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ABSTRACT

A SYNTHESIS NOVEL CATALYST AND DEVELOPMENT DESIGN OF
OSCILLATION BAFFLED REACTOR FOR OXIDATIVE
DESULFURIZATION OF LIGHT GAS OIL
MSC THESIS
LAYTH THAMER ABDULATEEF
BOLU ABANT IZZET BAYSAL UNIVERSITESI
INSTITUTE OF GRADUATE STUDIES
DEPARTMENT OF CHEMICAL ENGINEERING
(SUPERVISOR: Assoc. Prof. Dr. Giler Bengiisu TEZEL TANRISEVER )

(CO-SUPERVISOR:ASssist. Prof. Dr. KHALEEL I. HAMAD)

BOLU, 3 JANUARY 2025
X111 + 82 pages

Sulfur compounds present in diesel fuel pose significant environmental and
health concerns. This study introduces a novel approach to remove sulfur from light
gas oil through oxidative desulfurization (ODS) using a mesoporous Pd/Zeolite
catalyst in an oscillatory baffled reactor (OBR). A series of experiments were
conducted to investigate the influence of various parameters, including temperature
(40-80 °C), residence time (4-12 minutes), and oscillation frequency (0.4-1.2 Hz),
on the sulfur removal efficiency. The mesoporous structure of the catalyst
facilitated the adsorption and oxidation of sulfur-containing compounds. The OBR
design significantly enhanced mass and heat transfer, improving sulfur
removal.Under optimal conditions (80 °C, 12 minutes residence time, and 1.2 Hz
oscillation frequency), a remarkable sulfur removal efficiency of 93.11% was
achieved. This research provides a promising pathway towards producing cleaner

and more environmentally friendly diesel fuels.

KEYWORDS: ODS process, OBR, palladium oxide, Zeolite, Light gas oil



OZET

HAFIF GAZ YAGININ OKSIDATIF KUKURT GIDERIMi iCiN YENi
KATALIZORLERIN SENTEZI VE SALINIM SASIRTMALI
REAKTORUN GELISTIRME TASARIMI
YUKSEK LiSANS TEZi
LAYTH THAMER ABDULATEEF
BOLU ABANT IZZET BAYSAL UNIVERSITESI
LiSANSUSTU EGITiM ENSTITUSU
KiMYA MUHENDISLiGi ANA BiLiM DALI
(TEZ DANISMANI: DOC. Dr. Giiler Bengiisu TEZEL TANRISEVER

(IKINCi DANISMAN: DOC. Prof. Dr. KHALEEL I. HAMAD )
BOLU, 3 OCAK 2025
X111 + 82 pages

Dizel yakitlardaki kiikiirt bilesikleri, cevre ve insan sagligi i¢in 6nemli bir
tehdit olusturmaktadir. Bu calisma, hafif gaz yagindan kiikiirtiin oksidatif
desulfurizasyonu (ODS) icin osilasyonlu engelli bir reaktérde (OBR) yeni bir mezo
gozenekli  Pd/Zeolite  katalizorii  kullanarak  yenilik¢i  bir  yaklagim
sunmaktadir.Cesitli sicaklik (40-80 °C), kalis siiresi (4-12 dakika) ve osilasyon
frekansi (0.4-1.2 Hz) parametrelerinin kikurt giderim verimi tzerindeki etkilerini
incelemek i¢in bir dizi deney gerceklestirilmistir. Mezo gézenekli yapisi sayesinde
katalizor, kiikiirt bilesiklerinin adsorpsiyonunu ve oksidasyonunu kolaylastirmistir.
OBR tasarimi, kiitle ve 1s1 transferini 6nemli dlgiide artirarak kiikiirt giderimini
tyilestirmistir. Optimal kosullar altinda (80 °C, 12 dakika kalis siiresi ve 1.2 Hz
osilasyon frekansi), %93.11 gibi dikkat ¢ekici bir kikurt giderim verimi elde
edilmistir. Bu calisma, daha temiz ve c¢evre dostu dizel yakitlarinin iiretimi i¢in

umut verici bir yol sunmaktadir.

