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ABSTRACT

This study reports on synthesis, characterization, and catalytic activity of mesoporous mixed
metal oxides of tin (Sn) and molybdenum (Mo) for sulfur removal from model diesel. Variable
synthesis conditions, namely calcination temperature and Sn/Mo mole ratios, have been on
focus. Several techniques were used to characterize the catalysts, including powder X-ray
diffraction (XRD) for the crystal structure, orientation, and particle size; scanning electron
microscopy (SEM)-EDX for examining the morphological properties of the materials, N»
adsorption-desorption isotherms for textural properties, thermal gravimetric analysis (TGA)

for thermal stability, the Fourier transform infrared spectroscopy (FT-IR) for functionality.

Characterization results show that the adsorption-desorption isotherms are of type IV,
indicative of mesoporous materials. The surface area of the synthesized materials decreased as
calcination temperature increased due to the Ostwald ripening process and increased with the
mole ratio Sn/Mo increase. The X-ray diffraction structural analyses revealed that the
synthesized catalyst had a tetragonal structure. The presence of Mo=0O and Sn—O—-Mo bonds,
which are responsible for the catalytic reaction, is confirmed by FT-IR and Raman analyses.
The activity of the catalysts prepared at various calcination temperatures and mole ratios was
analyzed for oxidative desulfurization of model diesel, dibenzothiophene (DBT). The optimal
synthesis conditions were the calcination temperature of 450 °C and the mole ratio of Sn/Mo
of (2:1). Other multiple parameters affecting the reduction of sulfur compounds were also
investigated, including reaction temperature, catalyst loading, oxidant/sulfur ratio, and reaction
time. The (DBT) removal efficiency was 99.8 % at 60 °C, 100 mg, 5, and 30 min,
correspondingly. This high catalytic activity was due to the surface defects increase,resulting

in a high surface area with high pore distribution around the mesopore region.

Experiments examining the reaction kinetics have indicated that the reaction follows a pseudo-
first-order behaviour. The activation energy for the reaction has been determined to be 36 + 4
kJ mol!. The rate of the heterogeneous reaction is governed by the Langmuir-Hinshelwood
mechanism. Furthermore, the maximum rate constant value of SnO>-MoOs catalyst with
Sn/Mo (2:1) molar ratio is 0.057 min > which is higher than for pure SnO (0.017 min') and
MoO; (0.007 min '), confirming a synergy between SnO, and MoQs, promoting oxidative
desulfurization efficiency. The catalyst's high activity and reusability indicate enormous

promise for industrial catalytic desulfurization.
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CHAPTER ONE
INTRODUCTION

1.1 Background of the Problem

Diesel and gasoline are processed petroleum products mainly used as transportation fuels
containing various organic sulfides. Diesel fuel is a mixture of hydrocarbons derived from
crude oil distillation. The cetane number, fuel volatility, density, viscosity, cold behaviour, and
sulfur content are all important properties that characterize diesel fuel (Majewski, 2020). Diesel
fuel improves the country's economy by power generation and transportation of goods from
cross-country, increasing efficiency on the nation’s farms. Other diesel fuel applications
include off-road activities such as farming, mining, construction, logging, and electric power

generation.

Air pollutants are natural and artificial airborne substances introduced into the environment in
a concentration sufficient to have a measurable effect on humans, animals, vegetation, or
building materials. These include ozone, volatile organic matter (VOCs), carbon monoxide
(CO), nitrogen dioxide (NOz), and sulfur dioxide (SO2); among which the SO, is produced
primarily by the combustion of fuels containing sulfur. On-road and off-road engine fuels are
estimated to source less than 3% of the total SO> emissions. Due to the depletion of oil reserves,
fuel with a high sulfur content is currently extracted (Albayrak & Tavman, 2022; Houda et al.,
2018). In 2019, fossil fuels accounted for 84% of global primary energy consumption (Dale,
2019). Due to the presence of a high amount of sulfur fuel, when combusted, releases SOx
chemicals into the surrounding environment, resulting in a variety of problems, including
environmental degradation such as structural damage, deterioration of automotive paint
finishes, acidification of the soil, and ultimately the loss of forests and other ecosystems, as
well as the spread of deadly diseases such as respiratory illnesses, aggravated heart disease,
triggered asthma, and contributed to the formation of atmospheric acid (Speight, 2020;
Srivastava, 2012).

Moreover, excessive sulfurous oxide concentrations in exhaust streams act as catalyst poison,
impairing the effectiveness of vehicle catalytic converters in lowering particulate matter, CO,
and NOx concentrations (Harrison & Yin, 2000; Matsumoto et al., 2000). Globally, ultra-low-
sulfur diesel production has become a crucial challenge for refineries. In 2006, the US EPA
mandated that diesel fuel's sulfur level be decreased to 15 parts per million by weight (ppm).
The EU has established a maximum sulfur concentration of 10 ppm for diesel fuel (Kulkarni

& Afonso, 2010). However, the levels of sulfur in crude oils are on the rise, resulting in a
1



notable difference between the high sulfur content found in crude oils and the low sulfur
content required for liquid fuels. Consequently, the process of desulfurization has become a

more formidable task.

Desulfurization is a chemical process to remove sulfur compounds from fuel (diesel). Diverse
processes have been used in the desulfurization of diesel: hydrodesulfurization, bio-
desulfurization, adsorptive desulfurization and oxidative desulfurization (Chen et al., 2021;
Dong et al., 2021; Liu et al., 2021; Saleh, 2021; Xiao ef al., 2016). Hydrodesulfurization, a
process used to remove sulfur from substances, necessitates extremely elevated temperatures
(300°C—400°C) and pressures (20—100 atm of H»). However, this method has some drawbacks;
the cetane number, which indicates the combustion quality of fuel, is decreased due to
accompanying hydrogenation reactions. Moreover, hydrodesulfurization is not as efficient in
eliminating stubborn sulfur compounds like dibenzothiophene and its alkyl derivatives,
primarily due to steric hindrance (Yansheng et al., 2011). A commercially possible
desulfurization process must have a low-energy pathway that involves cheaper and reusable
catalysts. Oxidative desulfurization (ODS) has been proposed as a promising alternative
method for its high efficiency, mild desulfurization conditions, and low cost (Rafiee &
Rahpeyma, 2015). It is considered a supplementary technology to hydrodesulfurization; hence
it is necessary to encourage the development of viable technologies for selective oxidation of
sulfur compounds. The organic sulfur in fuel oil that can be removed by adsorption or
extraction is oxidized by an oxidant. The H>O; is a popular oxidant since it is inexpensive, safe
to use and store, and environmentally benign (Alonso et al., 2002; Dartt & Davis, 1994; Goyal
et al., 2022; Sato et al., 2001). A suitable catalyst is required to increase the efficiency and
activity of the ODS process because the interaction between the active sites of the catalyst and
the oxidant generates active radical species that contribute to high performance (Rivoira ef al.,
2017). A wide range of transition metal oxides like copper (Ahmadian & Anbia, 2022),
titanium (Fraile et al., 2016), chromium (Jiang ef al., 2022), tungsten (Shen et al., 2018), iron
(Al-Abduly & Sharma, 2014), molybdenum (Chen ef al., 2018), cobalt (Bhadra & Jhung, 2022)
and vanadium (Caero et al., 2005) oxides used as catalytically active phases in oxidative
desulfurization process. The SnO; and MoOs catalysts are widely examined in systems of
oxidative reactions. The SnO, a semiconducting oxide and a post-transition metal oxide, has
been extensively used as an oxidation catalyst, and its valency state can be Sn*"/Sn** (Batzill
& Diebold, 2005; Guo et al., 2020; Liu et al., 2019; Luo et al., 2006). The SnO> contains
surface-active anions Oz, 02>, and acidic sites. The close interaction of these acidic sites and
anions is the primary reason for their exceptional performance in oxidation reactions (Guo et

al., 2019). Study by Liu et al. (2019) show an excellent desulfurization reaction using SnO>
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due to the presence of Lewis acid. Metal additives modify this oxide to either increase the
charge carrier concentration by donor atoms or increase the gas sensitivity or the catalytic
activity (Batzill & Diebold, 2005). Molybdenum oxide is a transition metal oxide catalyst
exhibiting high activity due to the possibility of multivalent metal transitions (Tu ef al., 2019).
Charge transfer kinetics can be improved by doping Mo into the lattice of SnO2 (Wang et al.,
2015). Safa and Ma (2016) reported MoOs as the most effective active ingredient for oxidative
desulfurization. However, the activity and stability of catalysts can be enhanced by adding
other components, altering the loading mechanism, and modifying the synthesis procedure

(Rivoira et al., 2017; Tu et al., 2019).
1.2 Statement of the Problem

Dibenzothiophene (DBT) and its alkyl derivatives, which include cyclic sulfide are most
prevalent in diesel, and are less effectively removed by hydrodesulfurization (HDS).
Extraction, selective adsorption, photocatalytic desulfurization, and oxidative desulfurization
(ODS) have all been developed to address the shortcomings of HDS. Due to its excellent
efficiency, comfortable operating conditions, and low cost, ODS for fuel oil was recognized as
one of the most promising desulfurization technologies. Despite the high ODS activity of the
metal oxide catalysts, it has been proven that mixed metal oxide catalysts would show higher
catalytic activity in the ODS process, as reported by Alvarez-Amparan et al. (2017), Arellano
et al. (2014), Lopez Luna et al. (2022), and Teimouri et al. (2018). The combined use of tin
and molybdenum mixed-metal oxide catalysts has become increasingly popular for the targeted
oxidation of hydrocarbons. These catalysts are receiving considerable interest in the field of
heterogeneous catalysis due to their unique acidic and basic properties (Svachula et al., 1991)
and redox properties (Okamoto et al, 1981). The different catalytic reactions of tin—
molybdenum mixed metal oxides have been reported, such as oxidation of olefin (Takita et al.,
1972), dehydrogenation and dehydration of sec-butyl alcohol (Okamoto et al., 1981), fructose
conversion (Dos-Santos et al., 2018), reduction of nitroarenes (Sakthikumar et al., 2016),
xylose conversion (Dos-Santos et al., 2021). A limited study reports tin—-molybdenum mixed
metal oxide catalyst for sulfur removal. Hence, the objective of this study was to synthesize
catalysts composed of tin and molybdenum mixed metal oxides using the sol-gel technique and
examine their effectiveness in oxidative desulfurization (ODS), dibenzothiophene (DBT) was
utilized as a representative sulfur-containing compound, while hydrogen peroxide served as
the oxidizing agent. The calcination temperature was optimized to obtain the appropriate phase
of tin— molybdenum mixed metal oxide catalyst and investigated the impact of the Sn/Mo ratio

with high catalytic activity on oxidative desulfurization performance.
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1.3 Rationale of the Study

In recent years, serious air pollution in emerging countries has received much attention in the
academic and industrial sectors. Automotive emissions cause the majority of air pollution in
major cities. Although exhaust treatment devices such as the three-way catalytic converter have
long been standard in modern cars for reducing NOx, CO, hydrocarbons, and particulates, SO
emitted by the combustion of fuels containing organosulfur compounds mostly remains
because sulfur poisons the Pt catalysts in the three-way catalytic converter. During fuel
combustion, sulfur compounds are transformed into sulfur oxides (SO2 and SQO3), resulting in
acid rain, acid snow, and health problems worldwide. As a result, sulfur compounds like
thiophene (TH), Benzothiophene (BT), dibenzothiophenes (DBTs), and dimethyl
dibenzothiophenes (DMDBTs) must be tightly controlled in fuels. Hydrodesulfurization is a
potential method for sulfur removal though it operates at higher temperatures and pressure and
requires hydrogen gas. Oxidative desulfurization has vivid significant attention due to its
striking subtle operation conditions, such as lower operating temperature and ambient pressure,
and without hydrogen consumption. In this study, the ODS process was performed in the

presence of heterogeneous tin—-molybdenum mixed metal oxide catalyst and oxidant H>O».
1.4  Research Objectives
1.4.1 General Objective

The main objective of this work is to evaluate the performance of tin—-molybdenum mixed

metal oxides catalyst for oxidative desulfurization of model diesel.
1.4.2 Specific Objectives

(1) To synthesize and characterize tin-molybdenum mixed metal oxide catalyst materials

derived from tin and molybdenum inorganic precursors.

(1) To evaluate catalyst performance in terms of the activity by varying calcination

temperature and mole ratio.

(iii))  To establish optimum reaction conditions for desulfurization of model diesel using the

proposed tin—-molybdenum mixed metal oxide catalyst materials.
1.5 Research Questions

(1) What are the characteristics of tin—-molybdenum mixed metal oxide catalyst?

4



(i1)  How do calcination temperature and mole ratio affect catalyst activity?

(i)  What are the optimal conditions which influence the performance of the prepared tin—

molybdenum mixed oxide catalyst materials for the desulfurization of model diesel?
1.6 Significance of The Study

The sulfur concentration of fuel should be regulated to extend the life of catalytic converters
and infrastructure, enhance air quality, and protect human health. The results of this work will
contribute to the literature on catalysis and desulfurization, as it is the first time that the use of

Sn0,-MoO; as one of the sulfur removal catalysts has been documented.
1.7  Delineation of The Study

This study investigates the use of tin—-molybdenum mixed metal oxide catalyst for the oxidative
desulfurization of model diesel. The characterization of catalysts at different pretreatment
conditions is presented. This dissertation is organized into five chapters. Chapter one includes
background information, the purpose of the study, objectives, research questions, and the
significance of the study. The second chapter provides a detailed assessment of the literature
on desulfurization, catalyst, mixed metal oxides, surfactants etc. The third chapter (materials
and methods) covers the procedures for oxidative desulfurization, synthesis of tin-molybdenum
catalyst, and optimizing catalytic oxidative desulfurization. In the fourth chapter, the results
and discussion of the produced catalyst's catalytic activities are presented. The conclusion and
recommendations are presented in chapter five. This work was primarily based on a lab scale.

As a result, further research into real diesel and piloting is needed.



CHAPTER TWO
LITERATURE REVIEW
2.1 Introduction

Liquid fuels contain many sulfur compounds (thiols, sulfides, disulfides, thiophenes and
refractory compounds), which generate SO, and airborne particulate emissions during
combustion. Therefore, the desulfurization of oil is extremely important in the petroleum-
processing industry. To resolve this crisis, several processes have been proposed to deal with
the problem of removing these compounds from oil. This chapter highlights desulfurization
technologies, oxidants, metal oxides, mixed metal oxides, and preparation methods for mixed

metal oxides.
2.2 Sulfur in Transportation Fuel

There exist three primary categories of transportation fuels; gasoline, diesel, and jet fuels.
These fuels vary in their composition and characteristics. Diesel fuel is made from petroleum.
The aromatic, paraffinic and naphthenic groups of hydrocarbons constitute most of all crude
petroleum oils. There is a huge variety of molecular weights in each class. Crude oil can be as
thin and transparent as apple cider or as thick and dark as melted tar when it first emerges from
the earth. Thin crude oils have high API gravities because of their low densities; hence they
are referred to as high-gravity crude oils; in contrast, low-gravity crude oils are thick crude oils

with relatively high densities (Owen, 1995).

