributed to the O–H stretching 
vibration and the band at ~1650 cm-1 was related to the H–O–H symmetric stretching vibration 
of adsorbed water molecules. The absorption bands centered at 650 attributed to stretching 
vibrations of Al-O, which is characteristic of γ-alumina as shown in Figure 7 [61-63]. Figure 8 
shows the FTIR spectra of the synthesized nano catalyst after loading of Fe2O3. Based on the 
results presented in Figure 7 and 8, there is no difference in the wave number regions before 
and after loading. Such good results indicated that there is no chemical change in the compo-
sition of the support after loading process. Also, no bonds of iron oxides were found resulting 
that there is insufficient amount of iron oxide to give the peaks. 

  
Figure 7. FTIR for synthesized γ-alumina Figure 8. FTIR for synthesized catalyst 

5.1.5. Thermal gravimetric analysis (TGA) 

Figure 9. TGA of synthesized (a) nano γ–alumina, 
(b) catalyst 

Figure 9 shows the TGA profiles of the 
prepared γ-alumina and catalyst samples. 
From this Figure, there are two regions of 
mass loss where, the first one, (between 20-
120oC), with mass loss values around 10 %, 
is related to the evaporation of physically ad-
sorbed water on the solid [64-65]. In the range 
of 180-350oC, it comes from the release of 
the chemisorbed water, which takes place 
around 250oC [66]. At temperatures above 
450°C, the weight of all samples tends to re-
main stable. The mass loss values observed  
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in the TGA experiments is -20.84% for the prepared γ-alumina and -26.10% for the catalyst. 
Such good results indicated that the support and prepared catalyst have a good thermal sta-
bility. 

5.1.6. Particle size distribution 

Figures 10 shows the particle distribution of the prepared catalyst. The average nano par-
ticle size is 84.65 nm and the overall range of the diameters between 55 - 135 nm. Maximum 
volume percentage of the particles is 23.76 % at size distribution of 90 nm, and minimum 
volume percentage is 1.03 % for particles at size of 130 nm. 

 
Figure 10. Granularity accumulation distribution of the synthesized catalyst 

5.1.7. Scanning Electron Microscopy (SEM) 

As shown in Figure 11, the SEM of the catalyst showed that the particle size is <100 nm. Also, 
the shape of the particles that are presented in these Figure are in the spherical form. 

 
Figure 11. SEM images of the synthesized catalyst 

5.2. Oxidative desulfurization results 

The oxidative desulfurization process is employed to test the activity of the prepared cata-
lyst. Light gas oil (LGO) is used as an oil feedstock and air as an oxidant in a batch reactor. 
Several operating conditions affecting the reduction of sulfur content such as reaction time 
and reaction temperature are studied. 

5.2.1. Effect of reaction temperature 

The impact of the reaction temperature on the sulfur removal in ODS reactions has studied 
at 363 K, 383 K,403 K and 423 K, and the results are illustrate in Figure 12. 
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Figure 12. Temperature influence of sulfur re-
moval for the prepared catalyst at various reac-
tion time 

It can be observed from Figure 12 above 
that increasing the reaction temperature 
leads to increase the conversion of sulfur 
compound. Such attitude is due to the fact 
that the temperature affect positively the re-
action rate constant (rate constant) leading 
to an increase in the sulfur compound con-
version [67] according to Arrhenius equation. 
So, increasing the temperature causes an in-
crease in the number of molecules having ac-
tivation energy and thus an increase in the 
number of molecules involved in the oxida-
tion reaction resulting in an increase in con-
version. 

Also, the catalyst activities is highly affected by the calcination temperatures. The density 
of acid sites is strongly influenced by the catalyst calcination temperature; it is increased to 
reach a maximum that leads to enhance the removal of sulfur compound from diesel fuel. The 
optimum temperature for γ-Al2O3 powder synthesized by flash calcination is 650°C that sur-
face area and pore volume are maximized [68]. So, this study was used the calcination tem-
perature of 650°C to prepare γ-Al2O3 for achieving high catalytic activity in ODS process. 