ANAHTAR KELIMELER: Oksidatif desiilfiirizasyon, hafif gaz yagi, mezo
g6zenekli katalizor, osilasyonlu engelli reaktor, kikurt giderimi, cevresel etki.
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1. INTRODUCTION

1.1 Background

Energy is a significant concern in economic development, given that nature
and society have an important relationship, energy plays a major role in this
relationship (Chen et al., 2013). The world's largest and most widely used energy
source to date is crude oil, as the fuel used in diverse transportation, such as diesel,
gasoline, and jet fuel, occupies the largest part of crude oil derivatives (Al-Malki,
2004).

Oil and gas are still expected to meet up to 50% of universal energy demand
until 2050, despite continued encouragement of renewable and sustainable energy
sources and expansion in the diversity of their production methods (Adam et al.,

2021), as shown in Figure 1.1 below.

300 - - petroleum

@ history 1 projection and other
§ 250 liquids
E renewables
_E 200 natural gas
; m— coal
% 150
T
o .
5 100
B 50
o nuclear
0 I T T T 1
2010 2020 2030 2040 2050

Figure 1.1. Global energy consumption (Zhongming et al., 2021)

Such crudes and their derivatives contain sulfur. The sulfur content and
specific gravity according to the American Petroleum Institute (API gravity), are
two properties that have a significant impact on the value of crude oil (M. N. Abbas
& Ibrahim, n.d.). The indicators tend to rise for pollution associated with the use of
petroleum derivatives in addition to pollution resulting from the extraction and
refining of crude oil (Campos-Martin & Capel-Sanchez, 2021).

There is a large group of sulfur compounds in gas oil, which can be
categorized into four main groups: mercaptans, thiophenes, sulfides, and disulfides.

These groups are considered a major priority for fuels derived from crude oil, as



they are one of the most dangerous environmental pollutants of petroleum and its
derivatives (Campos-Martin & Capel-Sanchez, 2021).

Sulfur is found in fossil fuels naturally as various organic and inorganic
compounds, and regrettably, burning fossil fuels to produce energy is the prevailing
modern technology so far. Sulfur oxide gases are formed when sulfur oxidized
during the process. These formed gases react with water and air in atmosphere
pressure to produce toxic sulphates, causing air and water pollution and the
formation of acid rain that damages vegetation, crops and changes the soil makeup,
which affects the natural diversity of plants and animals, which ultimately leads to
environmental instability (ARP, 2010). It also causes health problems such as
trigger asthma and respiratory diseases (Gokhale & Khare, 2004).

Moreover, the organic sulfur compounds in crude oil and its derivatives are
the cause of many industrial process problems such as corrosion of pumps, refining
equipment and their transport pipes, premature failure of combustion engines, and
the deactivation and poisoning of catalysts used in refining industries (Saleh, 2020).

Therefore, environmental concerns have prompted the need to remove
sulfur-containing compounds from gas oil and other derivatives (Zhao et al., 2003).
New stringent environmental regulations have drawn attention to the process of
desulfurization of fuels, with the permissible limit of sulfur reaching 15 ppm in the
United States, while the limit set by the European Union and China is 10 ppm.
Therefore, the process of ultra-deep desulfurization of petroleum derivatives has
recently begun to receive great attention, as the effort in this area also aims to meet
the limited supply of sulfur-free fuel (>1 ppm) used in fuel cells, not only to
implement the requirements of new stringent environmental regulations (Shafiq et
al., 2021). In addition to providing environmentally friendly fuel, the global demand
for which has recently begun to increase (Ismagilov et al., 2011).

To obtain environmentally friendly fuel, and due to the difficulty of
reducing sulfur in fuel to (< 10 ppm) using the hydrogen hydrodesulfurization
process (HDS), which is the prevailing traditional method, as it is a process that
requires high operating costs and harsh operating conditions for the HDS reactor,
whose temperature ranges between 300 - 450 °C and pressure ranges from 35 - 270

bar, and high hydrogen consumption depending on the feed and the required level



of desulfurization (Rezvani et al., 2021). In addition to losing the octane rating of
the fuel treated under these conditions due to the hydrogenation of olefins and their
transformation into recombinant mercaptans after their reaction with H.S, thus
increasing hydrogen consumption (Shiflett & Krenzke, 2002).