Figure 1 shows the main organic sulfur compounds present in these fuels, such as thiols
(mercaptans), sulfides, disulfides, thiophene, benzothiophene (BT), dibenzothiophene (DBT),
naphthothiophene (NT), benzonaphthothiophene (BNT), phenanthrene [4,5-b, c,d]thiophene
(PT), and their alkyl-substituted derivates. The study by Chen ef al. (2013) demonstrates that
benzothiophene and dibenzothiophene make up 70% of thiophene sulfides, which account for
more than 80% of the total sulfur concentration in diesel fuel. Diesel is the primary focus of
this study because it has an extremely high energy content and density compared to most other
fossil fuels due to its large, long-chain hydrocarbon composition (Ethan, 2021). Alkyl
benzothiophenes and alkyl dibenzothiophenes are sulfur compounds found in commercial
diesel fuel. These main sulfur compounds are known as refractory sulfur with alkyl groups at
the 4- or/and 6-positions, which are challenging to remove by the traditional

hydrodesulfurization procedure (Song & Ma, 2004).
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Figure 1: Examples of sulfur compounds present in diesel

The process of turning crude oil into very valuable products is called refining. Most important
crude oil products are diesel, jet fuel, and gasoline. Liquefied petroleum gas (LPG), heating
fuel, lubricating oil, wax, and asphalt are notable products after refining. High-gravity crude
oils are simpler to process because they include lighter products, like gasoline, and are
frequently lower in sulfur and nitrogen. However, modern refining techniques may turn low-
density crude oils into highly valuable products. Low-density crude oils require more energy,
additional processing steps, and complex, expensive equipment, which raises the cost of
refining them; hence this difference reflects variation in refining price (Owen, 1995).
Separation, upgrading, and conversion are the three types of refining processes. Distillation is
a typical separation technique in which the feed is divided into two or more components
depending on a physical characteristic, typically boiling point. The feedstock is unaltered by
these procedures. Hydrotreating is an upgrading procedure that raises the quality of the material
by using chemical reactions to eliminate molecules that give a material an undesirable property
at tiny levels. By "cracking" large molecules into smaller ones, conversion processes often
change the chemical structure of the feedstock; examples of this include catalytic cracking and

hydrocracking.

Sulfur should be eliminated from petroleum fractions for several important reasons, such as the
poisoning of catalysts, improved fuel performance and stability, decreased fuel smoke
production, reduced or limited corrosion during handling, refining, and product use, and the
creation of compounds with tolerable odours. This study focuses on upgrading the process by

using oxidative desulfurization as a desulfurization technology.




23 Desulfurization Technologies

Deep desulfurization and ultradeep desulfurization refer to the processes of removing sulfur
that exists in current gasoline and diesel fuel to below 15 and 30 ppm for diesel fuel and
gasoline, respectively, for environmental regulations and removing sulfur in liquid

hydrocarbon fuels to below 1 ppm for fuel cell applications (Song & Ma, 2004).

There is currently no comprehensive method for classifying desulfurization processes.
However, these processes can be classified based on various factors, such as the resulting state
of the organosulfur compound, the involvement of hydrogen, or the specific chemical and
physical methods employed in the process (Khodadadi et al., 2012). Various methods are
required to achieve desulfurization to produce environmentally friendly fuels. These methods
include hydrodesulfurization, oxidative desulfurization, bio-desulfurization, reactive
adsorption, non-destructive adsorption, N-adsorption, extraction, and other miscellaneous

processes.
2.3.1 Hydrodesulfurization

Hydrodesulfurization (HDS) is a process that involves heating light oil, mixing it with
hydrogen, and feeding it to a reactor packed with a pelleted catalyst such as CoMo/AlO3 or
NiMo/AlOs. The reactor's temperature typically ranges between 300 and 380 °C. The reactor
can be configured so that hydrogen gas flows downward through it, passing around and through
the particulate catalyst, or hydrogen flows upward from the bottom of the reactor (Spivey et
al., 2002). This is the conventional process for reducing organosulfur in diesel and other
intermediate distillates. It is a technique that is effective for removing thiols, sulfides and
disulfides, but it is limited to removing some refractory sulfur compounds such as thiophene,
benzothiophene, 4,6-dimethyl dibenzothiophene and their alkylated derivatives due to lower
hydrogenation activity or steric hindrance (Egorova & Prins, 2004; Grenborg et al., 2016; Qi
et al., 2022). For the thiophene compounds, in which the lone pairs on the S atom conjugate
with the p-electrons on the ring, including thiophenes, BTs, DBTs, PTs, and BNTs, HDS over
the commercial catalysts usually proceeds through two pathways, one is a hydrogenolysis
pathway where sulfur is removed through C-S bond breaking (Dumon et al., 2021; Wang &
Prins, 2008). The other is via the hydrogenation desulfurization pathway, in which aromatic
rings of DBT compounds are preferentially hydrogenated to 4H-or 6H-DBT intermediates and
are subsequently desulfurized, as shown in Scheme 1 (Zheng et al., 2017). The two routes can

occur parallel and utilize various active sites on the catalyst surface. The selectivity depends



on the reaction conditions, the nature of the sulfur compounds and the catalyst used (Shafi &

Hutchings, 2000).
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Scheme 1: Hydrodesulfurization route (Al-Hammadi et al., 2018)

The shortcoming of this method is the high cost, which requires high pressure and temperature,
and the lack of selective catalysts that lead to a more complex catalytic process, such as the
hydrogenation of aromatic compounds (Vedachalam et al., 2022). Some of the gases resulting
from cracking are harmful to the environment and cannot be reused, resulting in environmental
problems (Blumberg, 2003; Saha et al., 2021). High capital costs to build a thick wall reactor
to suit the high-pressure conditions (Optenhostert et al., 2021). The cetane number is reduced
due to hydrogenation side reactions, and it is less effective in removing refractory sulfur
compounds such as benzothiophene and dibenzothiophene (Tran et al., 2018). An alternate
method that can complement the HDS process under moderate conditions to produce ultra-low

sulfur fuels is crucial, and oxidative desulfurization satisfies this requirement.



2.3.2 Biodesulfurization

Biodesulfurization is a process that removes sulfur from fossil fuels using a series of enzyme-
catalyzed reactions (Boniek et al., 2015). In this, the oxidation chemistry of sulfur species is
carried out by a biological system at ambient pressure and temperature; the reaction occurs in
water (Mohebali & Ball, 2016). Several bacteria that use the sulfur-selective oxidative
desulfurization pathway have been isolated. It involves sequential oxidation of the sulfur
moiety and cleavage of the carbon-sulfur bonds (Boniek et al., 2015). This system consists of
two monooxygenases, Dez and DszC, which sequentially oxidize DBT to DBT sulfone and 2-
hydroxyphenyl-2-sulfinic acid. An NADH-flavin mononucleotide oxidoreductase (DszD)
supplies the two monooxygenases with reduced flavin and a desulfurase (DszB), which
converts 2-hydroxyphenyl-2-sulfinic acid to the desulfurized product 2-hydroxyphenyl (Gray
et al.,2003).

This particular technique is typically unable to effectively eliminate sulfur to the extent of 10-
100 parts per million (ppm). The reason for this limitation could be attributed to increased
bacterial activity within the higher concentration range. As a result, the likelihood of attaining
a sulfur level as low as 10 ppm through biodesulfurization may not be very high. Additionally,
another characteristic of the biological system is the occurrence of competitive reactions caused
by other bacteria (Kulkarni & Afonso, 2010). The effectiveness of the BDS method was found
to be hindered by several challenges, including the scarcity of enzymes that can remove sulfur
atoms from heterocyclic compounds present in liquid fuel without causing a loss of carbon.
(Madeira et al., 2008; Soleimani et al., 2007). In addition, the BDS exhibited slow reaction
rates during the desulfurization of thiophene molecules; this was due to the poor miscibility of
bioactive species in organic solvents and the detrimental effect of organic solvents on the
growth of many bio-organisms. Another limiting factor in the BDS process is the transport rate
of the sulfur compounds from the oil phase to the bacterial cell membrane. Efficient separation
of desulfurized oil fraction, recovery of the biocatalyst, and its return to the bioreactor are also

important issues that need attention (Mohebali & Ball, 2008).
2.3.3 Ocxidative Desulfurization

The oxidative desulfurization method is used to generate diesel fuel with extremely low levels
of sulfur by converting sulfur compounds, such as benzothiophene and dibenzothiophene, into
sulphoxides and sulphones. This is in contrast to hydrodesulfurization, where sulfur
compounds are reduced, and hydrogen sulphide is formed. The process involves two main

steps: the oxidation of sulfur compounds in diesel fuel to form sulphoxides and sulphones and
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the subsequent extraction or adsorption of the generated sulphones due to their high polarity
(Palai¢ et al., 2015). Different classifications apply to the ODS system, such as a two-phase
liquid system that utilizes water-soluble oxidants (Capel-Sanchez ef al., 2010), a one-phase
liquid system that utilizes oil-soluble oxidants (Kargar et al., 2021), and a gas-liquid system

that utilizes gas-phase oxidants (Bai et al., 2021).

The ODS reactions are generally heterogeneous reactions, i.e., two or more phases in the
mixture that are immiscible with each other. The non-polar phase solution, formed by
dissolving model sulfur compounds in a non-polar solvent such as hexane, heptane, or toluene,
has been referred to as denotations such as model fuel, model diesel, model liquid fuel, or
model sulfur solution. The polar phase consists of an oxidant and a catalyst (Scheme 2). In the
ODS process, sulfur-containing compounds are oxidized using selective oxidants such as nitric
acid (Giirti, 2007; Tam et al., 1990), nitrogen oxides (Pouladi et al, 2019), organic
hydroperoxides (Wang et al., 2003; Zhang et al., 2018), peroxy acids, hydrogen peroxide (Li
et al., 2018; Yang et al., 2017) and ozone (Ma et al., 2015) in the presence of a catalyst to
produce sulfone compounds that can be preferentially extracted due to their increased relative
polarity. For oxidation to occur, the oxidant needs to be in contact with fuel oils under optimum
conditions, and the oxidant donates oxygen atoms to the sulfur in benzothiophenes,

dibenzothiophenes, and its derivatives to form sulfoxides or sulfones.

Dibenzothiophene
Non-polar phase
Interface
Fast step Polar phase
Y
S Oxidant Q‘S/,O
‘ Catalyst
Dibenzothiophene Slow step

Dibenzothiophene sulphone
Scheme 2: The mechanistic route for oxidative desulfurization

The reactivity of model sulfur compounds has been assessed in numerous studies, and
researchers have identified the ideal conditions for maximizing desulfurization. These
conditions include determining the appropriate oxidant/sulfur ratio, temperature, catalyst

quantity, volume ratio of the organic phase to the aqueous phase, and time required for optimal
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desulfurization. Subsequently, these optimized conditions have been implemented on actual

fuel samples to achieve effective desulfurization.

The technology shows great promise for removing sulfur at relatively low temperatures,
typically ranging from 20 to 60 °C, and under atmospheric pressure. The significant aspect of
this method is its selective oxidation approach, which enhances the polarity of sulfur
compounds, followed by their targeted extraction. This selective extraction process holds
significant importance in effectively removing sulfur compounds (Srivastava, 2012). When
selecting an oxidant, catalyst, and operating conditions for the ODS process, reaction
selectivity, safety in the handling of sulfone compounds' waste, and cost are crucial
considerations (Ali et al., 2006; Srivastava, 2012). Hence this work uses oxidative

desulfurization with a SnO>-MoOj catalyst and oxidant for sulfur removal.
24 Oxidants

An oxidizing agent or oxidant is a substance that can oxidize other substances or accept their
electrons; it can be solid, liquid, or gas. For example, oxidants can convert organic sulfur
compounds (OSCs) to much more polar oxidized species. Figure 2 shows examples of oxidants
that are used in the reaction. Oxidants can be solid like sodium bromate (Shaabani et al., 2009),
oxone (KHSOS) (Xu et al., 2017), potassium permanganate (Gokel et al., 1980), superoxide
(Chan et al., 2008), potassium dichromate (Pandey & Srivastava, 2018), sodium hypochlorite
(Subhan et al., 2019), and sodium chlorite (Hao et al., 2017); these oxidants are said to be
cheaper, more stable and less corrosive. Other oxidizers such as t-butyl hydroperoxide
(Mokhtar et al., 2015), cyclohexanone peroxide (Wei et al., 2017) and cumene hydroperoxide
(Safa et al., 2019) can all dissolve in the organic phase and directly oxidise sulfur compounds.
Hydrogen peroxide is highly reactive, nonpolluting, and the best results are achieved in
conjunction with heterogeneous catalysts (Li ef al., 2018; Yu et al., 2018). Furthermore,
oxygen (Lii et al., 2010; Zhang et al., 2019), nitrogen dioxide (Tam et al.,, 1990) and ozone
(Ma et al., 2015) are gaseous oxidants. Generally, gases tend to exhibit greater solubility in

non-polar solvents compared to water.
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Figure 2: Types of oxidants for oxidative desulfurization

To select the optimum oxidant for research purposes, oxidants must have the following
considerations: Active oxygen content, selective ability in its application, a by-product of the
reaction, and price. Table 1 indicates that hydrogen peroxide (H20:) gives the highest
percentage of active oxygen. The proportion of active oxygen is determined by dividing the
weight of oxygen that may be transferred to a suitable substrate by the molecular weight of the

oxidant (Strukul, 1992). This work uses H,O, as an oxidant.

Table 1: Single oxygen atoms donor

Donor Active oxygen (wt%) By —product
H>O» 47.0 H>O

O3 333 0))

N20 36.4 N>
NaClO» 35.4 NaCl
NaClO 21.6 NacCl
NaBrO 13.4 NaBr
HNO3 254 NOx
t-BuOOH 17.8 t-BuOH
KHSOs 10.5 KHSOq4
NalOg4 7.2 NalO3
PhIO 7.3 PhI
CsH11NO» 17.3 CsHi;1NO

Brégeault (2003) and Strukul (1992)
2.5 Surfactant
Surfactants are amphiphilic compounds with a propensity for surface and interface adsorption.

They contain a dual chemical structure: a lyophilic, hydrophilic part (polar group) and a
lyophobic, hydrophobic part, often a hydrocarbon chain (Fig. 3A). Lyophilic and lyophobic
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classification depend on dispersing medium, a polar group can be lyophilic or lyophobic
(Shchukin ef al., 2001). The hydrophobic component of a surfactant can solubilize organic
species, whilst the hydrophilic component interacts with charged inorganic precursors to guide

the development of the inorganic framework (Pal & Bhaumik, 2013).

Air
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Figure 3: Surfactant molecule and its behaviour in aqueous media (Pal & Bhaumik,
2013)

Surfactants are responsible for concentrating at interfaces, and they do so to decrease the phase
boundary's free energy. A surfactant's hydrophobicity and hydrophilicity properties made it
behave differently in non-polar and polar solvents. In aqueous media, the hydrophilic part of
the molecule interacts with water, while the hydrophobic part stays away from the water
molecules (Fig. 3B) (Pal & Bhaumik, 2013). Molecules can form aggregates in which the
hydrophobic portions are oriented within the cluster, and the hydrophilic portions are exposed
to the solvent (Svensson et al., 1998); such aggregates are called micelles Fig. 3C as reported

by Evans (1988) and Pal (2013).