5.2.2. Effect of reaction time 

 
Figure 13. Time influence of sulfur removal for the 
prepared catalyst at various reaction temperature 

The impact of the reaction time on the re-
moval of sulfur compound by oxidation re-
action has investigated at 40 min, 60 min, 
80 min and 100 min, which are illustrated in 
Figure 13. In general, the results showed 
that an increase in the desulfurization effi-
ciency with the reaction time. Where, in-
creasing the time of the reaction offers the 
chance for the reactants to contact then to 
react among them. As a result, the contact 
time among the reactants increases giving 
longer contact with the active site of the cat-
alyst [69].In Figure 13, the conversion of sul-
fur compound increased from 50.33% to  

70.29% when the reaction time increases from 40 min to 100 min at 423 K. 

5.3. Kinetic parameters estimation 

The optimal kinetic parameters can be estimated using a mathematical model aimed at 
minimizing the error between the experimental data and the predicted data by the mathematical 
model to get predicted values from model as close as possible to the experimental data [70]. 
The constant parameters used in the mathematical model are shown in Table 7. 

Table 7. Values of constant parameters used in ODS model 

Parameter Symbol Unit Value 
Initial concentration Ct wt% 0.751 
Time Time1, 

time2, 
time3, time4 

min time1=40, time2=60, 
time3=80, time4=100 

Temperature T1, T2, T3, 
T4 

K T1=363, T2=383, T3=403, 
T4=423 

Density of light gas oil at 15.5oC ρ𝑠𝑠 gm/cm3 0.8205 
Mean average boiling point TmeABP oR 957 

929



Petroleum and Coal 

                          Pet Coal (2022); 64(4): 917-937 
ISSN 1337-7027 an open access journal 

Parameter Symbol Unit Value 
Acceleration gravity g m/sec2 9.81 
Gas constant R J/mole.oK 8.314 
Pore volume per unit mass of cat-
alyst 

Vg cm3/gm 0.316 

Specific surface area of particle Sg cm2/gm 2566800 
Volume of catalyst particle Vp cm3 3.1759*10-16 
External surface area of particle Sp cm2 2.25114*10-10 
Bulk density ρB gm/cm3 0.482 
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 2.4645 

5.3.1. Linear regression 

The optimal results of the model parameters obtained by linear approach are reported in 
Table 8 below for the catalyst: 
Table 8: Optimal model parameters obtained by optimization process using linear approach  

Parameter Value Unit 
n 1.9133123 _ 
k1 0.00674264 (𝑀𝑀𝑡𝑡−0.9133123).𝑚𝑚𝑖𝑖𝑙𝑙−1 

k2 0.01183655 (𝑀𝑀𝑡𝑡−0.9133123).𝑚𝑚𝑖𝑖𝑙𝑙−1 
k3 0.01921438 (𝑀𝑀𝑡𝑡−0.9133123).𝑚𝑚𝑖𝑖𝑙𝑙−1 
k4 0.02902299 (𝑀𝑀𝑡𝑡−0.9133123).𝑚𝑚𝑖𝑖𝑙𝑙−1 

SSE 1.802865×10-3 _ 

Activation energy  
 

 
Figure 14. (ln k) versus (1/T) for kinetic parameters of the 
oxidation process 

According to Arrhenius equa-
tion, a plot of (lnk) versus (1/T) 
gives a straight line with slope 
equal to (-EA/R) in which the acti-
vation energy is calculated as il-
lustrated in Figure 14. 

The activation energy and pre-
exponential factor which can be 
obtained from this Figure is 
31.093 kJ/mol and 203.365, re-
spectively. 

5.3.2. Non-linear regression 

In this approach, pre-exponential factor, the activation energy, and interaction order, have 
simultaneously been estimated and the values of these parameters are shown in Table 9. 