The conventional hydrodesulfurization (HDS) process, although historically
dominant, has become increasingly cost-prohibitive due to stringent fuel
specifications. This has necessitated the exploration of alternative desulfurization
technologies. Oxidative desulfurization (ODS) has emerged as a promising
alternative, offering several advantages: high efficiency, mild reaction conditions,
and lower operational costs. The reduced complexity of ODS processes allows for
simpler equipment and lower capital investment, making it a more economically
viable option compared to HDS (Gao et al., 2018).

The oxidative desulfurization process has great advantages over the
hydrodesulfurization process, as the former can react with all sulfur compounds
present in the fuel and reduce them, which are difficult to reduce in the hydrogen
removal process (Otsuki et al., 2000). In contrast, to provide an effective and
observable catalytic desulfurization process with a longer operating life, great
efforts must be made to select a selective and effective catalyst for this process
(Sharifi et al., 2018)(Dardouri et al., 2019).

A suitable reactor must be chosen to assess the efficacy of the newly
developed catalyst and consider its commercial viability within an integrated fuel
desulfurization process. The oscillatory baffled reactor (OBR) presents an
innovative solution in tubular reactor design. It has been shown to significantly
enhance mass and heat transfer rates compared to traditional tubular reactors,
making it an ideal candidate for advanced oxidation processes, where these factors

are crucial (Humadi et al., 2021).



1.2 The Sulfur

Sulfur compounds are significant non-hydrocarbon components found in
petroleum, existing in various structural forms. Heavy fractions and residuals
derived from crude oil processing contain a substantial amount of these sulfur
compounds (Speight, 2000). While the significance of sulfur compounds in
petroleum may not be immediately apparent, their presence has detrimental
consequences.

In finished petroleum products like gasoline, sulfur compounds can lead to
engine corrosion, particularly during winter conditions when water containing
sulfur dioxide accumulates in the crankcase. Additionally, mercaptans, a specific
type of sulfur compound, can cause corrosion of copper and brass when exposed to
air and negatively impact the color stability of gasoline and other liquid fuels
(Babich & Moulijn, 2003; C. Song, 2013; Song & Ma, 2003).

The distribution of sulfur compounds in crude oils has been extensively
studied since the 1890s, allowing for the identification of various general patterns.
The proportion of sulfur increases with the boiling point of the crude oil fraction.
Excessive temperature during distillation can lead to the thermal decomposition of
high molecular-weight sulfur compounds. Consequently, the middle fractions will
have a higher concentration of sulfur compounds compared to the higher-boiling
fractions. The distribution of different types of sulfur compounds significantly
varies among crude oils from various origins. While it is difficult to definitively
link specific trends to the occurrence of compound types in different crude oils, a
general observation can be made: as the boiling point of fractions from a particular

crude oil increases, the sulfur content tends to rise (Shiflett & Krenzke, 2002).

1.3 Organic sulfur compounds found in crud oil distillates and it’s

oxidation reactions

1.3.1 Categories of Sulfur in petroleum distillates

In crude oil derivatives, sulfur can be considered the only heterogeneous atom that
can be found in these derivatives. Different types of sulfur are distributed in

different proportions among crude oil derivatives depending on the origin of the



crude oil from different sources (Nawaf, 2015). The Table 1.1 illustrated below, the

popular varieties of sulfur compounds found in liquid fuels.