The surfactant concentration above which micelles form is the critical micelle concentration
(CMC) and is an essential property of all surfactants (Perinelli et al., 2020). Surfactants
generate micelle in oil or aqueous-based solutions to reduce the system's energy. When oil is
the dispersing medium,surfactants form reverse micelles. The CMC of a surfactant is
determined by the surfactant's chemical structure. According to a study by Shi ef al. (2019),
the longer carbon chains surfactants join with less binding energy, resulting in a more stable
system and hence low CMC. Surfactant structure and nature significantly impact the final
mesostructured pore sizes and surface areas of materials (Yang et al., 2009). According to the
nature of the polar group, surfactants can be classified into nonionic and ionic; anionic,

cationic, amphoteric or zwitterionic (Pletnev, 2001; Shi et al., 2019) as shown in Fig. 4.
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2.5.1 Cationic Surfactants

Cationic surfactants have a positive charge on their hydrophilic end. The positive charge makes
them useful in anti-static products, like fabric softeners. Cationic surfactants can also serve as
antimicrobial agents, often used in disinfectants. Cationic surfactants cannot be used with
anionic surfactants. If positively charged cationic surfactants are mixed with negatively
charged anionic surfactants, they will fall out of the solution and no longer be effective.
Cationic and nonionic surfactants, however, are compatible. The C;H2n+1N(CH3)3Br (n = 8-
22) is a quaternary cationic surfactant that is generally effective in creating ordered mesoporous
materials. The CTAB (cetyltrimethylammonium bromide), a commercially accessible
compound, is frequently utilized. Gemini surfactants, bolaform surfactants, multi-head group
surfactants, and recently discovered cationic fluorinated surfactants could be used as templates
to build diverse mesostructures. Cationic surfactants have high CMT values and great
solubility, making them suitable for usage in both acidic and basic conditions. However, they
are both hazardous and costly. The rational management of organic-inorganic interactions and

cooperative assembly of silicate species and surfactants impact the resultant mesostructures.
2.5.2 Anionic Surfactants

Anionic surfactants possess a negatively charged hydrophilic end, which aids in the process of

lifting and dispersing soils by forming micelles. Due to their ability to effectively target a wide
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range of sols, anionic surfactants are commonly utilized in the production of soaps and
detergents. Mixing anionic surfactants results in the formation of significant amounts of foam.
While anionic surfactants excel in lifting and suspending particulate soils, their capacity to
emulsify oily sols is comparatively less efficient. Examples of anionic surfactants include

sulfates, sulfonates, and gluconates.
2.5.3 Amphoteric Surfactants

Positive and negative charges exist on the hydrophilic end of amphoteric surfactants. Dual
charges nullify each other, resulting in a zero net charge, a property known as zwitterionic. The
pH of a solution will determine the reaction of amphoteric surfactants. Amphoteric surfactants
become positively charged in acidic conditions and behave similarly to cationic surfactants.
Like anionic surfactants, they acquire a negative charge in alkaline liquids. Amphoteric
surfactants are often used in personal care products such as shampoos and cosmetics. Some

frequently used amphoteric surfactants are dodecyl betaines, lauryl betaines and amino oxides.
2.5.4 Nonionic Surfactant

Nonionic surfactants are available in a wide variety of different chemical structures. They are
widely used in industry for their attractive characteristics, like low cost, nontoxicity,
aggregation properties and biodegradability (Zhao & Wan, 2007). Nonionic surfactants have
rich phase behaviours, and high CMT values compared to ionic surfactants and are becoming
increasingly popular and powerful in synthesizing mesoporous solids (Rapp, 2017). The
templating agents are crucial to creating mesoporous materials because they impart pore-
directing features. In the case of mesoporous oxides, the templating relies on supramolecular
arrays: micellar systems formed by surfactants or block copolymers, which consist of
hydrophilic poly(ethylene oxide) (PEO) and hydrophobic poly(propylene oxide) (PPO),
arranged in an A-B-A triblock structure, thus giving PEO-PPO-PEO (Batrakova & Kabanov,
2008; Poyraz & Dag, 2009; Zhao & Wan, 2007). The study by Chuenchom et al. (2012) and
Yang et al. (1999) utilized amphiphilic poly (alkylene oxide) block copolymers as structure-
directing agents to organize the network-forming mesoporous metal oxide species (Ruel-
Gariépy & Leroux, 2004). All the Pluronic copolymers are shown in Fig. 5; they exist as
liquids, pastes, and solids at ambient conditions. The name of the pluronic copolymer starts
with a capital letter to define its physical form at ambient conditions; (L = liquid, P = paste, F
= flake) with the following 2 ~ 3-digit numbers. The first 1 or 2 numbers indicate the molecular
weight of the poly (propylene oxide) block, and the last number indicates the weight fraction

of the poly (ethylene oxide) block (Pitto-Barry & Barry, 2014).
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Figure 5: Molecular structure of a Pluronic® triblock copolymer (left) and the
Pluronic® grid (right) copied from (Pitto-Barry & Barry, 2014); colour
code: physical state of copolymers under ambient conditions: green =
liquid; red= paste; orange =flake)

Due to their amphiphilic qualities (existence of both hydrophobic and hydrophilic

components), pluronic have surfactant properties that enable them to interact with hydrophobic

surfaces and biological membranes (Batrakova & Kabanov, 2008). Furthermore, individual
block copolymers, also known as unimers, can combine and form micelles in aqueous
solutions. When the concentration of the block copolymers falls below the critical micelle
concentration (CMC), the unimers persist in water as molecular solutions. However, once the

concentration of the block copolymer exceeds the CMC, the unimers will self-assemble and

form micelles, which can have spherical, rod-shaped, or lamellar geometries (Fig. 6).
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--.

Lamellar type
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Inverse micelle
Figure 6: Different types of surfactant micelle structures (Pal & Bhaumik, 2013)
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Their shapes are determined by the block copolymers' length, concentration, and temperature
(Vinogradov et al., 2002). Micelles typically consist of a hydrophobic core, the PO chains in
this instance, and a hydrophilic shell, the EO chains. This work uses F108, a flake PEO-PPO-
PEO block copolymer with molecular weight PO chain 3250 and PEO chain 80%.

2.6 Surfactant Removal

The elimination of surfactants is a crucial step in creating mesoporous materials. Calcination
and solvent extraction is the most common method for removing surfactants (Li ef al., 2010;
Ren et al., 2012). In this work, surfactant was removed from the produced mesoporous

materials through washing and calcination.
2.7 Nanomaterials

Nanotechnology is a recent field of study that focuses on the synthesis, characterisation,
modification, and use of nanomaterials for their wide range of applications in industries
including pharmaceutics, food, cosmetics, textiles, medicine, optics, electronics, energy
science, and electrochemical (Frewer et al., 2014; Hussein, 2016). Nanotechnology studies the
relationship between physical qualities or phenomena and material dimensions and the design,
manufacturing, and application of nanostructures or nanomaterials (Rao et al., 2006). Materials
with one dimension and a size range of 1-100 nm are known as nanomaterials. Compared to
their bulk materials, these materials may exhibit entirely new or improved electrical, optical,
magnetic, catalytic, and antibacterial capabilities due to their exceptionally high surface area-
to-volume ratio, extremely small size, and high packing densities (Charinpanitkul et al., 2008;
Granmayeh et al., 2011; Jeevanandam et al., 2018; Purkayastha & Manhar, 2016; Rosi &
Mirkin, 2005). Nanostructural materials are composed of two primary components: grain,
which includes nano crystallite, nanocluster assemblages, nano amorphous grains, and a matrix
as an interface component formed by many interfaces and surfaces. Because the properties of
nanomaterials are largely dictated by their size, shape, phase and chemical composition, the
synthesis of metastable nanocrystals with controlled form and size has long been an interesting
problem (Tjong, 2013). The materials possessing porous morphology with porous features
comparable to 100 nm are termed nanoporous materials (Ameen, 2019; Mishra, 2019). The
porosity and surface area of nanoporous materials and the arrangement of atoms within the
crystal determine their properties. These materials can interact with their surroundings more
successfully because they have many voids with adjustable dimensions at atomic, molecular,
or nanometer sizes (Polarz & Smarsly, 2019). Nanoporous materials are classified into three

groups by the International Union of Pure and Applied Chemistry (IUPAC); microporous (pore
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size < 2 nm), mesoporous ( pore size 2—50 nm) and macroporous ( pore size >50 nm) (Wu et
al., 2020). Because of desirable characteristics such as high surface area, large pore volume,
chemically stable, biocompatibility, low toxicity, tunable mesoporous materials with well-
defined pore-size distribution, controllable wall composition, and modifiable surface
properties, they have been extensively researched for use as catalysts, catalyst supports, and

adsorbents in technical applications (Zhao et al., 2012).
2.8 Catalyst

A catalyst is a substance that, throughout its lifespan, participates in a series of simple processes
that transform reactants into products or a substance at a minimal amount that alters the reaction
rate but keeps it unaltered at the end. After each cycle, the catalyst is restored to its initial state.
Typically, a catalyst changes the rate of a reaction by promoting a different chemical pathway
("mechanism") (Fogler, 2020). However, Wolkenstein (2012) states that ideally, a catalyst
should be regenerated at the end of the reaction, but in practice, it progressively degrades
throughout the operation and eventually fails after a prolonged time of operation. A catalyst
accelerates the reaction rate; it does not affect thermodynamics (Kralik, 2014). Positive
catalysis refers to the initiation of a reaction by a catalyst when the reaction velocity is
accelerated. Autocatalysis is the process that occurs when the reaction itself generates
compounds that accelerate the reaction. Negative catalysis (or retardation) is the opposite of
positive catalysis. Poison falls within the category of negative catalysis. Catalytic poisons are
chemicals that inhibit solid catalyst action. The catalyst activity depends upon the nature and
complexity of the reactions involved. These activities in catalysis are conversion and
selectivity. A fractional increase in reaction rate is called the activity of the catalyst, while the
ability of a catalyst to control the direction of a reaction is known as its selectivity. The activity
of a catalyst always increases with temperature; the activity and selectivity of a catalyst can be
controlled by introducing minute quantities of impurity. Apart from activity, selectivity and
stability, the catalyst should be regenerated, reproducible, mechanically and thermally stable,
original, cost-effective, and have the right morphological features (Wang & Astruc, 2014). The

catalyst is classified as either homogeneous or heterogeneous.
2.9 Homogeneous Catalysts

Homogeneous catalysts have the advantage that they are well-defined on a molecular level and
readily soluble in the reaction medium. Such single-site catalysts are highly accessible to the

substrates and often show high catalytic activity and selectivity, even under mild conditions.
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However, removing them from the reaction mixture to avoid product contamination requires

expensive and tedious purification steps (Shylesh et al., 2010).
2.9.1 Heterogeneous Catalysts

The ability to produce valuable chemicals and fuels from raw materials efficiently, cost-
effectively, and environmentally friendly made heterogeneous catalysis crucial to the global
economy. They have a wide range of commercial uses in the pharmaceutical, food, chemical,
petrochemical and automotive industries (Dumesic, 2008). Heterogeneous catalysis is also
finding new applications in cutting-edge sectors, including fuel cells (Ghouri et al., 2015;
Huang et al., 2012; Qin et al., 2019), green chemistry (Ghashang et al., 2016; Hosseini et al.,
2016; Yadav & Pujari, 1999), nanotechnology (Kazemi et al., 2018; Kirkham et al., 2007) and
biorefining (Leal et al., 2019; Wilson & Lee, 2016).

Heterogeneous catalysts are materials in different phases than the reactant because of their ease
of separation from the reaction medium, hence outperforming homogeneous catalysts, and in
the most extreme conditions, the stability of heterogeneous catalysts is remarkable. In
heterogeneous, catalyst surface area is a critical parameter because; a catalyst works in three
ways, it adsorbs the reactants and cleaves the required bonds, then it holds the reactants in
proximity so that they can react, and finally, the surface lets the products desorb back into the
surrounding phase (Nilsson, 2011). In ODS processes, heterogeneous catalysis is favourable
because it reduces active species leaching and allows the catalyst to be recovered and reused

for subsequent reactions (Liu et al., 2019) .

This work uses tin—-molybdenum mixed metal oxide catalyst, a heterogenous catalyst in sulfur

removal reaction. Table 2 shows a comparison between the homogenous and heterogenous

catalysts.

Table 2: Difference between homogenous and heterogeneous catalyst
Homogenous catalyst Heterogenous catalyst
Low thermal stability Thermally stable
Difficulty in identifying the structure Well defined structure
Diffusion limits are practically absent Diffusion controlled
Difficult to separate Simple separation and reusability
Limited process applicability Diverse process applicability

Use of toxic and expensive reagents
Generation of large amounts of wastes
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2.9.2 Stages in a Heterogenous Catalytic Reaction

The reactants and products can go through several processes over the catalyst in a catalytic
reaction which includes: (a) Reactants diffusion through a boundary layer enclosing a catalyst
particle, (b) Reactants diffusion into catalyst pores and the active sites via intraparticle
diffusion, (c) Adsorption of the reactants onto active sites, (d) Surface diffusion processes, (e)
Product desorption from catalyst sites, (f) Product intraparticle diffusion through the catalyst
pores, and (g) Diffusion of the products from the boundary layer surrounding the catalyst
particle to allow recycling to stepl (Dizaji ef al., 2019; Dumesic, 2008; Fan et al., 2015). This
work carried out the following processes: initial physical adsorption, surface diffusion of the
adsorbed species, chemisorption processes (bond breaking), a chemical reaction between the

adsorbed species, and product desorption.
2.9.3 Surface Acidity

The surface acidity of a catalyst is an important feature that frequently dictates surface
chemistry (Weiss & Ranke, 2002). Numerous techniques for measuring its presence and
concentration have been developed. Spectroscopic examination of adsorbed probe molecules
is the most prevalent technique (Gross et al., 2010; Lavalley, 1996). This strategy may be the
most practical for conducting experiments. With today's vastly better spectroscopic tools, it is
possible to determine surface acid sites' existence rapidly. The second method is determining
the isoelectric point, and the third is titration using indicators. This work uses the titration
method to calculate the acidity properties of the prepared catalysts, as reported by Noh and
Schwarz (1990) and Gong et al. (2017).

2.10 Metal Oxides

A metal oxide is a chemical species composed of repeated metal-oxygen bonds. Metal oxides
are significant and widely used solid catalysts, active phases or supports (Kung, 1989). Metal
oxides are used in heterogeneous catalysis for acid-base and redox properties (Kung, 1989).
According to the position of the metal in the periodic table, they are classed as either metal
oxides from the main group or transitional metal oxides. The number of distinct metals present
determines classification. Transition and noble group metal catalysts are commonly utilized,
and their activity is due to their outer electron configuration. Isotropic, anisotropic, amorphous,
and local coordination are single metal oxide crystallization (Fahlman, 2007). All-metal oxides
crystallize at ambient temperature, but many phases may remain amorphous at low calcination

temperatures (Lermusiaux et al.,, 2022). The majority of one-component metal oxides
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crystallize with anisotropic morphology, and the surface may terminate with M—OH, M—O-M,
M=0 or M-() functionalities where M-() represents an oxygen vacancy (Jolivet et al., 2010).
Transition metals are the most popular metal oxide catalysts because of their inexpensive cost
of manufacture, ease of regeneration, and selective activity. They're utilized in oxidation,
reduction, dehydration, dehydrogenation, and isomerization, among other organic reactions.
The partially filled d-shells of the metal ions and the influence of the oxide ligand field on this
partially filled d-shell are responsible for their catalytic activity (Gawande et al., 2012).

2.9.1 Molybdenum Oxide

Molybdenum is a transition metal oxide with an electronic configuration of [Kr]4d>5s!; all six
valency electrons are available for forming chemical bonds. It belongs to group VI of the
periodic table. About nine molybdenum oxides have been reported, but the monoclinic dioxide
MoO:> and orthorhombic trioxide MoO3 are the most common and stable (Green, 1994). The
others, with formulae between MoO; and MoQO3, are metastable mixed valency oxides with
intense colour and metallic lustre formed from one or both stable oxides. Molybdenum trioxide
(Mo003), an n-type semiconductor with a 2.8-3.6 eV bandgap, is one of the most interesting
transition metal oxides. This is a vital material with broad applications in many fields, such as
electronics, catalysis, sensors, energy-storage units, field emission devices, lubricants,
superconductors, thermal materials, biosystems, chromogenic and electrochromic systems
(Inmanee et al., 2017; Jin et al., 2012; Jittiarporn et al., 2015; Reddy et al., 2019). They are
found in various stoichiometries, ranging from full stoichiometric MoO3, which features a wide
bandgap (>2.7 eV), to more conducting reduced oxides in the form of MoO3— (2 < x < 3) and
eventually semi-metallic MoO; with a significantly reduced bandgap. Inducing oxygen defects,
Mo®" ions can be reduced to Mo>" and, finally, Mo*" (MoO,). These variations in the oxidation
states allow the handling of the crystal structure, morphology, oxygen vacancies, and dopants

to control and engineer electronic states (Castro et al., 2017; Thangasamy et al., 2017).

The oxide MoOs has three common crystal structures; the well-known thermodynamically
stable orthorhombic MoOs;. Figure 7 is a highly anisotropic layered structure along the
direction formed by stacking bilayer sheets of MoOg octahedral with van der Waals forces, all

the MoO3; components share edges and corners (Hu et al., 2015).
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Figure 7: Crystal unit cell for a-MoQO3 (Wang et al., 2020)

The metastable monoclinic MoOs3 (B-MoQ3) has the MoOg octahedral unit with shared corners

resulting in a distorted cube (Fig. 8).

Figure 8: Crystal unit cell for B-MoO3 (Wang et al., 2020)

Lastly, the metastable hexagonal MoO3 (h-MoOs3) (Fig. 9) is also constructed of zigzag chains
of MoOs octahedra connected at cis-positions, one-dimensional tunnels in [001] direction
(Zhou et al., 2015).