Table 9. Optimal kinetic model parameters obtained via optimization process by non-linear approach 

Parameter Value Unit 
n 2 _ 
EA 34.305 KJ/mol. 
ko 578.64 𝑀𝑀𝑡𝑡−1.𝑚𝑚𝑖𝑖𝑙𝑙−1 

SSE 1.712543×10-3 _ 
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5.4. Experimental and simulation results 

The gPROMS software is used for the simulation of the process. The experimental and pre-
dicted results are summarized in Tables 10 and 11 below, and also illustrated in Figure 15 (for 
non-leaner approach). 

Table 10. Experimental and simulation results using linear approach  

Tempera-
ture 
(K) 

Time 
(min) 

Sulfur content (wt %) Conversion 
Error % Experimental Predicted Experimental Predicted 

363 40 0.610 0.621 0.188 0.173 1.85 
363 60 0.571 0.571 0.240 0.240 0.06 
363 80 0.531 0.528 0.293 0.297 0.49 
363 100 0.499 0.491 0.336 0.346 1.50 
383 40 0.537 0.548 0.285 0.270 2.10 
383 60 0.476 0.482 0.366 0.358 1.23 
383 80 0.436 0.429 0.419 0.428 1.53 
383 100 0.397 0.387 0.472 0.485 2.49 
403 40 0.450 0.468 0.400 0.377 3.91 
403 60 0.407 0.392 0.458 0.478 3.63 
403 80 0.349 0.337 0.536 0.552 3.46 
403 100 0.309 0.295 0.589 0.608 4.69 
423 40 0.373 0.391 0.503 0.480 4.74 
423 60 0.302 0.133 0.598 0.823 3.58 
423 80 0.259 0.260 0.655 0.654 0.54 
423 100 0.223 0.222 0.703 0.704 0.40 

Table 11. Experimental and simulation results using non-linear approach  

Temperature 
(K) 

Time 
(min) 

Sulfur content (wt %) Conversion 
Error % Experimental Predicted Experimental Pre-

dicted 
363 40 0.610 0.625 0.188 0.168 2.55 
363 60 0.571 0.577 0.240 0.232 1.11 
363 80 0.531 0.536 0.293 0.287 0.92 
363 100 0.499 0.500 0.336 0.335 0.25 
383 40 0.537 0.551 0.285 0.267 2.52 
383 60 0.476 0.486 0.366 0.353 2.02 
383 80 0.436 0.435 0.419 0.421 0.34 
383 100 0.397 0.393 0.472 0.477 0.90 
403 40 0.450 0.463 0.400 0.383 2.85 
403 60 0.407 0.389 0.458 0.483 4.46 
403 80 0.349 0.335 0.536 0.554 3.98 
403 100 0.309 0.294 0.589 0.609 4.83 
423 40 0.373 0.374 0.503 0.502 0.24 
423 60 0.302 0.299 0.598 0.602 1.07 
423 80 0.259 0.249 0.655 0.669 3.82 
423 100 0.223 0.213 0.703 0.716 4.41 

The sums of squared errors (SSE) is 0.0018 and 0.0017of linear approach and nonlinear 
approach respectively. So, the parameter estimated by the nonlinear approach is more accu-
rate than those calculated by the linear approach. The values of the activation energy (EA) 
and pre-exponential factor (ko) estimated via linearization (linear approach) of Arrhenius 
equation gives high error as compared with those estimated via non-linear method (nonlinear 
approach). 
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Figure 15. Comparison between experimental and simulated data at (a) 40 min (b) 60 min (c) 80 min 
(d) 100 min 

From these results, it is observed that increasing the reaction temperature and reaction 
time increases the reaction rate of ODS process based on the following points. 
• Temperature: Increasing the reaction temperature leads to increase the conversion of 

sulfur compound due to the reaction rate constant that is influenced by the temperature. 
Where, the temperature is dependent by Arrhenius equation leading to an increase in the 
sulfur compound conversion. Also, rising the reaction temperature contributes in an in-
creasing of magnitudes of some important physical properties such as diffusivity, viscosity 
and surface tension. Thus, the rate of absorption of molecular air into light gas oil and the 
diffusing rate of the sulfur compound beside the rate of dissolving air inside the pores of 
the catalyst to reach the active sites increases with increasing the reaction temperature.  