Table 1.1. The most found sulfur types in liquid fuels (Song & Ma, 2003)

Type Structure Boiling | Reactivity | Fuel range
point
°C)
- Fast Gasoline
PN
Mercaptans R H
- Moderately | Gasoline
S
N
Sulfides R R’
Gasoline,
Thiophenes / \ 85 Weak Kerosene
S and jet
fuel
Gasoline,
223 Very weak | Kerosene
Benzothiophenes jet fuel
and Diesel
Dibenzothiophenes 400 Very weak Diesel




1.3.2 The reactions involve sulfur compounds
A significant number of studies have been published regarding the ODS

process (Bagherzadeh & Amini, 2009; Di Giuseppe et al., 2009; Xia et al., 1999),
focusing on various types of organic sulfur compounds such as mercaptans,
sulfides, and thiophenes. The chemical reactions of these organic sulfur compounds
(OSCs) that take place in the ODS process can be summarized as follows:
» Mercaptan undergoes direct oxidation to form disulfide (Xia et al., 1999):
RSH + Oxidant — RSSR
» Sulfide undergoes oxidation to form sulfone, which subsequently oxidizes
to yield sulfoxide (Bagherzadeh & Amini, 2009):
RSR + Oxidant — RSRO + Oxidant — RSRO,
» Thiophenes undergo oxidation to form thiophene sulfone, followed by
further oxidation to yield thiophene sulfoxide (Di Giuseppe et al., 2009):
Th + Oxidant - ThO + Oxidant — ThO,
BT + Oxidant - BTO + Oxidant — BTO,
DBT + Oxidant - DBTO + Oxidant — DBTO,

1.4 Classification of Desulfurization Technologies

The sulfur concentration in fuels, the function of hydrogen, the type of
process (chemical or physical), and the economic cost are common variables in the
classification of desulfurization processes inside refineries. Desulfurization
methods for treating organic sulfur compounds can be categorized into three
groups: decomposed, separated without decomposition, or both separated and then
decomposed, as illustrated in Figure 1.2 (“A Review on Desulfurization Techniques
of Liquid Fuels,” 2016).
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Figure 1.2. Classification of Desulfurization Processes in the Refineries (“A

Review on Desulfurization Techniques of Liquid Fuels,” 2016)

Conventional Hydrodesulfurization (HDS) is the primary technique for
decomposing sulfur compounds into hydrogen sulfide, which is subsequently
extracted from the hydrogen stream. In the second approach (i.e., ODS), sulfur
compounds are either separated or initially converted into more easily separable
compounds (i.e., sulfones) through the use of an oxidant. The third technique
involves separating organic sulfur compounds from crude oil and subsequently
thermally or catalytically decomposing them in a specialized unit (D. Liu et al.,
2010).

Figure 1.3 illustrates the two primary categories of desulfurization
processes: Hydrodesulfurization (HDS) and non-Hydrodesulfurization. These
categories are distinguished by their use of hydrogen. HDS-based processes rely
heavily on hydrogen to break down sulfur compounds, while non-HDS processes
operate without the use of hydrogen (Hern et al., 2020).
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Figure 1.3. Classification According to the Role of Hydrogen Used in the

Process(“A Review on Desulfurization Techniques of Liquid Fuels,” 2016)

1.4.1 Traditional Approaches of Hydrodesulfurization (HDS)
Hydrodesulfurization (HDS) is a catalytic hydrogenation process used to

remove sulfur, nitrogen, metals, oxygen, and other undesirable elements from fuels.
This process involves breaking down sulfur compounds into hydrogen sulfide,
which requires the use of hydrogen. Some of these contaminants can negatively
impact equipment, catalysts, and product quality (Ogunlaja, 2013).

The HDS reaction takes place in a fixed-bed reactor under elevated
temperatures ranging from 300 to 400 °C and high pressures between 30 and 130
atm. Furthermore, various metals such as Co-Mo, Ni-Mo, and Ni-W, when
supported on Al>Ogz, serve as catalysts. These catalysts offer a surface for the
adsorption, dissociation, and reaction of hydrogen molecules with sulfur, resulting
in the removal of hydrogen sulfide (H.S) (D. Liu et al., 2010).