Figure 9: Crystal unit cell for h-MoO3 (Zhou et al., 2015)
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Metastable structures often provide new and improved properties relative to
thermodynamically stable structures (Castro et al., 2017; Thangasamy et al., 2017). The oxides
have been formed into various structures, including nanorods, quantum dots, nanobelts, two-
dimensional sheets, nanopores, and other nano morphologies. Various methods to fabricate
MoOs include hydrothermal (Chen et al., 2010; Zheng et al., 2009; Zhou et al., 2015),
ultrasonic-assisted chemical method (Hu et al., 2015), sol-gel (Bharate, 2021), atomic layer
deposition (Dai et al., 2018), spray pyrolysis (Afify et al., 2017), chemical vapour deposition
(Chen et al., 2015; Wang et al., 2016), precipitation (Pradeesh et al., 2018; Wang & Ueda,
2009), and thermal evaporation (Siciliano et al., 2009).

2.9.2 Tin Oxide

Tin has an electronic configuration of [Kr] 4d'°5s?5p? and belongs to Group 14 of the periodic
table. Its principal valence state is Sn (IV) and Sn (II). Tin has 10 stable isotopes, the largest

number for any element, and results in very characteristic mass spectra.

The SnO; crystallizes as the tetragonal rutile structure with a point group D5 and space group
P4,/mnm and lattice constants a=b =4.7374 and ¢ = 3.1864 is regarded as an oxygen-deficient
n-type semiconductor in the field of materials science (Diéguez et al., 2001). Figure 10 shows
a unit cell which consists of four three-fold coordinated oxygen atoms and two six-fold
coordinated tin atoms (Jarzebski & Marton, 1976). The ionic radii for O»> and Sn*" are 1.40
and 0.71 A, respectively (Jarzebski & Marton, 1976). Tin oxides (SnOx) are generally available
in two oxidation states, divalent and tetravalent and are termed p-type and n-type
semiconductors, respectively (Liu et al., 2010; Xu et al., 2013). The Sn*" valence is missing
due to Sn's inert pair effect (Baidya et al., 2009). Furthermore, the divalent oxide is stable in
maintaining structure and electronic properties because of the high density of delocalized 5s*

and 5p? states in the valence and conduction bands, respectively (Granato et al., 2013).

Figure 10:  Unit cell for the SnO: crystal structure. Red balls indicate oxygen atoms,
and the grey balls indicate tin atoms (Jarzebski & Marton, 1976)
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The SnO; is a promising candidate for potential use because of its wide energy gap (3.6 to 3.8
eV), high carrier density, strong thermal stability (up to 500°C), high degree of transparency
in the visible spectrum, and strong chemical and physical interactions with the adsorbed species
(Das & Jayaraman, 2014). Since the presence of dopants or impurities can alter its n-type
carrier capacity, it is a valuable semiconductor material for tailoring in a variety of applications
at the nanometer scale, as opposed to bulk materials, to name a few; solid-state sensors (Li et
al., 2002; Shehzad et al., 2018), transparent conductor (Agashe et al., 2009), the catalyst for
organic reactions (Manjunathan et al., 2018), biomedicine (Sagadevan et al., 2021). The
properties of SnO> nanomaterials are largely determined by their composition and
microstructures porosity, presence of defects, and particle size, which are controlled by the

preparation method (Dammala et al., 2019; Li et al., 2020; Xu et al., 2014).

There are different methods to synthesize tin dioxide nanomaterials, such as solid-state reaction
(Li et al., 2002), co-precipitation (Sangeetha et al., 2011; Tazikeh et al., 2014), hydrothermal
(Haneda et al., 2016), template free/assisted (Manjunathan et al., 2018), carbothermal
reduction (Shehzad et al., 2018) and sol-gel method (Al-Saadi ef al., 2019; Priya et al., 2016).

211 Mixed Metal Oxides Nanomaterials

Mixed metal oxides are oxygen-containing combinations of two or more different types of
metal cations in proportions that may vary or be defined by strict stoichiometry. Oxides can be
binary, ternary, or quaternary, depending on the number of distinct metal cations present. They
are further classified according to their crystallinity or amorphousness. If the oxides are
crystalline, their crystal structure can determine their composition. Combining two metals in
an oxide matrix can result in materials having novel physical and chemical properties, resulting
in improved stability or alteration of the chemical properties of the component oxides
(Romanelli et al., 2004). Frequently, mixed oxides have a surface acid strength that is
significantly greater than the acid strength of the constituent oxides (Tanabe ef al., 1976). By
incorporating a minor oxide component, the thermal stability of the main oxide component can
be improved, allowing it to operate at greater operating temperatures. The main properties of
the mixed oxides which are involved in the catalytic process are as follows: redox properties,
Lewis acidity, Bronsted acidity, basic properties, surface coordination (unsaturated
coordination of transition elements), surface topology: types of neighbours near the transition
element, lattice oxygen mobility, and presence of defects which can activate molecular oxygen
(Trifiro, 1998). These metals can function independently and impart intrinsic properties to the

system or be modified through metal-metal or metal-oxygen-metal interactions leading to
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substantial changes in the electronic and chemical properties of the cations (Rodriguez, 2003).
Doping and mixing metal oxides with organic and inorganic materials to modify their
structural, physical, and chemical properties have been the subject of numerous investigations.
For example, ODS was successfully performed using W-doped TS-1 zeolite, which had better
Lewis acid active sites and a high surface area (Lv ef al., 2019). For the selective oxidation of
hydrogen sulfide to sulfur, iron-antimony and iron-tin mixed-metal oxide catalysts were
studied; the mixed metal oxides exhibit significantly better catalytic activity than individual
oxides (Li et al., 1997). Tin-based sensors mixed with vanadium and magnesium oxides
perform better than individual sensors for SO» gas detection, according to Lee ef al. (2011).
Fe-doped y-AlbO3 performed better in ODS due to oxygen vacancies and Lewis acid sites
(Zhao et al., 2018). A synergistic effect between Na (or Ce) and Mo was reported by Tu et al.
(2019) that improves the activity and stability of catalysts for ODS. According to Li ef al.
(2011), the presence of oxygen vacancies allowed tin-copper mixed metal oxide nanowire

sensors to be more sensitive than pure tin and copper oxide nanowire sensors.
2.12  Mixed Metal Oxides Preparation Method

In general, multi-component oxides are prepared using various methods. The ideal method
produces a solid with a reasonable surface area, the desired stoichiometry, the desired number
of phases, and, most importantly, the desired spatial distribution of these phases. The latter is
critical in catalytic reactions where molecule diffusion is required for selectivity. There is no
universally preferred preparation method for all oxides (Harold, 1989). The preparation method
enormously affects the catalyst activity for any reaction/conversion. Qiu et al. (2015) prepared
mesoporous H3PMo12040/Si0; by precipitation method, which affects pore structure with a
high surface area that controls catalytic activity on ODS. The catalytic performance of
mesoporous phosphotungstic acid/Si0> (HPW/SiO) synthesized by amino-functionalized
(AF) and evaporation-induced self-assembly (EISA) methods for deep oxidative
desulfurization of diesel was investigated. The results show that the EISA method had higher
catalytic activities than AF due to the high BET surface area and Keggin structure maintenance
of HPW molecules (Lei et al., 2013). Our work uses the sol-gel method to prepare the materials
over another method, such as the precipitation or incipient wetness impregnation method,
because the sol-gel method is well suited for synthesizing highly crystalline metal oxide
materials with small particle size, increased surface area, and tunable acidic properties (Abdul-

Kadhim et al., 2017).
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2.11.1 Precipitation Method

This method is widely preferred due to its simplicity and cost-effectiveness. Generally,
precipitation involves adding a specific solution to a desired pH level to precipitate substances
from a solution. This process results in the formation of either lyophobic crystalline precipitates
or lyophilic precipitates in the form of amorphous or weakly crystalline gels. Nucleation, the
formation of solid seed crystals in the original solution, can occur through either homogeneous
or heterogeneous mechanisms. In the case of homogeneous nucleation, the formation of seed
crystals takes place within a pure solution as a result of interactions between ions or molecules.
These interactions initiate an irreversible process of crystallization, leading to the formation of
agglomerates under conditions of supersaturation. This process continues until the solution
reaches a state of simple saturation. On the other hand, heterogeneous nucleation, which is
more commonly observed, involves the formation of seed crystals through contact with any
solid surface capable of reducing the energy barrier for their formation. This solid surface can
be an impurity, the walls of the equipment, or intentionally added seed crystals. The growth of
these seed crystals occurs at the solid-solution interface, and the rate of growth depends on the
degree of supersaturation. The size of the resulting crystals is determined by the ratio of the
nucleation rate to the crystal growth rate. The greater this ratio is, the smaller the crystallites
will be and vice versa (Hutchings, 2004). Examples of mixed oxides synthesized by this
method are the work by Tang et al. (2006), who prepared MnOx-CeO; mixed oxide for
oxidation of formaldehyde, as well as Shan ef al. (2011), who synthesized novel Ce-W mixed
metal oxide for catalytic reduction of NOx with NH3. The disadvantage of this method is that
you need to control the factors that affect the catalyst properties, such as pH; as distinct cations
precipitate at various pHs, it is crucial to choose a pH where the chosen base precipitates both
cations. The anions found in metal salt solutions have the potential to poison catalysts. For
example, chlorine works as a reversible poison for Cu catalysts. In the context of precipitation,
various factors play a crucial role, including the choice of precipitating agent, solvent, sequence
of mixing, temperature, additives, duration of aging, and composition of the solution.

(Hutchings, 2004).
2.11.2 Sol-Gel Method

The sol-gel process can be defined as a preparation of sol, gelation of sol and removal of
solvent. The sol can be produced from inorganic or organic precursors (nitrates or alkoxide)

and may consist of dense oxide particles or polymeric clusters (Brinker, 2013). There are two

27



types of sol-gel chemistry, i.e., aqueous sol-gel chemistry (hydrolytic) and non-aqueous sol-

gel chemistry (non-hydrolytic).

The aqueous sol-gel process changes a precursor solution into an inorganic solid through
inorganic polymerization reactions induced by water. Generally, the starting compound is
either an inorganic metal salt such as nitrate, chloride, sulfate or a metal-organic compound
such as an alkoxide. Metal alkoxides are the most widely used precursors because they react

readily with water and are known for many metals.

Overall, the sol-gel process involves the subsequent stages shown in Fig. 11 as reported by
Niederberger (2009): (a) the formation of homogeneous solution from inorganic salts dissolved
in water or metal-organic precursors in an organic solvent which is miscible with water, (b)

sol formation, (c) aging, (d) shaping, and (e) thermal treatment/sintering.
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Figure 11:  Various steps in the sol-gel process to control the final morphology of the
product (Niederberger, 2009; Zha & Roggendorf, 1991)

Hydrolysis and condensation reactions are the first steps in a sol-gel reaction whereby an
inorganic polymer is formed. Hydrolysis leads to a dispersion of colloidal particles in a liquid,
and condensation results in an interconnected, rigid, and porous inorganic network enclosing a
continuous liquid phase. This transformation is called the sol-gel transition. The gels can be
dried using hypercritical conditions to form aerogels and ambient conditions to form a xerogel.
The ability to shape the material into any desired form, such as monoliths, films, fibers, and
monosized powders, and then to turn it into a ceramic material by heat treatment, is one of the

very desirable aspects of the sol-gel method (Zha & Roggendorf, 1991). The higher reactivity
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with the metal oxide precursors for water and the dual function of water as ligand and solvent

makes the aqueous sol-gel chemistry complex.

The conventional sol-gel routes to metal oxides frequently present material stoichiometry and
homogeneity control challenges. Homogeneity is determined by the ratio of homocondensation
(i.e., the formation of M-O-M and M-O-M") to hetero-condensation, which is particularly
difficult to control under hydrolytic conditions due to the different reactivities of the various
precursors toward hydrolysis and condensation (Cristoni et al., 2001). Moreover, due to the
numerous reaction parameters that must be strictly controlled (hydrolysis and condensation
rate of the metal oxide precursors, pH, temperature, method of mixing, rate of oxidation, nature
and concentration of anions), the hydrolytic sol-gel chemistry becomes complicated (Livage et
al., 1988). Another fundamental problem of aqueous sol-gel chemistry is that the as-
synthesized precipitates are generally amorphous. The required post-synthetic annealing step

to induce the crystallization process prevents any subtle control over crystal size and shape.

In nonaqueous sol-gel chemistry (non-hydrolytic), the precursor is dissolved into an organic
solvent without water. The list of precursors includes metal acetates and metal
acetylacetonates, in addition to inorganic metal salts and alkoxides. Inorganic precursors are
used as the starting material. An alcoholic solvent is used instead of water because of its lower
surface tension, so the gel structure could be retained from collapsing during drying (Kung,
1989). One advantage of using inorganic salts as precursors is that the rates associated with
precursor hydrolysis, condensation of metal species, and precipitation of mesostructured oxides
can be controlled (Vioux, 1997; Yang ef al., 1999). These nonhydrolytic routes involve the
cleavage of the carbon-oxygen bond rather than the metal-oxygen bond and generally tend to

retard the crystallization of metal oxides (Vioux, 2016).

Furthermore, the nonhydrolytic process favours the formation of homogeneous binary oxides
from various metal precursors due to the reduced differences in hydrolysis and condensation
rates for various inorganic sources in nonaqueous media. These nonhydrolytic conditions were
critical in mesoporous mixed oxide synthesis (Yang et al., 1999). Amphiphilic surfactant
molecules can form regular micelle in polar solvent or inverse micelles in non-polar (Malliaris
etal., 1985; Zhu et al., 1992). Generally, the sol-gel-based inverse micelle method includes the

solution, the sol-gel transition, and the post-synthesis step as shown in Fig. 12.

The inorganic precursor solution is created during the solution stage. Different features of
mesoporous materials can be tuned using the type of inorganic precursors, dopant quantity,

surfactant qualities (such as size, type, and mixing ratio), and other small molecules. In the sol-
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gel transition stage, the solvent evaporates, and the micelles assemble. The inorganic precursors

transform into oxide, and the oxide network when the liquid dries.
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Figure 12:  General procedui‘e of sol-gel-based inverse micelle method (Poyraz et al.,
2013)

Key elements in this process that impact the properties of mesoporous materials are reaction
temperature, reaction duration, and the solvent. In the post-synthesis phase, the solvent first
removes the surfactant. Then, calcination at 150°C eliminates the by-products created during
the sol-gel transition stage, such as NOx and carboxyl groups. Mesoporous materials'
characteristics can be tuned by modifying the calcination temperature, heating rate, and

environment during post-synthesis (Poyraz et al., 2013).

This work uses the non-hydrolytic sol-gel method, where the inorganic precursors and
surfactant are combined, resulting in a wet gel in the solvent. The inorganic precursor is then
converted into a mesoporous network. The surfactant is then removed using solvent washing

and calcination.
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CHAPTER THREE
MATERIALS AND METHODS
3.1 Overview

This Chapter describes the materials, equipment, and methods used to prepare and characterize
the mesoporous tin—-molybdenum mixed metal oxides catalyst. It further presents the

desulfurization performance of the prepared catalyst.
3.2 Materials and Equipements
3.2.1 Chemicals

The chemicals used in the experimental work are listed in Table 3.

Table 3: Chemicals used in catalyst preparation and ODS reactions
Chemical used Formula Function Purity Company
Sodium Na;MoO4 Source of Molybdenum 98%  Sigma-
molybdate Aldrich
Tin (I) chloride ~ SnCl, Source of Tin 98% Sigma-
Aldrich

1-Butanol, ACS C4H100 Reaction solvent 99.4%  Sigma-
Aldrich

Nitric acid HNO; pH control 67% Sigma-
Aldrich

F-108 PEO-PPO- Structure directing Sigma-
PEO Aldrich

n-heptane C7His Nonpolar solvent 99% Sigma-
Aldrich

acetonitrile anhy ~ C;HzN Polar solvent 99.8%  Sigma-
Aldrich

Benzothiophene ~ CsHgS Sulfur source 98% Sigma-
Aldrich

Dibenzothiophene Ci2HsgS Sulfur source 98% Sigma-
Aldrich

Hydrogen H>O, Oxidant 30%w/v  Merck

peroxide
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3.2.2 Equipment

The equipment used for catalyst preparation and ODS reaction are listed in Table 4.