• Time: The rise in the reaction time will increase the contact time among the reactants on 
the active sites of catalyst. So, high residence time is achieved giving high reaction. 

6. Optimal operation conditions for maximum conversion of ODS process  

6.1. Optimization problem formulation for maximum conversion 

Based on the experiments and after obtaining the optimal kinetic parameter for the ODS 
process, the optimal operating conditions for obtaining the minimum sulfur content are nec-
essary. Therefore, the optimization problem can be formulated for the maximum conversion 
of the process as follows: 
Given:   The reactor configuration, the reaction order, the catalyst and pre-exponential fac-
tor and activation energy for the reaction. 
Obtain:    The best operating conditions for high conversion. 
So as to minimize:   The sulfur concentration. 
Subjected to:    Process constraints and linear bounds on all optimization variables in the 
process. 

a b 

c d 
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Mathematically, the problem can be represented as follows: 
Min:                                     𝑪𝑪𝒔𝒔𝒔𝒔𝒍𝒍𝒔𝒔𝒔𝒔𝒔𝒔 
𝑇𝑇, 𝑡𝑡𝑖𝑖𝑚𝑚𝑒𝑒𝑖𝑖 ,𝐶𝐶𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 
S.t. f(z, x(z),ẋ(z), u(z),v) = 0 
𝑡𝑡𝑖𝑖𝑚𝑚𝑒𝑒𝐿𝐿  ≤ 𝑡𝑡𝑖𝑖𝑚𝑚𝑒𝑒 ≤ 𝑡𝑡𝑖𝑖𝑚𝑚𝑒𝑒𝑖𝑖  
𝐶𝐶𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠.𝑡𝑡𝐿𝐿≤ 𝐶𝐶𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠.𝑡𝑡 ≤𝐶𝐶𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠.𝑡𝑡𝑖𝑖 

𝑇𝑇𝐿𝐿≤  𝑇𝑇 ≤𝑇𝑇𝑖𝑖  

𝑋𝑋𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠.𝑡𝑡𝐿𝐿≤ 𝑋𝑋𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠.𝑡𝑡 ≤𝑋𝑋𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠.𝑡𝑡𝑖𝑖 

The optimization solution method is performed by gPROMS software.  

6.2. Optimal operating conditions for maximum conversion 

After obtaining the optimal kinetic parameters, such optimal values will be used in the 
kinetic model in order to obtain the best operating conditions to give the minimum sulfur 
content in the products based on the prepared catalyst achieving the main goal of this study, 
which is an environmentally friendly fuel. The optimal values of the operating conditions for 
the prepared catalyst are presented in Table 12. 

Table 12. Optimal operating conditions for ODS process 

Parameter Value Unit 
Csulfur.t 0.757 wt% 

T 550 K 
Time 200 min 

Conversion 97.97 % 

The sulfur content in the petroleum products has been reduced by finding the optimal op-
erating conditions to achieve the environmental and industrial aspects demands .As can be 
seen from the presented results in Table 12, the maximum sulfur removal (higher than 97%) 
has been achieved at the reaction temperature of 550 K, contact time at 200 min and initial 
concentration of sulfur compound at 0.757 ppm to match the environmental regulations to 
get almost free sulfur content and as a result high fuel oil quality. 