During the HDS process of thiophene compounds, two distinct pathways
were proposed: the hydrogenolysis pathway and the hydrogenation pathway. In the
hydrogenolysis pathway, the C-S bonds in organic sulfur compounds are cut off,

whereas in the hydrogenation pathway, the ring undergoes hydrogenation for



saturation, followed by the removal of the sulfur atom (Silva et al., 2021). The
reaction conditions, the characteristics of the sulfur compound, and the type of
catalyst represent the primary constraints on the selectivity of the two pathways. At
times, both pathways may occur simultaneously, utilizing distinct active sites on
the catalyst surface. In the case of hydrogenolysis, the Co-Mo/Al,O3 catalyst is
favored, while the Ni-Mo/Al;Os catalyst demonstrates high activity for
hydrogenation (Shafi & Hutchings, 2000). Concerning the nature of sulfur
compounds, dibenzothiophene (DBT) mostly undergoes reaction via the
hydrogenolysis pathway, while both hydrogenolysis and hydrogenation pathways
are employed to eliminate 4,6-dimethyldibenzothiophene (4,6 DMDBT) under
identical reaction conditions (Sanyangare, 2016).

A number of sulfur compounds, such as thiols, sulfides, thiophene, alkyl-
thiophenes, and benzothiophene, have been thoroughly investigated using the use
of HDS. Figure 1.4 shows that the reactivity of sulfur compounds has been
dramatically reduced from mercaptans to alkyl-derived dibenzothiophenes as the
number of rings and methyl substituents has increased (Rivera et al., 2014).

The disadvantages of the HDS process are primarily attributed to high
pressure, extreme temperatures, toxic gases, and the complexity of catalytic
processes (Bhadra & Jhung, 2019). The efficiency of the HDS process can be
enhanced through the utilization of novel catalysts, specifically Pt-Pd/amorphous
silica-alumina (Pt-Pd/ASA), alongside improved reactor designs. Severe operating
conditions and advanced reactors increase the cost of the process(Blanco-Brieva et
al., 2010; Huirache-Acufa et al., 2012).
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Figure 1.4. Classification Based on the Transformation of Sulfur Compounds (“A

Review on Desulfurization Techniques of Liquid Fuels,” 2016)

1.4.2 Alternative Technologies Not Based on HDS
Five types of technologies catalyze the decomposition of organic sulfur

compounds without the need of hydrogen:

1.4.2.1. Extraction-Based Desulfurization

The extraction of sulfur compounds from fuel oil, known as extractive
desulphurization, relies on the principle that sulfur compounds exhibit greater
solubility than hydrocarbons in a suitable solvent. Figure 1.5 illustrates the overall
process flow sheet. The primary advantage of the extractive desulphurization
process lies in its effectiveness under low temperature and low pressure conditions.
The procedure has no effect on the chemical composition of fuel oil components.
To enhance the efficiency of the separation process, it is essential to select the
solvent with precision, ensuring it meets various critical requirements. The

solubility of the sulfur compounds in the solvent is of utmost importance.
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The solvent should possess a boiling point distinct from that of the sulfur-
containing compounds, and it needs to be cost-effective to guarantee the economic
viability of the process. A variety of solvents have been explored, including
acetone, ethanol (Aida, 1998), polyethylene glycols (Horii et al., 1993), and
nitrogen-containing solvents (Aida & Funakoshi, 1993). A desulphurization level
ranging from 50% to 90% sulfur removal has been documented, depending upon

the number of extraction cycles employed.

Desulfurized Fuel Oil S-bearing Compounds
Fuel Oil
—_—> Mixing Tank [r— Separator > Distillator
Solvent Recovered Solvent
A 4

Figure 1.5. Overview of the extractive desulphurization process flow

The effectiveness of extractive desulphurization is primarily constrained by
the solubility of organic sulfur compounds within the solvent. The selection of an
appropriate solvent, considering the characteristics of the sulfur compounds
targeted for removal, can significantly enhance solubility. This is typically
accomplished by formulating a 'solvent cocktail' like a combination of acetone and
ethanol or a mixture of tetraethylene glycol and methoxytriglycol (Aida &
Funakoshi, 1993; Nawaf, 2015). The preparation of this 'solvent cocktail' presents
significant challenges and is inherently inefficient, as its composition is heavily

influenced by the variety of organic sulfur compounds found in the feed stream.