Table 4: Specifications of the equipment
Apparatus Specification Function
Citizen scale (CY204) Min weight 2mg, max weight 220 Measuring weight

g

Stirrer SB-161-3 Rotation speed (40-2000) rpm For mixing
Electrical oven Max temperature 300°C For heating
Lindberg/Blue M Max temperature 1200°C For calcination
Intelligent stirring oil & water Max temperature 300°C, Desulfurization
bath unit

33 Synthesis of the tin— Molybdenum Mixed Metal Oxide Catalyst

The catalyst was synthesized using the sol-gel method (Poyraz et al., 2013). The preparation
conditions greatly influenced the material's catalytic activity. The catalyst was prepared by

varying two conditions, calcination temperature and Sn/Mo mole ratio (Fig. 13).
3.3.1 Different Calcination Temperatures

Synthesis was done following the work by Poyraz et al. (2013). In a typical synthesis, an
equimolar amount of tin chloride and sodium molybdate were dissolved in a beaker containing
0.016 mol nitric acid, 0.11 mmol F-108 surfactant and 0.047 mol of 1-butanol with magnetic
mixing at room temperature (RT). The synthesized mixture was oven kept at 100°C for 4 h,
after which it was washed with ethanol and oven-dried overnight. After drying, the samples

were heated at 150, 250, 350, 450 and 550°C at a 2°C/min ramp in a muffle furnace.
3.3.2 Different Sn/Mo Mole Ratio

The following amount of 0.01 mol Na;MoO4 and 0.01 mol SnCl, was dissolved in a Pyrex
beaker which contains butanol as solvent, pluronic surfactant (F108) and the pH of the mixture
was approximately 1 measured by pH meter after adding 2 mL HNOs acid at ambient
conditions which were stirred for 3h to make a catalyst with Sn/Mo mole ratio of (1:1). For
mole ratio of (1:2); 0.01 mol Na2MoO4 and 0.005 mol SnCl> was used while for (2:1) mole
ratio; 0.01 mol SnCl> and 0.005 mol NaxMoO4 was used. The obtained suspension was then

placed in the oven at 100°C and aged for 4 h. The precipitate was filtered and washed with
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ethanol. Following that, the powder was dried in an oven at 150°C for 12 h to remove
carboxylate ion (COO™) from the surfactant and 250°C for 4 h to remove nitrogen gas (NOx)
from nitric acid decomposition and finally to 450°C for 6 h at the ramp rate of 5°C/min in the
muffle furnace. The tin—-molybdenum mixed metal oxide catalysts with the mole ratio of 2 :1
is represented hereafter as Sn/Mo (2:1). The other two catalyst samples are expressed as Sn/Mo
(1:1) for 1:1 mole ratio and Sn/Mo (1:2) for a mole ratio of 1:2; pure Sn and Mo oxides have

also been synthesized.

Mo0,4?%7 Calcined at different temperature,same
+ mole ratio
Sn** HNO;
Surfacta Butanol  100°C 4 hrs
SHOZ-MOO3
Cas Then washing &
RT,4 hrs,1000 rpm,Sol-gel ~Vacuum oven 12 hrs ,150 °C
250 °C,4hrs

Calcined at 450 °C but varying mole ratio

Figure 13:  Schematic diagrams for the preparation of tin—-molybdenum mixed metal
oxide catalyst

3.4  Catalyst characterization

The catalyst's physicochemical properties were investigated using a variety of analytical

techniques.
3.4.1 Nitrogen Physisorption Studies

Adsorption is the attachment of atoms or molecules to the surface of a substance through
chemisorption or physisorption. This is a non-destructive technique for assessing porous
materials. By generating an adsorption-desorption isotherm over various partial pressures, this
method is utilized to evaluate the pore size distribution, specific surface area, and pore volume
of the materials. The catalyst was calcined at different temperatures and mole ratios and
analyzed for its textural properties. The textural properties of the materials, specific surface
area (SSA) and pore size distribution (PSD) analysis of the samples were performed by using
a Discrete Fourier transform (DFT) model via the aid of a Quantachrome (NOVAtouch NT
2LX-1, Volts 220, USA) operated with the Quantachrome TouchWin Software Version: 1.22,

following standard analytical procedures.
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3.4.2 Thermogravimetric Analysis

Thermogravimetric analysis (TGA) is an analytical technique in which changes in the chemical
and physical properties of the sample are determined as a function of increasing temperature
or time. It is used to characterize materials that exhibit either mass loss or gain due to
decomposition, oxidation, or loss of any volatile materials. In such materials, analysis is
performed by measuring the weight change as a function of temperature or time under a
controlled atmosphere. Thermogravimetry analysis of the synthesized mesoporous tin—
molybdenum mixed metal oxide was done on a synchronous thermal analyzer (PerkinElmer,
STAS8000). Samples were prepared by weighing 40 mg and putting them into the clean sample
holders. A pre-weighed dry solid sample was allowed to heat under an air atmosphere with a

purge rate of 20 mL/minute from room temperature to 950°C at a heating rate of 5°C/minute.
3.4.3 X-ray Diffraction Analysis

X-ray diffraction (XRD) is a technique for analyzing the quality and quantity of crystalline
material. It provides information regarding the kind of crystalline phase, the structural
composition of the phases, the degree of crystallinity, crystallite sizes, and orientation. Samples
were packed into the sample container and smoothed using a microscope slide during the XRD
analysis. To compare peak intensities, samples were not weighed, but efforts were made to
ensure that the quantity measured was equal. X-ray diffraction (Bruker BV with 2D Phaser
Benchtop, reflection geometry), 206 = 5-90°, requisition time: 5.240 s per step, radiation source:

Fe filtered Co Kal (A = 0.1789 nm), operates at 30 mA and 50 kV was used.
3.4.4 Scanning Electron Microscopy

Scanning electron microscopy (SEM) is an electron microscopic technique that creates a high-
resolution sample picture by scanning the sample with a focused stream of electrons. These
electrons (with an energy of up to 40 keV) directed at a specimen interact with atoms in the
sample to generate numerous signals that carry information on the surface topography (texture),
chemical composition, crystalline structure, and orientation of materials of the sample.
Therefore, it is mostly utilized to examine solid materials' surface topography and morphology.
During the examination, solid powdered samples were placed on a conductive carbon tape
mounted on an aluminium stub and coated with carbon. A scanning electron microscope (SEM-

EDX) model JSM-7600F was utilized for morphological and elemental composition studies.
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3.4.5 Fourier Transform Infrared Technique

Fourier transforms infrared (FT-IR) spectroscopy is used to analyze the functional groups of
materials. The IR radiation is passed through the sample, some infrared light is absorbed, and
some are transferred through the sample (transmitted). The resulting spectrum indicates
molecular absorption and transmission, establishing a molecular fingerprint of the material.
Like a fingerprint, no two distinct molecule configurations yield identical infrared spectra. As
a result, infrared spectroscopy can be utilized for various analyses. The FT-IR spectrometer

(Bruker Tensor-27) with a resolution of 2 cm™ was used.
3.4.6 Raman Spectroscopy Analysis

Raman spectroscopy is based on the inelastic light scattering in a substance where the incident
light transfers energy to molecular vibrations. The scattered light can be detected by a Raman
spectrometer and represents a chemical fingerprint of the substance. Based on such spectral

information, a material can be identified or characterized.

Raman spectroscopy and Fourier transform infrared differ in that they depend on changes in a
molecule's polarizability, while IR spectroscopy depends on changes in the dipole moment. In
contrast to IR spectroscopy, which measures the absolute frequencies at which a sample
absorbs light, Raman spectroscopy measures the relative frequencies at which a sample scatters
light. The following specifications for the Confocal Raman Microscope were used in this study.
The chemical bonding investigation was conducted using the following model: WITec alpha
300 R Germany, Laser wavelength: 532 nm, Laser power: 10 mW, and spectral acquisition,

120 s.
3.4.7 Acid Site Density Calculation

Strong and weak/moderate acid site densities were computed using the neutralization ion
exchange method adapted from (Benak ef al., 2002; Gong et al., 2017; Thalgaspitiya et al.,
2020). The catalyst (0.05 g) was mixed with 0.5 M NaCl (50 mL) for six hours to determine
the strong acid site density. A 25 mL sample of the supernatant was separated, and 0.05 M
NaOH was titrated with HCI in the presence of a phenolphthalein indicator. The catalyst (0.05
g) was combined with 0.025 M NaOH and agitated for six hours to calculate the density of
weak/ moderate acid sites. With phenolphthalein indicator present, a 25 mL portion of the
resulting supernatant was back titrated with 0.05 M HCI. For the strong acidic group, Equation

(1) was used.
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The volume of NaOH*Normality of NaOH (1)
Mass of catalyst (g)

Normalized loading capacity =

The combined acid site density of the strong and weak acidic group was calculated

using Equation (2)

mmol of NaOH-mmol of HCI used (2)
Mass of catalyst (g)

Normalized loading capacity =

3.5 Catalytic Activity Evaluation

Catalyst activity is evaluated in terms of conversion and selectivity. A fractional increase in
reaction rate is called the activity of the catalyst, while the ability of a catalyst to control the
direction of a reaction is known as its selectivity. The activity and selectivity of a catalyst can

be controlled by introducing minutes of quantities of impurity.

Before performing a catalytic activity, screening was done to obtain the optimal calcination
temperature, and after that, optimal reaction parameters were evaluated. Furthermore, the

optimal Sn/Mo mole ratio was determined by using optimal reaction parameters.

Model diesel treatment with ODS requires both an oxidant and a solid catalyst. Model diesel
is formed by dissolving model sulfur compounds such as DBT or DMDBT in a non-polar
solvent such as hexane, heptane, or toluene. The tin—-molybdenum mixed metal oxide was used
as the catalyst, and H>O, was chosen as the oxidant because of its eco-friendliness and green
nature. The generated sulfones were separated using polar acetonitrile as an extraction agent
during the ODS procedure. To accomplish the oxidation and separation of organosulfur
compounds in a model diesel with a single reaction unit, a biphasic catalytic
oxidation/extraction system incorporating a solid catalyst, a green oxidant, and an extraction

solvent was developed (Fig. 14).
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Figure 14:  Experimental setups for ODS biphasic system
3.5.1 Effect of Calcination Temperature on ODS Reaction

In a typical experiment, an oil bath was initially heated and stabilized at the required reaction
temperature in each run. The experiments were carried out in a two-necked 250 mL glass
reactor fitted with a condenser and thermometer. The model diesel comprised 250 ppm DBT,
obtained by dissolving 0.125 g of DBT in 500 ml of n-heptane. The 20 mL of model oil, a
specified amount of catalyst (mg) calcined at different temperatures, i.e., 250, 350, 450,550,
650 and 750°C and peroxide were added to 20 mL of acetonitrile and stirred with a magnetic
stir. The mixture was vigorously stirred at 1000 rpm for 30 minutes at atmospheric pressure to

avoid external mass transfer resistance (Jose et al., 2011).

The oil phase was withdrawn, and the DBT content was assessed utilising an ultraviolet-visible
spectrophotometer (UV-vis 2800 spectrophotometer, SHIMADZU, Japan) at 200 to 300 nm
wavelength. The DBT showed a strong peak at the maximum absorption wavelength (Amax),
284 nm (Arellano et al., 2014). A working solution of 5-100 ppm was prepared to draw a
calibration curve (Fig. 15), of Absorbance versus the DBT concentration, with an accuracy of
linear approximation of R?=0.9996. The DBT conversion (1)) calculation versus reaction time
was done according to Equation (3).

3)

Co - Ct
n= (—) x 100%
Co

Whereby, Co and Ct represent the initial DBT concentration at time zero and the final DBT
concentration at time t.
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Figure 15:  Calibration graph of absorbance against the concentration of DBT
3.5.2 Other Factors Influencing Catalytic Performance on ODS Reaction

After obtaining optimal calcination temperature for catalyst performance, other reaction
parameters such as temperature, reaction time, catalyst load, and oxidant/sulfur ratio were
varied. In a typical experiment, an oil bath was initially heated and stabilized at the required
reaction temperature in each run. The experiments were carried out in a two-necked 250 mL
glass reactor fitted with a condenser and thermometer. The model diesel comprised 250 ppm
DBT, obtained by dissolving 0.125 g of DBT in 500 ml of n-heptane. The 20 mL of model oil,
a specified amount of catalyst (mg) calcined at 450°C while keeping other reaction parameters
constant such as temperature, oxidant/sulfur ratio and reaction time and peroxide were added
to 20 mL of acetonitrile and stirred with a magnetic stirrer. The mixture was vigorously stirred
at 1000 rpm for 30 minutes at atmospheric pressure to avoid external mass transfer resistance

(Jose et al., 2011).

The oil phase was withdrawn, and the DBT content was assessed utilising an ultraviolet-visible
spectrophotometer (UV-vis 2800 spectrophotometer, SHIMADZU, Japan) at 200 to 300 nm
wavelength. The DBT showed a strong peak at the maximum absorption wavelength (Amax),
284 nm (Arellano et al., 2014). The concentration of the DBT remained in the sample after the
ODS reaction was determined and calculated, as reported in section 3.4.1. A series of
experiments on different temperatures, time, and oxidant/sulfur ratios were conducted with the
same experimental procedure.
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3.5.3 Effect of Sn/Mo Mole Ratio On ODS Reaction

The DBT sulfur model compound was dissolved into heptane to make a stock solution with a
sulfur content of approximately 250 ppm. The prepared catalyst sample with different Sn/Mo
mole ratio was subjected to ODS reactions in Erlenmeyer flasks (250 mL) equipped with a
magnetic stirrer. The oil phase was withdrawn, and the DBT content was assessed utilizing an
ultraviolet-visible spectrophotometer (UV-vis 2800 spectrophotometer, SHIMADZU, Japan)
at 200 to 300 nm wavelength. The concentration of the DBT remained in the sample after the

ODS reaction was determined and calculated, as reported in section 3.4.1.
3.5.4 Characterization of The Oxidized Product

The white residual obtained at the end of the ODS reaction was filtered and dried in the fume
hood overnight to evaporate trapped solvents within the solid and sent for analysis using FT-

IR to determine the final product.
3.5.5 Catalyst Reusability

In industrial applications, the ability to reuse catalysts is of great importance. Therefore, tests
were conducted to examine the reusability of a catalyst made of a mixed metal oxide of tin and
molybdenum under optimal conditions. Following the initial reaction run, the catalyst was
subjected to a series of steps, including centrifugation, two rounds of ethanol washing, and
drying at 80°C for 5 hours. Subsequently, the catalyst was utilized in another experiment,

thereby assessing its suitability for multiple cycles of use.
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CHAPTER FOUR
RESULTS AND DISCUSSION
4.1 Structural Characterization

The crystal structure, orientation, and particle size of SnO2-MoOs3 catalysts calcinated at

different temperatures were determined using X-ray diffraction.