7. Conclusions 

In this study, the homemade nano catalyst (Fe2O3/γ-Al2O3 nanoparticles) is successfully 
applied for ODS process using air as oxidant in batch reactor. The nano-gamma alumina is 
prepared by precipitation method and then the impregnation method is used to generate the 
catalyst. The method of impregnation is a good method in preparing the nano catalyst because 
it gives a good distribution of the active metals in addition to the high surface area and the 
distribution of pore for prepared catalyst. Several characterization tests such as SEM, XRD, 
XRF, TGA, FTIR, BET and particle size distribution were conducted on the prepared γ-Al2O3 
and the prepared catalyst. Such tests indicated that γ-Al2O3 produced by precipitation method 
has high purity, high surface area and high crystallinity. Also, a good distribution of active 
metal (Fe), various surface morphology and high dispersion of active metal were obtained. As 
well as, the result of the particle size distribution test for the prepared nano-catalyst indicated 
that the particle size of the catalyst is reported to be < 100 nm. The experimental conversion 
of sulfur compounds presented in real light gas oil has (70.29%) under the conditions of tem-
perature = 423 K and reaction time = 100 min. The simulation and optimization techniques 
are applied in this study to estimate the optimal kinetic parameter based on experimental 
results. Estimation of these parameters is conducted by minimizing the sum of squared error 
between experimental and predicted results and all results gave absolute error less than 5% 
at different conditions. The simulation and optimization techniques are achieved using two 
approaches (linear and non-linear method) and the simulation results show that the non-linear 
approach is more accurate due to it give less (SSE) in comparison with linear approach. The 
optimal kinetic parameters can be used to estimate the optimal operating conditions to achieve 
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cleaner fuel with sulfur conversion above 97% at process temperature= 550 oK, batch 
time=200 min and initial concentration = 0.7574 wt%." 

Nomenclature 

𝐶𝐶𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠  Sulfur Concentration  
Xsulfur      Conversion of sulfur compound. 
Csulfur       Concentration of sulfur compound at the end of the reaction.  
 Csulfur.t   Initial concentration of sulfur present in light gas oil. 
k   Reaction Rate Constant 
 kApp   Apparent Rate Constant  
𝒟𝒟𝑒𝑒𝑖𝑖   Effective diffusivity  
𝒟𝒟𝑘𝑘𝑖𝑖   Knudsen diffusivity  
𝒟𝒟𝑚𝑚𝑖𝑖  Molecular diffusivity  
Sp. gr 15.6  Specific gravity of of light gas oil at 15.6oC  
EA   Activation Energy  
𝑀𝑀𝑀𝑀𝐿𝐿  Liquid molecular weight of  
𝑀𝑀𝑀𝑀   Molecular weight of sulfur  
R    Gas constant  
𝑙𝑙    Order of reaction  
−𝑟𝑟𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 Reaction rate of sulfur  
𝑟𝑟𝑔𝑔   Pore radius (nm) 
𝑟𝑟𝑎𝑎    Particle radius 
𝑆𝑆𝑎𝑎    External surface area of catalyst particle 
𝑆𝑆𝑔𝑔    Specific surface area of particle 
𝑉𝑉𝑎𝑎    External Volume of catalyst particle 
𝑉𝑉𝑔𝑔    Pore volume 
𝑇𝑇𝑚𝑚𝑒𝑒𝐸𝐸𝐵𝐵𝑚𝑚  Mean average boiling point 

Greek symbols 

η0    Effectiveness factor 
Φ    Thiel modulus 
ℰ𝐵𝐵    Porosity 
𝒯𝒯    Tortuosity 
𝜌𝜌𝐵𝐵    Bulk density 
𝜌𝜌𝑎𝑎    Particle density 
ρL15.6         Density of light gas oil at 15.6oC(gm/cm3). 
𝜇𝜇𝑠𝑠    Viscosity of liquid 
𝑣𝑣𝑠𝑠    Liquid molar volume 
𝑣𝑣𝑐𝑐𝑠𝑠    Critical molar volume of liquid 
𝑣𝑣𝑆𝑆𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠  Molar volume of sulfur 
𝑣𝑣𝑐𝑐𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠    Critical volume of sulfur compound.    
ᴼ   Initial (at time = 0) 
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