1.4.2.2. Adsorptive Desulfurization:

Desulphurization through adsorption (ADS) relies on the capacity of solid
adsorbents to selectively capture organic- sulfur compounds from refinery streams.
According to the mechanism by which sulfur compounds interact with the

adsorbent, ADS can be categorized into two distinct groups: adsorptive
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desulphurization and reactive adsorption desulphurization. Adsorptive
desulphurization relies on the physical adsorption of organic-sulfur compounds
onto the surface of solid adsorbents. Regeneration typically involves the process of
flushing the exhausted adsorbent with a solvent, which leads to the production of
waste containing a high concentration of organic-sulfur compounds (Nanoti et al.,
2011; Sarda et al., 2012).

Reactive adsorption desulfurization involves the chemical interaction
between organic sulfur compounds and the adsorbent. Sulfur typically undergoes
adsorption, primarily in the form of sulfide, resulting in the release of sulfur-free
hydrocarbons into the purified fuel stream. The regeneration of the spent adsorbent
leads to the removal of sulfur in the form of H.S, S, or sulfur oxides, contingent
upon the specific process utilized. The effectiveness of desulfurization is primarily
influenced by the characteristics of the adsorbent, including its capacity for
adsorption, selectivity towards organic-sulfur compounds, as well as its durability
and ability to be regenerated (Nanoti et al., 2011; Sarda et al., 2012).

The adsorptive desulfurization method makes use of a variety of established
porous solid materials as adsorbents, including activated carbon, zeolite, alumina,
silica, montmorillonite activated clay, and various metal-based adsorbents (Sarda
et al., 2012). The primary drawback of these processes lies in the thermal swing
necessary for high-temperature regeneration or the need for an additional separation

process to recover the solvent for recycling (Nanoti et al., 2011).

1.4.2.3. Biological desulfurization (BDS):

This method utilizes microorganisms, including bacteria, for the removal of
organosulfur compounds. Biodesulfurization (BDS) has been investigated as a
substitute for hydrodesulfurization (HDS) in the extraction of organic sulfur from
fuels. BDS employs bacteria as a catalyst for the removal of sulfur from fuel. In the
BDS process, organosulfur compounds, including DBT and various other organic
sulfur compounds, undergo oxidation by genetically modified microbes through a
selective oxidative pathway, resulting in the removal of sulfur as sulfate salts
(Monticello, 2000).

There are two primary methods for the BDS of alkyl-DBTs. Most attention
is focused on the 4S pathway of certain bacterial species, which can effectively

remove sulfur from dibenzothiophene (DBT) and its derivatives, particularly the
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challenging compound 4,6-dimethyldibenzothiophene (4,6-DMDBT), which is
resistant to hydrodesulfurization (HDS). Figure 1.6 illustrates that the enzymes
involved in the 4S pathway of DBT can selectively target the sulfur atom while
leaving the carbon content of fuels unassimilated. In this pathway, DBT undergoes
a stepwise oxidation to form DBT sulfoxide, which is subsequently oxidized to
DBT sulfone, and ultimately converted to 2-hydroxyl biphenyl (HBP) (Monticello,

2000).
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Figure 1.6. Pathways of Biodesulfurization (Monticello, 2000)

The complete biodiesel desulfurization of hydrodesulfurized diesel fuel
resulted in a 67% decrease in total sulfur, reducing it from 1850 ppm to 615 ppm.
Notably, the sulfur content of 615 ppm cannot be further diminished. For
biodesulfurization to be commercially viable, it must effectively eliminate sulfur
from fuels. While extensive studies have been conducted on the desulfurization of
model compounds through the sulfur selective oxidative pathway, there is a paucity
of published information regarding the desulfurization of fuel oils (Folsom et al.,
1999; Kilbane, 2017).