T=tetragonal, a=orthorhombic,h=hexagonal

Intensity (a.u)
Intensity (a.u)
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10 20 30 40 50 60 70 20(degrees)

20 (degrees)

Figure 16: The XRD patterns of the SnO2-MoO3 catalyst materials calcinated at
different temperatures

Figure 16, the impact of calcination temperature on the phase transformation of the SnO>-MoO3
catalyst materials is depicted. All three samples exhibited diffraction peaks at angles of 26.5°,
33.9°,37.9°, and 51.9°, which corresponded to the lattice planes (110), (101), (202), and (211),
respectively. These peaks could be attributed to the tetragonal structure of tin oxide, with lattice
parametersa=4.72 A, b=4.72 A, and ¢ = 3.17 A, per JCPDS card no 01-0657. Furthermore,
the X-ray diffraction (XRD) patterns of all the samples revealed the presence of two phases of
MoO3: hexagonal MoO3 (JCPDS card No. 21-0569) and orthorhombic MoO3 (JCPDS card No.
35-0609). With an increase in temperature from 350 to 450 °C, the hexagonal phase gradually
transformed into a-MoQO3, accompanied by a weight loss of 27.6%, which was attributed to the
polymorphic transition from h-MoO; to a-MoOs. At a calcination temperature of 550°C,
almost all of the h-MoOs3 phase converted to a-MoQOs, as indicated by the disappearance of
XRD peaks at 18° and 20°, corresponding to the (110) and (200) lattice planes of the hexagonal
structure. Both the hexagonal and tetragonal phases were found to be responsible for the
catalytic activity observed in the study being presented. At higher temperatures, the formation
of the Sn(MoO4)> phase is supported by the presence of distinct diffraction peaks, particularly
(210) and (211); this observation aligns with previous reports on the subject (II’in et al., 2017).
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In general, as the temperature rises, the diffraction peaks tend to become more narrow and
sharp while their intensity increases. These changes suggest an enhancement in the crystallinity
of the material and an increase in particle size (Choodamani et al., 2014; Sengupta et al., 2011,

Sui et al., 2003). The Scherrer formula (4) was applied to calculate the average crystallite size:

__K 4)
b= fcos

Whereby, S stand for line broadening at the half-maximum intensity, € is the Bragg angle, K
stands for the shape factor = 0.9, D denotes the crystallite size in nanometers, and A denotes
X-ray wavelength (0.15406 nm). The crystallite sizes were 24, 29, 32 and 38 nm for the sample
prepared at 350, 450, 550 and 650°C, respectively. As previously stated, the increase in
crystallite size observed with increasing temperatures between 350 and 650°C can be attributed
to the Oswald ripening phenomenon. Oswald ripening is a diffusion-driven process in which
larger particles grow at the expense of smaller particles, resulting in an overall increase in
crystallite size (Choodamani et al., 2014; Madras & McCoy, 2004; Sengupta et al., 2011). The
XRD patterns of all the as-prepared samples, including pure Mo, Sn oxide and SnO2-MoO3
mixed metal oxides with different Sn/Mo mole ratios, are shown in Fig. 17. The peaks at 12.7,
23.3,25.7,27.3, 33.8, 39.0 and 48° corresponding to (020), (110), (021), (101), (060), (002)
reflections attribute to the distinctive diffraction peak of orthorhombic MoOs (JCPDS card
No.00-005-0506), while the peaks at 26.6, 33.9, 37.9, 51,7° correspond to (110), (101), (200)
and (211) characteristic diffraction peaks of tetragonal SnO> (JCPDS card No.01-077-0451).
The Sn/Mo (1:2) oxide's diffraction peaks are less pronounced than those of pure MoOs,
indicating that Mo is doped into a substitutional position of the SnO; lattice. The diffraction
peaks of the Sn/Mo (2:1) oxide shifted slightly to a higher 20 angle compared to those of the
tetragonal rutile SnO> phase because the crystal structure of MoOs3 is considerably disturbed
by the mutual contact with Sn oxide to form amorphous Mo oxide in the boundary (Mallesham

et al., 2020; Okamoto et al., 1981)
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Figure 17:  The XRD patterns for SnO>-MoOs catalysts with varying mole ratios
calcined at 450°C
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When the mole ratio of Sn/Mo is (1:1), the main diffraction peaks observed at 20 = 28.9¢,
33.22¢, and 52.8 are assigned to the (021), (111) and (211) planes of hexagonal MoO3 and
tetragonal SnO, oxides. Furthermore, the diffraction peaks for tetragonal tin oxides are much
broader, indicating the presence of smaller MoO3 domains, which agrees well with the specific
surface area obtained from BET analysis. The broad diffraction peak at 35.1° resembles the
highest intensity peak for tetragonal SnO; oxide. Furthermore, the Scherrer formula (4) was
used to calculate the crystal size of the SnO2-MoO3 catalyst prepared at different Sn/Mo mole
ratios. The crystal size for SnO, oxide was 47.5 nm, while for MoO3 was 34.5 nm. For the
Sn0,-MoOj catalyst materials with different mole ratios Sn/Mo (2:1), (1:1) and (1:2), the
crystal size was 42.4, 31.9 and 29.9 nm, respectively. The presence of MoOj3 oxide in SnO»-
MoO; catalyst materials causes a decrease in crystal size for SnO,. All these observable
characteristics may have the following causes. First, applying a powerful oxidant during
synthesis verifies the presence of Mo®" ions in the SnO, framework. Second, the shorter ionic
radius of Mo®" (0.62 A) compared to Sn*" (0.72 A) and its higher valence state cause the cell
to contract and, most likely, the development of cation vacancies to preserve the lattice's

electroneutrality (Bai et al., 2014; Cao et al., 2019).
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4.2 Morphological Studies

The SEM was used to examine the materials' morphological properties. Figure: 18 shows SEM
images for pure MoOs with a flake-like structure, while the SnO> presents a sphere-like

structure that agglomerated.

T
Figure 18:  The SEM images of SnO2, M0oO3
The morphology of the SnO,-Mo00Os materials was found to be influenced by the calcination
temperature. Lower calcination temperatures resulted in a rough surface, whereas at 450°C, a
nanobelt structure was observed. This specific morphology has been identified as the key factor
responsible for the catalytic performance of the materials. The energy-dispersive X-ray (EDX)
analysis confirmed the presence of tin, molybdenum, and oxygen in the synthesized mixed

metal oxide SnO>-MoQOs catalysts, as shown in Fig. 19.

The surface morphology of the SnO2-MoOjs catalysts synthesized at different mole ratios is
shown in Fig. 20. Fused particles were observed when the amount of Mo oxide was higher than
that of Sn. A cauliflower morphology is formed when the amount of Mo and Sn oxides are
equal. When Sn was higher than Mo, the cauliflower morphology was destroyed, and materials
with relatively smaller agglomerated particles were formed. These relatively smaller
agglomerated particles have a higher surface area, which could explain their superior catalytic

activity compared to the other materials.
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material calcinated at different temperatures and EDX profile
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Figure 20:  The SEM images of SnO2-MoO3 catalyst materials at different mole ratios:
Sn/Mo (1:2), Sn/Mo (1:1) and Sn/Mo (2:1) calcined at 450°C

4.3 Nitrogen Adsorption-Desorption Isotherms Analysis

The impact of calcination temperature on the textural properties of the SnO>-MoQOs3 catalyst
was examined. Figure 21 displays the N> adsorption-desorption isotherms of the catalyst.
Based on the IUPAC classification, these isotherms exhibit characteristics of type IV,
indicating the presence of mesoporous materials. The hysteresis observed in the isotherms is
classified as H3, further confirming the mesoporous nature of the catalyst (Sing, 1985; Zhang
etal.,2021; Zhang et al., 2017). In addition, we realized a decrease in the BET surface area as

the volume of nitrogen adsorbed diminishes with increasing calcination temperature.
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Figure 21:  The adsorption-desorption nitrogen isotherms of the SnO2-MoQO3 catalyst
calcined at different temperatures

Table 5 presents a summary of the pore volume, BET surface area, and pore diameter of the
Sn02-MoO; samples that underwent calcination at different temperatures. As the calcination
temperature increased from 350 to 450°C, the BET surface area and pore volume exhibited a
rise, reaching values of 9.0 to 17.7 m? g'and 0.027 to 0.041 cm? g'!, respectively. This increase
can be attributed to the removal of organic matter in the samples, which was confirmed through
XRD, TGA, and FTIR analysis. However, when the temperature was further increased beyond
450°C, both the surface area and pore volume decreased significantly, measuring 17.7 to 7.8
m? g and 0.041 to 0.011 cm? g, respectively. This decline was attributed to particle sintering

and microstructure coarsening at higher temperatures, and a similar observation was reported

elsewhere (Liu ef al.,, 2019).
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Table 5:

Textural properties of SnO:-MoQOs3 catalysts at different calcination

temperatures

Calcination temperature (°C)

Pore size (nm) Pore volume (cm3g™)

Surface area (m’g™)

350 2.1 0.027 9.0
450 32 0.041 17.7
550 3.1 0.034 10.2
650 4.5 0.011 7.8

To determine the pore size distribution within the catalyst and evaluate the accessibility of

active sites to reactants, pore analysis was conducted. The pore distribution of the SnO>-MoO3

catalyst calcined at different temperatures was calculated using the BJH (Barrett-Joyner-

Halenda) method. The results were then plotted in the corresponding (Fig. 22). The materials

presented a mesopore width distribution between 2—4.5 nm.
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Figure 22:  Pore size distribution of SnO2-MoO3 catalyst calcined at different

temperatures

In addition, to investigate the impact of varying mole ratios, Nitrogen adsorption experiments

were done on the synthesized materials to evaluate their textural properties. Figure 23

illustrates the isotherm observed for MoOs and SnO; oxides. The isotherm of MoQOj3 oxide
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exhibits a type IV pattern accompanied by a type H3 hysteresis loop, indicating the presence
of mesopores and micropores, which is in agreement with previously reported observations in
scientific literature (Sing, 1982), while the isotherm of SnO; oxide demonstrates type IV
behavior with H3-type hysteresis loops, indicating the existence of narrow slit-like mesopores
that possess a consistent size and shape, this aligns with previous reports in the literature (Liu

etal., 2019).
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Figure 23:  Nitrogen isotherm for MoQO3 and SnO: catalyst calcined at 450°C

For the Sn0,-MoOs catalyst materials synthesized at different mole ratios, the nitrogen
adsorption-desorption isotherms are shown in Fig. 24. Sn/Mo (1:2) and Sn/Mo (1:1) samples
exhibited type IV, H3 hysteresis loops characteristic of capillaries in laminate form. On the
other hand, Sn/Mo (2:1) samples showed a sharp slope at a relative pressure of around 0.4, then
a linear increase to approximately 0.9 in both the adsorption and desorption branches. The
increase in slope at around 0.4 corresponds to capillary condensation, which is characteristic
of mesoporous materials. The additional increase in relative pressures suggests significant
interparticle porosity with homogeneous pore networks. Furthermore, the capillary
condensation step for Sn/Mo (2:1) catalyst materials is not pronounced; the isotherm shape is

type IV with an H4 hysteresis loop according to Sing (1985).
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Figure 24:  Nitrogen isotherms for SnO2-MoOs3 catalyst materials at different Sn/Mo

mole ratios Sn/Mo (1:2), Sn/Mo (1:1) and Sn/Mo (2:1) calcined at 450 °C

Figure 25 shows the pore size distribution for MoO3, SnO» oxides and SnO>-MoO3 catalytic

materials at different mole ratios. The MoOj3 shows a broad BJH pore diameter with multimodal

distribution in the mesopore and macropore size region. The SnO» oxide shows a bimodal

distribution. It can be observed that differential volume increases with the increase in tin

content. The BJH pore size distribution curves were bimodal, and the average pore sizes of all

materials were 3.5 nm confirming mesoporous materials as per IUPAC classification: Ultra-

micropores (size <0.7 nm),

micropores (size <2 nm), mesopores (2 nm <size<50 nm),

macropores (size >50 nm) (Leofanti et al., 1998).
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Figure 25:  Pore size distributions of the SnO2-MoQ3 catalyst prepared at different
mole ratio calcined at 450°C

The specific surface areas of mesoporous SnO>—MoOs3, estimated from the BET method (Table
6), increase with the increasing tin content. The lowest value (2.3 m? g!) for the catalyst with
the Sn/Mo (1:2) content was comparable to the pure MoOs (1.5 m? g!). The successive
addition of tin proportionally increased the catalysts' surface areas up to (50.4 m? g !) for the
material containing Sn/Mo (2:1) mole ratio while for pure SnO, is (42.2 m?g!), confirming the

molybdenum's promotion effect.
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Table 6: Textural properties of the MoQO3, SnO:2 and SnO2-MoQOs3 catalyst at
different mole ratios calcined at 450°C

Sample Surface area (m’g!)  Pore volume (cm’g™?) Pore size (nm)
SnO» 42.2 0.120 6

MoO; 1.5 0.003 3and 14
Sn/Mo (1:2) 2.3 0.004 3.5
Sn/Mo (1:1) 10.7 0.016 3.5
Sn/Mo (2:1) 50.4 0.036 3.5

4.4 Thermal Gravimetric Analysis

To assess the thermal stability of the SnO>-MoOj catalysts, thermal gravimetric analysis (TGA)
was conducted. Figure 26 exhibits the TGA/DTG profiles of the as-synthesized SnO2-MoO3
catalysts, subjected to heating from room temperature to 950°C at a rate of 5°C per minute in
the presence of air. The profiles reveal three distinct regions that correspond to varying degrees
of weight loss. In the low-temperature range, spanning from 100 to 156°C, a weight loss of
3.4% 1s observed. This can be attributed to the removal of physically adsorbed water molecules
within the sample, as well as the decomposition of carboxylate ions (COQ"); this finding aligns
with previous reports in the literature regarding similar phenomena Elhi et al. (2020). The
middle-temperature region from 156 to 532°C with a 27.6 % weight loss, is attributed to NO
emissions, SnO; crystallization, and polymorphic transition of 2-MoOs to a -MoOs (Il’in ef al.,
2017; Poyraz et al., 2013). Within this temperature range, specifically around 450 °C, the active
phase of the catalyst was obtained. Above 532°C, a weight loss of 8.2% was observed, which
can be attributed to the formation of crystalline tin molybdate Sn(M0QOa)2. This is further
confirmed by X-ray diffraction (XRD) analysis, as shown in Fig. 16. However, although this
phase is thermodynamically stable, it exhibits reduced catalytic activity due to its decreased

surface area (II’in et al., 2017).
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Figure 26: TGA/DTG curve of SnO2-MoO3 catalyst before calcination

4.5 The FT-IR analysis

The catalysts were analyzed using FT-IR studies within the wavenumber range of 400 to 3500
cm™! to identify the specific functional groups present (Fig. 27). The presence of a wide
vibrational peak at 2881 cm ™! in the uncalcined sample can be attributed to the stretching of
O-H bonds, which indicates the presence of water molecules associated with the powder
(Mamatha ef al., 2022; Zakharova et al., 2007). The sharp vibrational peak observed at 1653
cm’' was identified as the result of bending vibrations of the hydrogen-bonded—OH group
found in water molecules adsorbed on the surface of the sample; this is also reported by Sen
et al. (2019) and Zakharova et al. (2007)). As the calcination temperature increased, there was
a noticeable and significant increase in absorption bands attributed to interatomic vibrations.
This phenomenon provides strong evidence of the formation of metal oxides (Madhu et al.,
2010). The peaks at 649 and 837 cm™ match the bridging Sn-O-Sn and Mo-O-Mo modes,
respectively, while the peak at 938 cm™ matches Mo-O stretching with double-bond character
according to Martos et al. (2000) while the peak at 649-499 cm™ is due to Sn-O bonds. The
absorption peaks at 1523, 1344, and 1084 cm™ confirm the presence of C=0 and C-O from
surfactant, which disappears due to an increase in calcination temperature, which is also

documented by Yang et al. (2012).
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Figure 27:  The FTIR spectra for SnO2-MoO3 catalyst materials calcined at different
temperatures

4.6 Raman Studies

Raman spectroscopy is an invaluable tool for examining the molecular arrangement and surface
properties of metals. The physical characteristics of materials are influenced by the vibration
modes of oxides and the associated functional groups or bonds they possess. The phases of the
oxides and the structural imperfections in the produced catalysts were determined by Raman
spectroscopy studies. Figure 28 shows the Raman spectra of pure MoO3 and SnO> oxides. The

Raman modes for the MoOs crystal can be written as follows:
I'= 8Ag+8B1g+4B2g+4B3g+4Au+3B1u+7B2u+7B3u (5)

Whereby, Ag, Big, Bag, and Bsgare Raman active, Ay is inactive, and others are infrared-active
modes (Seguin et al., 1995). The modes between 1000 and 600 cm™ belong to MoOg octahedral
stretching vibrations, while the modes between 400 and 200 cm™ and below 200 cm
correspond to MoOg octahedral bending vibrations (Atuchin et al., 2011; Lupan et al., 2014).
The apparent Raman signal at 198 cm™' (A, Big) is due to the translation of the stiff chains.
The peak at 348 cm™! (B,g, Bs,) is a doublet consisting of the oscillating modes of the terminal

oxygen atoms.
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Figure 28:  Raman spectra for MoO3 and SnO:2 pure oxides calcined at 450°C

On the other hand, the two predominant Raman bands at 894 cm™ are stretching modes of Mo-
O-Mo in two MoOQs octahedrons sharing corner oxygen atom, while the 937 cm™! correspond
to the Mo=0 asymmetric stretching modes of the terminal (unshared) oxygen. These peak
assignments agree with the spectra obtained by Gong and Haur (2017), Siciliano et al. (2009)
and Sivan et al. (2019).