1.4.2.4. Desulfurization by precipitation
Desulfurization via precipitation relies on the generation and extraction of
subsequent insoluble change-transfer complexes. Preliminary experiments were

conducted on a model organic-sulfur compound (4, 6-DMDBT) in hexane and gas
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oil, utilizing 2,4,5,7-tetranitro-9-fluoren (TNF) as the most effective m—acceptor. A
suspension of the m-acceptor and sulfur-containing gas oil was agitated in a batch
reactor, resulting in the formation of insoluble change-transfer complexes between
the m-acceptor and DBT derivatives. The sequential procedures involve filtration to
eliminate the complex generated from gas oil and the recovery of the excess =-
acceptor utilizing a solid adsorbent. The current efficiency is significantly low. One
treatment achieves the removal of merely 20% of the sulfur present. Additionally,
competition exists in complex formation between DBT compounds and other non-
sulfur aromatics, leading to reduced selectivity for DBT removal (Groysman, 2017,
Vellingiri et al., 2016).

1.4.2.5. Oxidative desulfurization (ODS)

Meeting the new stricter sulfur specifications requires an approach that
integrates new process options with the conventional HDS process to achieve
economic viability. Oxidative desulfurization (ODS) involves the conversion of
sulfur compounds into their oxidized forms, specifically sulfones, serving as an
alternative method for reducing sulfur content in transportation fuels. The
application of the ODS process to sulfur compounds in middle distillates appears
to be economically advantageous for multiple reasons (Ali et al., 2009). One of the
reasons is that under mild reaction conditions, such as temperatures ranging from
room temperature to 200 °C and pressures between 1 bar and 15 bar, the oxidation
reaction typically leads to reduced capital investment and operational costs.
Additionally, another reason is that the ODS presents an appealing option because
of the increased reactivity of aromatic sulfur compounds, especially alkylated
DBTSs, which pose challenges in being eliminated in low-pressure hydrotreating
systems. The varying reactivities stem from the increased electron density at the
sulfur atom, attributed to its integration within an electron-rich aromatic
framework. This effect is further amplified by the presence of alkyl groups, which
are electron-donating. Consequently, larger aromatic systems and alkyl substituents
enhance the likelihood of an electrophilic attack by an oxidant. Consequently, sulfur
molecules that are resistant in HDS, like 4,6-DMBT, are expected to undergo
favorable reactions in ODS (Ismagilov et al., 2011; ISODA, 1998). Figure 1.7
represent the optimal reaction for DBTs (Nawaf, 2015)
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When compared to their unoxidized counterparts, oxidized sulfur
compounds have much higher boiling points, molecular weights, and polarities.
Therefore, polar solvents such acetonitrile, N-methyl pyrrolidone (NMP),
dimethylformamide (DMF), and methanol enhance the solubility of sulfoxides or

sulfone molecules (Akopyan et al., 2020).
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Figure 1.7. The optimal reaction for DBTs(Nawaf, 2015)

The ODS process consists of two distinct stages:

» Initially, in the context of electrophilic addition reactions, aromatic sulfur
compounds present in fuels undergo oxidation to generate hexavalent sulfur
(sulfones) through the incorporation of oxygen atoms.

» In the second stage, the separation of oxidized sulfur-containing
compounds, such as sulfoxides or sulfones, from fuel is achieved through
methods like solvent extraction, distillation, or adsorption, as illustrated in
Figure 1.8 (Rajendran et al., 2020).

15



Solvent

Solvent sulfone Distillation/ Re-

Oxidant
_L. —
Fuel+S Oxidation/Sulfo Adsorption
ne generation
e \-——:
Fuel

Distillation/
thermal treatment

Fuel

extraction+ distillation
sy Sulfone

Sulfone

Sulfone

Figure 1.8. The Oxidative Desulfurization Reaction (Rajendran et al., 2020)

The implications, operating conditions, and risks associated with HDS and

ODS processes are summarized in Table 1.2.