The lattice vibration modes of SnO; at the I" point of the Brillouin zone are given as:
F=IA1g +1A2g+2A2u+1B1g+1B2g+2B1u+1Eg+4Eu (6)

whereby Aig, Bog, and Eg are Raman active, while Az, Az, Big and By are inactive (Guan et
al.,2019). The three distinctive peaks of SnO», 477 (Eg), 634 (A1g), and 769 (Bag) cm !, confirm
the tetragonal rutile phase structure (Dsn point group) as follows (Rajendran et al., 2021): The
Aig (634 cm™) and Bog (769 cm™) are associated with the expansion and contraction vibration
modes of Sn-O bonds, respectively, while the A; band at 570 cm ™! is said to be connected to
the SnO» surface oxygen vacancies, whose quantity can affect the development of surface-
active oxygen sites (Diéguez et al., 2001; Liu et al., 2012; Rao et al., 2018). In contrast, E, is
associated with the vibration of in-plane oxygen vacancy (Yu ef al., 1997). The Raman spectra
for SnO,—Mo0Os3 catalyst synthesized at different Sn/Mo mole ratio shows the characteristic
mode of the SnO; catalyst (Fig. 29). The Raman shift of (Ag) and (Big) is attributed to the
stretching vibration of the Mo=0 bond and the vibration of the bridging oxygen in the Mo—O—
Mo structure of the terminal MoOs crystal. The observed changes in the vibration peaks of
Mo—O-Mo and Mo=0 bonds in the SnO,—MoOs catalysts indicate a significant modification
in the interatomic forces between the Mo and O atoms, when compared to the pure MoOs3

crystal. The lower positioning of the Raman band (A1g) in the SnO,—MoO; catalyst, compared
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to pure SnO», can be attributed to the incorporation of Mo®" cations into the SnO; lattice. This
doping process results in a contraction of the SnO> lattice and an increase in the presence of
oxygen vacancies (Mallesham et al., 2020). Oxygen vacancy defects, which belong to a
category of point defects found in different oxide materials, can have a notable impact on
heterogeneous catalysis. Increased SnO: concentration in the catalytic system causes a
significant interaction between molybdenum oxide and SnO,, resulting in the transformation
of the MoOs crystal to an amorphous MoO3 structure. High SnO» concentration in the SnO»-
MoO; catalytic materials causes a significant interaction between molybdenum oxide and

SnO», resulting in the transformation of MoOj crystal to an amorphous MoOj3 structure.
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Figure 29:  Raman spectra for SnO2-MoQ3 catalyst materials at different Sn/Mo mole
ratios Sn/Mo (1:2), Sn/Mo (1:1) and Sn/Mo (2:1) calcined at 450°C

In conjunction with the XRD results, (Fig. 17) indicates that varying the Sn/Mo mole ratio

promotes the transformation of MoOs3 crystal into amorphous MoOs. The MoOs dispersion
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improves the reaction performance of the catalyst for DBT oxidation to DBTO2 because the

SnO, catalyst active sites are widely distributed.
4.7  Acidity Measurement

A solid catalyst's surface acidity and basicity are crucial factors that affect its activity. The
surface properties were examined by titration following a displacement reaction in which the
adhering free OH and H+ on the solid catalyst were treated with acidic and basic species to
neutralize and displace from the surface via protonation. The surface acidity and combined
measurement of the strong and weak acidic group were calculated using the formula by Benak
et al. (2002) and Gong et al. (2017). Table 7 displays the acid site densities computed by
neutralizing ion-exchange techniques for pure and mixed oxides at different mole ratio. The
Sn0O,—MoO; catalyst with mole ratio Sn/Mo (2:1) exhibited better density acid sites (49.7 mEq
g 1) compared to (41.3 mEqg™') for pure MoOs3, (41.5 mEqg™) for pure SnO, (46.7 mEqg™)
for Sn/Mo (1:1) and (46.7 mEqg™!) for Sn/Mo (1:2). The acid sites are related to surface tin

cations and decrease rapidly with increasing molybdenum cations.

Table 7: Calculated acid site densities using the titration method

Material calcined Strong acid site Moderate acid site Total acid site
at 450 °C density (mEqg™) density (mEqg™) density (mEqg™)
SnO; 0.1 41.4 41.5
MoO;3 0.9 40.4 41.3
Sn/Mo (1:1) 0.45 46.9 47.4
Sn/Mo (1:2) 0.35 46.3 46.7
Sn/Mo (2:1) 0.15 49.1 493

4.8 Catalytic Activity Evaluation

The catalytic activity of the prepared tin -molybdenum mixed metal oxide catalyst was studied
in terms of the conversion. The activity was studied by considering the effect of calcination
temperature and the mole ratio of the prepared materials, as well as other factors such as

reaction temperature, oxidant ratio and so on.
4.8.1 Effect of Calcination Temperature on the ODS of DBT

The performance of a catalyst can be understood by examining the level of conversion achieved

for a specific reactant. A catalyst's activity for a particular reaction is considered higher when
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it attains greater conversion under given conditions. By measuring the contents of DBT
(dibenzothiophene) at various reaction conditions, the conversion efficiency n was determined,
as explained in the provided description 3.4.1. The pretreatment conditions greatly influenced
the materials' catalytic activity, as reported by Wang ef al. (2021) and Bi et al. (2021). The
oxidative desulfurization performance of the SnO>-MoO; catalyst materials prepared at
different calcination temperatures was examined. The catalytic performance of the SnO2-MoOs
was greatly enhanced as the calcination temperature was increased from 250 to 450°C (Fig.
30) and monotonically decreased beyond 450°C. As the calcination temperature increased, the
XRD analysis presented in Fig. 16 indicated that the peak intensities of both SnO2 and MoO3
exhibited varying patterns of increase and decrease. This implies that the SnO>—MoQOs catalyst
crystallinity is affected by calcination temperature, as reported by Zhang et al. (2022).
Moreover, elevated calcination temperatures induce a transformation in the crystalline
structure of MoO3 from hexagonal to orthorhombic, which is unfavourable since the hexagonal
phase demonstrates superior catalytic activity. The SEM analysis presented in Figure 18
illustrates the impact of calcination temperature on the morphology of the sample. At lower
calcination temperatures, a rough surface is observed, whereas at 450°C, a nanobelt structure
is evident. The weak/moderate site of the catalyst, as in Table 7, is responsible for this catalytic
activity. The catalysts synthesized at a calcination temperature of 450°C exhibited the highest
conversion rate of 96% within a 60-minute timeframe, suggesting that 450°C was the most
favorable calcination temperature. Calcination temperatures exceeding 450°C resulted in a
reduction in the BET surface area, pore size, and volume of the catalyst, as well as distortions
in the surface structure. These changes negatively affected the catalyst's performance (Luo et
al., 2019). Consequently, the SnO>-MoO3 sample that underwent calcination at 450°C was

selected for subsequent experiments.
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Figure 30:  Effect of SnO2-MoO3 catalyst calcination temperature on the oxidative

DBT removal efficiency 1. The ODS reaction conditions: catalyst dosage
100 mg, temperature 50 °C, O/S molar ratio S; reaction time 60 min

4.8.2 Other Factors Influencing the Catalytic Activity of the SnO2-MoO3

In addition to the calcination temperature, the catalytic activity of the SnO>-MoOs catalyst was
investigated by evaluating four factors: catalyst loading, reaction time, oxidant/sulfur ratio, and

reaction temperature.

Optimization of catalyst loads is an efficient strategy to improve desulfurization efficiency.
Figure 31 shows the DBT removal efficiency rose from 81.0 to 99.6% when the dosage
increased from 40 to 100 mg and reduced to 95% when the dosage was further increased from
100 mg to 180 mg. The enhancement in removal efficiency, observed with catalyst dosages of
up to 100 mg, can be attributed to the increased number of active sites in the reaction system.
However, beyond 100 mg, the removal efficiency (n) diminishes, likely due to catalyst
aggregation, resulting in a decrease in active sites and surface area and, consequently, reduced
interaction between the catalyst and DBT (Cao et al., 2020). Hence, the optimum catalyst

dosage was determined to be 100 mg.
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o

Considering economic considerations, the reaction time is considered a crucial factor in both
catalytic and industrial processes. Remarkably, a DBT conversion rate of 83% was achieved
within the 30-minute reaction time (Fig. 32). The removal efficiency increased to 99.6% when

the time for the reaction increased to 60 min.
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Figure 32: The DBT removal efficiency in oxidative desulfurization at different

reaction time: Reaction conditions when fixed: O/S =5, catalyst load= 100
mg, T=60°C
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The steep incline observed in the graph corresponds to the region where the reaction rate is
directly proportional to time. However, when the reaction time surpassed 60 minutes, the DBT

conversion reached a plateau, suggesting that the catalyst's active sites became saturated.

The effect of the O/S amount was investigated, as illustrated in (Fig. 33). By altering the O/S
molar ratio in the range of 2:1, 3:1, 4:1, and 5:1, the conversion of DBT was influenced. With
an O/S ratio of 5:1, the removal efficiency (1) reached 98.6% within a 60-minute timeframe.
However, when the O/S ratio exceeded 5:1, the removal efficiency decreased to 94%. The
diffusion of H,O» regulates the reaction rate, increasing the quantity of H>O> to speed up the
oxidation of DBT (Haw ef al., 2010). An excessive amount of oxidant facilitates the oxidation
reaction, but it can also lead to the thermal decomposition of the oxidant, resulting in the
formation of water, inhibiting the ODS reactions (Caero et al., 2005; Ghubayra et al., 2019;
Zhuang et al., 2014). Therefore, the optimal O/S ratio was determined to be 5:1. Furthermore,
a control experiment conducted without the catalyst resulted in a DBT elimination efficiency

of 15%, indicating that the selectivity of H>O; is low in the absence of a catalyst.
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Figure 33:  Different oxidant/sulfur ratio (O/S) for DBT removal efficiency in oxidative
desulfurization. Reaction conditions when fixed: T = 60 °C, catalyst dosage
100 mg, t = 60 min

The reaction temperature is a vital factor in ODS and other industrial processes. Figure 34

depicts the impact of different temperatures, ranging from 30 to 70°C, on the ODS removal.

The reaction time was kept constant at 60 minutes. The removal efficiency (7) and kinetic rate
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constant (k) depend on temperature. The ODS increased substantially from 72.0 to 99.6% when
the temperature increased from 30 to 60°C. Beyond 60°C, there was a notable decrease in
DBT removal efficiency. The rise in DBT removal efficiency with increasing temperature can
be attributed to the exothermic nature of the desulfurization reaction. This indicates that
molecular mobility increases with temperature, leading to a greater number and higher energy
collisions between reactants (Zuo et al., 2019). Nevertheless, when the temperature surpasses
60°C, thermal decomposition occurs in peroxide complexes. As a result, the formation of active
oxygen species on the catalyst's surface decreases, as reported by Gonzélez et al. (2016) and

Huang et al. (2020).
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Figure 34: DBT removal efficiency in oxidative desulfurization versus reaction
temperature. Reaction conditions when fixed: O/S = 5, catalyst dosage =
100 mg, t = 60 min

4.8.3 Effects of the Mole Ratios of Smn and Mo on ODS
Catalysts with varying mole ratios comprised different active site species, which influenced the
acidity distribution on the catalyst surface and improved the synergistic effect, enabling the

catalysts to achieve the highest possible efficiency in the reaction. Figure 35 shows the

dibenzothiophene conversion using tin molybdenum catalyst with different mole ratio.
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Figure 35: The DBT removal efficiency against reaction time for the SnO2-MoO3
catalyst with varying Sn/Mo mole ratios. Reaction conditions; 20 mL model
diesel, O/S ratio 5, reaction temperature 60°C, catalyst weight 100 mg

The DBT conversion efficiency # for the catalyst Sn/Mo (2:1) was around 99.8% after 30
minutes of reaction, whereas for Sn/Mo (1:2) and Sn/Mo(1: 1), they approached 100% after 90
and 60 minutes, respectively. Over time, the removal efficiency increased and stayed
consistent, demonstrating that all catalysts had ODS catalytic potential. At the same time, the
DBT conversion with pure SnO; and MoO3 were approximately 80% and 50 %, respectively,

after 120 min.

According to the literature, when the pH of the synthesis condition is in the range of 0.8 < pH
<2.0, MoOs will acquire a negative charge and react with Sn*" to form Mo—O-Sn. The Sn*"
cations occupy part of the Bronsted acid sites, thus increasing Lewis’s acid sites (Cao et al.,
2019; Gavrilova et al, 2021). The remote-control theory (Delmon & Ruiz, 1987) is an
alternative explanation for the synergistic effect of binary metal oxide phases in contact during
oxidation processes. The theory states that the catalyst comprises two well-defined oxide
phases which are acceptor and donor phases. The acceptor phase is the center for catalytic
activation and has poor catalytic activity for the selective oxidation reaction when isolated;
while the donor phase has no selective oxidation activity, and its job is to produce large
amounts of activated oxygen, which spills over into the acceptor phase and speeds up the

catalytic reaction. In our case, SnO> is the donor phase, and MoOs is the acceptor phase. Due
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to its highest activity, the catalyst with composition Sn/Mo (2:1) was used for further reaction

testing.

4.8.4 Reaction with other Sulfur Compounds

Dibenzothiophene, benzothiophene and thiophene were organic sulfides used in this work
using the same reaction conditions as the one used in DBT. The reactivity of organic sulfide
compounds depends on the electron density of the sulfur atom present in the compound. The
electron density on the S atom increases in the order Th < BT <DBT, which explains the higher
DBT and BT reactivity than Th (Otsuki et al., 2000). Hence the oxidation reactivity increases
concerning the electronic density of sulfur (Fig. 36). The same trend has also been observed in
homogeneous and other heterogeneous systems (Jiang et al., 2009; Liu et al., 2019; Zhang et

al., 2011).
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Figure 36:  The ODS of different sulfur compounds; Reaction conditions: m(catalyst)
=100 mg; O/(S) =5; reaction temperature 60°C

4.8.5 Effect of DBT Initial Concentration

Because the sulfur content of fuels varies depending on the region where the crude is mined,
it's crucial to investigate the impact of sulfur levels in the treated fuel. Different model fuels
were constructed for this purpose, each with different content of DBT, ranging from 250 to
2000 ppm. The amount of oxidant, catalyst (0.1g), and temperature (60°C) were all constant

when desulfurizing these model fuels.
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Figure 37 shows that increasing initial sulfur content reduces the ODS system's effectiveness.
Complete desulfurization was achieved after 30 minutes using model fuel treated with 250 ppm
DBT, compared to 15 % using model fuel treated with 2000 ppm DBT. The modest decrease
in desulfurization efficiency could be due to the high concentration of sulfone and sulfoxide
molecules in the reaction medium, which causes saturation on the solid catalyst surface,

blocking easy access to the active sites.
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Figure 37:  Effect of initial DBT concentration. Reaction conditions: reaction

temperature 60 °C, O/S molar ratio 5:1, 100 mg of SnMo-2:1 catalyst, the
volume of model diesel 20 mL

4.9 Kinetics of the ODS Reaction
The ODS reaction kinetics allows for the prediction of the ODS rate at various temperatures
and reaction times, as depicted in Fig. 38. The rate equation serves to demonstrate the

relationship between concentration and reaction time. The kinetics of dibenzothiophene

oxidation was investigated at temperatures ranging from 30 to 70°C.
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Figure 38: The DBT removal efficiency versus reaction time and temperature.
Reaction conditions: 100 mg catalyst, 20 mL of model diesel, O/S molar
ratio of 5

Interfacial mass transfer between liquids controls the process for biphasic media, increasing
the reaction time and reducing yield (Boltes et al., 2013). The ratio of reagents, stirring speed,
surfactant and its content, treatment ratio, and volume ratio of membrane phase to internal
phase affect the mass transfer rate (Ma & Shi, 1987). External mass transfer effects are
insignificant at stirring speeds of more than 900 rpm because the overall area of mass transfer
in the system increases while the size and stability of emulsion globules decrease (Jose et al.,
2011; Sengupta et al., 2012). This ODS reaction was kinetically controlled by running it at a
stirrer speed (1000 rpm) to reduce the impact of external mass transfer resistance. The
Langmuir-Hinshelwood mechanism provide an insight into how the reaction proceeds and
allows for the identification/determination of the rate law for a heterogeneous solid catalytic
fluid phase reaction (Chamack et al., 2015; Sengupta et al., 2012). The mechanism occurs
through adsorption, surface reaction and desorption from the catalyst surface (Fogler, 2020;
Olutoye & Hameed, 2016). It includes a liquid phase reaction on a catalyst's surface. The
mechanism comprises two critical steps if the catalyst's surface does not absorb the n-heptane
solvent. As illustrated in Equation (7), the first step is the equilibrated adsorption of DBT on

the catalyst's surface:

DBT+ * = DBT- x (7)
Whereby, * is the active catalyst site.
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For adsorbed species, the surface coverage 8, Is given by the Langmuir adsorption isotherm

(Satterfield, 1991):

KCy (8)

9:—
414 KC,

The second stage is the formation of DBTO2 through the reaction of the adsorbed species:

DBT: * + H,0,—DBTO2- * +H,0 -* 9

Since H>O; is abundant, it is assumed that the reaction is proportional to the amount of adsorbed
DBT molecules, 8,4. For a reactor with a volume of V and a catalyst mass of mc., the reaction

rate per unit volume can be expressed as follows:

_ :mcat ky, 64 (10)
A v

where ki has units mol (masscatime) '. Combining equations (8) and (10)

dCA _mcat KCA (11)

Equation (11) depicting the Langmuir adsorption isotherm and first-order kinetics of the
adsorbed species is called the Langmuir-Hinshelwood kinetic model (Satterfield, 1991). The

adsorption coefficient K is inversely related to temperature:

AH
K = Aexp (— ads) (12)

RT

As a result, KCa becomes less than unity at higher temperatures, and Equation (12) becomes a

first-order reaction. When Equation (11) is separated and integrated, it becomes:

1 CAo kL Mgt (13)
(CAO—CA)+Kln<CA>— v t
DBT+ * %ﬁi—) DBTU ble adsorption) (14)
DBTI 2 5DBTO2 +* (surface reaction - rate determining step)
(15)
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DBT+H,0, —“—>DBTO2 +H, O (overall reaction) (16)

where kags, kaes, and ko refer to the rate constants for adsorption, desorption, and surface
reaction, respectively. It shows that during the reaction, species DBT is reversibly adsorbed
onto the solid catalyst to produce species DBT- *, which subsequently, in a rate-determining
step, leads to product formation from DBT- * species; thus, the reaction rate (r) can be

expressed as

r=k, [DBT-*] (17)

and the steady-state approximation:

_% = 0 = kgqs[DBT][*] — kg4es[DBT -*] — k,[DBT -] (18)

The concentration of reactive intermediate is obtained by solving Equation (18) simultaneously

kaas[DBT][*] (19)

[DBT -+] =
kdes + kZ

We can define the apparent rate constant as:

_ kzkdes[*] (20)

k =
kdes + k2

Hence Equation (17) can be simplified as follows:

r = k[DBT] = k[C] 21)

Equation (21) can also be written as

d[c] (22)
~ar Ml

When integrating both sides of Equation (22) becomes;

In (2—:) =kt (23)

Therefore, the dibenzothiophene oxidation reaction is assumed to be a pseudo-first-order

reaction. Figure 39 displays a plot of In (Co/Ct) against time, demonstrating straight lines at
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different temperatures, confirming the pseudo-first-order reaction kinetics. The relationship
between the reaction temperature and the rate constant (k) is direct, suggesting that raising the
temperature of the reaction reduces the overall resistance (Dizaji ef al., 2019). When reflecting
the effect of temperature, the rate constant £ from Equation (21) can be expressed by the

Arrhenius formula:

E,
k =AeRT 24

Whereby, T= temperature of reaction (K), £,= Energy of activation (k] mol'), R = universal

gas constant (Jmol'K™"), A = frequency factor (min™).

Introducing natural logarithm on Equation (24), we get:

_ E, (25)
mk=InA4- RT

7
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Figure 39:  Pseudo-first-order model for the DBT desulfurization and Arrhenius
Equation plot

The plot Ink against 1/T represents a linear line as presented in Fig. 39, the value of activation
energy was established from the slope by Equation (25), and it was found to be 35.6 + 4.2
kJmol!. The activation energy provides insight into the level of difficulty involved in a
reaction, with higher activation energy indicating a need for higher reaction temperatures for
oxidation reactions. In the case of DBT oxidation on the SnO2-MoOs catalyst, the activation
energy is moderate, suggesting that the oxidative desulfurization process is relatively easier to

carry out. This indicates that the designed SnO2-MoOs catalyst holds potential for industrial
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applications. Additionally, the rate constant can be determined by analyzing the relationship

between time and concentration in a given process.
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Figure: 40 A plot of In (C¢/C,) against reaction time for the SnO2-MoQs catalysts with
varying Sn/Mo mole ratios. Reaction conditions; 20 mL model diesel, O/S
ratio 5, reaction temperature 60 °C, catalyst weight 100 mg

The pseudo-first-order kinetic model calculates rate constants (Teimouri et al., 2018; Zhu et

al., 2013). Substituting Ciby Co/2 equation (23) becomes:

ty="- 693/k (26)

The C, and C; are concentrations at time zero, t, k is the rate constant of pseudo-first order (min
‘1), and ti2 is the half-life of the compounds. Figure 40, demonstrates a linear relationship
between In(Ct/Co) and reaction time (t) derived from various Sn/Mo catalyst mole ratio. The
ODS reaction is consistent with the pseudo-first-order model, which displays the k values for
various catalysts. The k values diminish in the order of Sn/Mo (2:1), > Sn/Mo (1:1) > Sn/Mo
(1:2) > pure SnO; > pure MoOs. The maximum k value of Sn/Mo (2:1) is 0.057 min~!' which
is higher than pure SnO (0.017 min') and MoO3 (0.007 min™!). These findings confirm the
synergy between SnO; and MoQO3, promoting ODS efficiency.
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4.10 Characterization of the Oxidation Product

Figure 41 presents the solid-state FT-IR spectrum of the residual solid generated during the
oxidation of dibenzothiophene. This analysis aids in identifying the type of sulfur oxidation
product formed. The prominent absorptions observed at 1288 and 1165 cm™ corresponded to
the symmetrical and asymmetrical stretching vibrations of O«—S—0O in DBTO?2, respectively,
that confirm the presence of dibenzothiophene sulfone in the sample. Results similar to this

were also reported by Chamack et al. (2015), Teimouri ef al. (2018) and Tu ef al. (2019).

DBTO,
——DBT

1288 cm™
1165 cm'

Transmittance [%]

1 ¥ 1 = I . 1 ’
2400 2000 1600 1200 800
Wavenumber (cm'1)
Figure 41: The FT-IR spectra of dibenzothiophene and corresponding sulfone

4.11  Catalyst reusability

The reusability of SnO>-MoQs catalysts is crucial in industrial applications. Hence experiments
were conducted to assess the catalysts' reusability under optimal conditions. Following the
initial reaction run, the catalyst underwent centrifugation, followed by two washes with ethanol
and drying at 80°C for 5 hours. Over subsequent runs, the efficacy of the catalyst in oxidizing
DBT to DBT sulfone was slightly lower compared to the fresh catalyst, as indicated in (Fig.
42). The findings indicate that SnO>-MoQO3 catalysts can be recycled up to five times for deep
desulfurization. The gradual decrease in DBT conversion observed after each cycle may be
attributed, at least in part, to the accumulation of DBTO2 on the catalyst surface, which can

potentially block active sites (Ding et al., 2011), and partly due to catalyst loss during washing.
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Figure 42:  Catalyst recyclability under optimal ODS conditions
4.12 Proposed Mechanism of ODS of DBT in Model oil

Sulfur compounds are normally desulfurized oxidatively via simultaneous extraction and
oxidation (Bernal & Caero, 2005). The reaction media contain two immiscible phases: an
organic phase composed of heptane and dibenzothiophene and an aqueous phase composed of
hydrogen peroxide, acetonitrile, and catalyst (Albayrak & Tavman, 2022; Mamaghani et al.,
2013). A series of tests were performed in Fig. 43 to evaluate the interaction between the
oxidant and catalyst in our study's oxidation of DBT using SnO2-MoO3 catalyst materials.
When acetonitrile and model diesel were used, there was 10% DBT removal due to liquid-
liquid extraction processes (Verduzco et al., 2004). When H>O» or SnO>-MoOs3 are added to
the process alone, the removal efficiency is only 15% and 36%, respectively. This indicates
that the catalyst and oxidant are essential in the reaction and that DBT can slightly be removed
by adsorption function on the SnO>-MoOs surface. Hence for DBT oxidation to occur, it needs
both a catalyst and oxidant (Tharindu ef al., 2020; Yazu et al., 2001) and in this work, 99.8%
was removed when SnO2-MoOs catalyst in the presence of hydrogen peroxide as an oxidant
was used. According to Gonzélez et al. (2018), oxygen vacancies and the acidity of the catalysts

have a direct relationship with ODS capacity.
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Figure 43:  Oxidative desulfurization for DBT in different reaction conditions (a)
acetonitrile and model diesel, (b) without catalyst, (¢) without H202, (d)
H20: and SnO2-MoO3 catalyst

The SnO,-MoOs3 catalyst with Sn/Mo (2:1) mole ratio has high oxygen vacancies, which
improves ODS efficiency. The S atom of DBT has a lone pair of electrons that can behave as
Lewis bases or electron donors (Gonzalez ef al., 2018). The SnO>-MoOs catalyst is assumed to
have Lewis’s acid sites that receive electrons from the S atom of DBT in the ODS reaction via
an acid-base reaction pathway, enhancing DBT chemisorption. On the other hand, upon
interactions with the catalyst, in our case SnO2-MoOs3, H20> in the ODS processes dissociates
into two strong oxidant species: HO™ and HO> ions. These are stronger oxidants than O2 and

thus react with them to produce DBT-sulfone (Kumar et al., 2014; Wang et al., 2010).
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Scheme 3: A suggested reaction mechanism for DBT oxidation by H20: in the
presence of SnO2-MoO3 catalyst

Scheme 3 shows the mechanism by which DBT is oxidized. The peroxo-complex intermediate
with a much higher oxidation capacity than H2O, (Chen & Schopfer, 1999; Wang et al., 2010)
is formed first. This occurs when a nucleophilic attack of H>O, on the Mo=0 bond of the
catalyst surface (1), confirmed by Raman analysis, generates the active species of
peroxometallic (2) intermediates. Water is eliminated from the hydro peroxymolybdate species
to form peroxo species (3). Because the electron density of the sulfur atom is higher (4) (Wang
et al., 2003), it must be preceded by a nucleophilic attack of the sulfur atom on a peroxo species
to form sulfoxide, DBTO (5) and recover molybdenum oxide species (1). Since hydrogen
peroxide is abundant, the sulfoxide is further oxidized to generate the dibenzo sulfone, DBTO2
(6). Acetonitrile was used to extract the dibenzothiophene sulfone. The tin oxide (Sn) aids in
removing electron density from Mo atoms, giving the molybdate species a more electrophilic

nature. (Teimouri ef al., 2018).
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5.1

CHAPTER FIVE

CONCLUSION AND RECOMMENDATION

Conclusion

In this work, the SnO,—MoO; catalyst has been successfully synthesized from tin and

molybdenum inorganic precursors by the sol-gel method. The effect of preparation conditions

such as calcination temperature and precursor mole ratio had an important influence on

materials' physical properties, such as porosity, crystallinity, crystallite size, lattice strain,

specific surface area, oxygen vacancies, and acidic sites. The effect of operating parameters

such as reaction time, oxidant ratio, reaction temperature and catalyst load were evaluated.

The following conclusion was made based on the result obtained.

(1)

(i)

(iii)

(iv)

)

When calcination temperature was varied, the catalyst crystallinity increased, crystal
size increased from 24 nm to 38 nm due to the Oswald ripening process, specific surface
area and pore volume increased from 350 to 450°C and then decreased from 550 to 650

°C due to particle agglomerate as evidenced by SEM analysis.

The ODS reaction was done, and 450°C was the optimal calcination temperature which
resulted in 99.6% DBT removal from model diesel at the following conditions: 60°C,
100 mg, 60 min, and 5 reaction temperature, catalyst loading, reaction time, and

oxidant/sulfur ratio, correspondingly.

When mixing SnO, and MoOs3 oxides at different mole ratios, Sn/Mo (1:2), (1:1) and
(2:1) crystal size varies from 29.9, 31.9 to 42.4 nm while surface area increased from
2.3,10.7 to 50.4 m?g’!, furthermore morphological properties are improved from fused
particles to cauliflower and agglomeration. The highest acidic site density of 49.3
mEqg ! was observed for the catalyst with mole ratio Sn/Mo (2:1), then 47.4 mEqg™! for
Sn/Mo (1:1) and 46.7 mEqg™! for Sn/Mo (1:2).

The SnO»2-MoOs catalyst with a Sn/Mo mole ratio (2:1) at the calcination temperature
of 450°C exhibited the highest catalytic activity and could remove 99.8% of
dibenzothiophene under optimal conditions: catalyst dosage of 0.01 g, H2O2/DBT

molar ratio of 5, reaction temperature of 60°C, and reaction time of 30 minutes.

The improved catalytic activity demonstrated by the SnO,-MoOs catalyst is due to

surface defects increases because of particle agglomeration with decreased crystallite
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(vi)

(vii)

(viii)

(ix)

5.2

size, resulting in a high surface area with high pore distribution around the mesopore
region as well as the synergy between SnO, and MoOs oxide and the unsaturated
coordination of tetragonal tin oxide to hexagonal molybdenum oxide, is believed to
create Lewis acid sites that are essential for the adsorption of DBT and its subsequent

conversion to DBT sulfone.

Kinetic studies show the ODS reaction follows pseudo-first-order kinetics with the
Langmuir-Hinshelwood mechanism provide an insight into how the reaction proceeds
and allows for the identification/determination of the rate law for the heterogeneous

reaction.

The proposed sulfur removal efficiency mechanism consists of three steps: formation
of a hydroperoxymolybdate, loss of water molecules to form a peroxo complex and
nucleophilic attack on the peroxo complex by the sulfur molecule to form a sulfoxide

and then sulfone.

The reusability experiments revealed that SnO2-MoOs3 could be recycled five times for

deep desulfurization.

The excellent ability of SnO2-MoOs catalysts to efficiently oxidize sulfur in challenging
molecules such as DBT, commonly present in diesel fuel, showcases their immense
potential for large-scale desulfurization of transportation fuels. This potential holds
significant promise in meeting stringent standards that ensure the protection of public
health and the environment by reducing respiratory complications and minimizing

infrastructure degradation associated with the decrease in SOx emissions.

Recommendations

This study evaluated the performance of tin molybdenum mixed metal oxide catalyst materials

from tin and molybdenum inorganic precursors for sulfur removal in model diesel. Based on

the findings of this study, we recommend the following:

(i)

(i)

Future work should explore other oxidation catalytic reactions which can be performed

using the synthesized catalysts.

A computation study should be done to compare the experimental and theoretical

results.
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(iii)

(iv)

)

(vi)

(vii)

(viii)

Exploring the cost-benefit analysis of utilizing the catalyst in the oxidative

desulfurization of practical heavy oil feedstocks, such as waste tire pyrolysis oil.

More study is needed to commercialize the employed -catalyst's oxidative
desulfurization process by addressing selectivity for the sulfides included in the fuel

feedstock.

A comparative report for kinetic analysis by Langmuir-Hinshelwood and Mars -van

Krevelen model should be done.

Recovery and quantification of the sulphone, the waste product that can be used as a

surfactant.

A solvent effect should be studied as the solvent has a significant effect on the result of
the reaction, i.e., yields, by-product production, and reaction kinetics, and this effect is

highly dependent on the catalyst type and substrate composition.

To determine whether the heating rate for the catalyst preparation will influence the

catalyst's characteristics, which influence the activity.
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