Table 1.2. HDS vs. ODS Process Comparison

ITEM HDS ODS
Catalyst Solid phase Solid or liquid phase
Reaction type Reduction reaction Oxidation reaction

Construction expenses

Higher

Minimal

Pressure Between 30 - 275 bar Almost atmospheric pressure
Temperature Elevated temperature (200-500 °C) Almost (25-100 °C)
Risk A higher risk A lower risk

Cracking of feedstock

Cracking happens

No Cracking happens

Pollution

Contributes to air pollution through
hydrogen sulfide (H2S)

Environmentally friendly and

safe

1.5 Oxidant Types

The primary goal of the desulfurization process is to oxidize organic sulfur

compounds into their corresponding sulfones and sulfoxides. To achieve this, an
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oxidant is essential. An oxidant is a chemical compound that transforms organic
compounds into more polar oxidized species. The selection of an appropriate
oxidant for the desulfurization process is primarily influenced by factors such as
active oxygen content, by-product nature, selectivity, cost, and environmental
impact. Numerous oxidants have been investigated in the literature, with the most

common ones summarized in Table 1.3.

Table 1.3. The active oxygen content and the by-products of various common
oxidants (Cheng, 2008; Nawaf, 2015; Wan, 2006).

Oxidant type activated oxygen
content (%) reaction's byproduct

Oxygen 100 H20
hydrogen peroxide 47 H.0

Ozone 33 02
Nitric Acid 25 NOXx
Sodium hypochlorite 21 NaCl

tert-Butyl hydro peroxide 17 t-BuOH

H20> is a crucial oxidizing agent in the ODS process due to its strong
chemical reactivity, availability, and active oxygen concentration (47%). No harm

will come to the environment, and it is completely risk-free to operate.

1.6 Reactor types utilized for the oxidative desulfurization of gas oil

1.6.1 Trickle Bed Reactors (TBR)
Trickle bed reactors hold significant relevance within the three-phase (gas-

liquid-solid) reaction systems found in industrial applications. In a petroleum
refinery, these processes are employed for hydrotreating, oxidation,
hydrodesulfurization, and hydrocracking. Typically, TBRs operate within a
pressure range of (20-30) bar. This range is essential for minimizing catalyst
deactivation, enhancing the solubility of gaseous reactants, boosting conversion
rates, and optimizing heat transfer (Azarpour et al., 2021). The primary

disadvantage is the complexity of gas-liquid flow over porous catalyst particles in
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TBRs. Liquids may exhibit varying degrees of wetting on surfaces (Nigam &
Larachi, 2005).

TBRs have been employed in published ODS research (Gheni et al.,
2017), which explored the continuous ODS of 2-propyl Mercaptan and n-butyl
Mercaptan using a cobalt-supported activated carbon catalyst (2% Co/AC) and
molecular oxygen as an oxidant. The reaction was investigated under various
conditions, including temperatures ranging from 100 to 400°C, liquid hour space
velocities (LHSV) between 2.5 and 10 h™!, and initial concentrations of 2-propyl
Mercaptan and n-butyl Mercaptan, both set between 75 and 300 ppm. The study
revealed that 2-propyl Mercaptan exhibits higher reactivity compared to n-butyl
Mercaptan. Additionally, the oxidation process was found to have no significant
impact on the physical properties of naphtha. Under the investigated operating
conditions, the oxidation rate was observed to increase with temperature and
decrease with LHSV.

TBR was used to conduct the ODS process at moderate oxidation
temperatures, aiming to evaluate the effectiveness of the synthesized catalysts for a
continuous three-phase ODS process. The evaluation research on ODS considered
various factors, including temperatures of 60 and 70 °C, LHSVs of 1, 1.35, 2, and
4 h!, pressures of 6 and 800 kPa, and initial sulfur concentrations of 100 and 300
ppm. The removal efficiency of n-butyl Mercaptan during processing in the TBR
was notably high for both coated and uncoated catalysts. Optimal performance was
achieved at a temperature of 70 °C, a pressure of 800 kPa, a liquid hourly space
velocity of 1 h™!, and an initial sulfur concentration of 300 ppm (H. R. Mohammed
etal., 2022).

1.6.2 Batch Reactors
A batch reactor represents the most fundamental form of reactor vessel

utilized in chemical or industrial processes. A standard batch reactor consists of a
tank where chemical reactions occur. Moreover, these tanks are equipped with an
agitator and feature an internal heating or cooling system. Throughout the reaction,
there is no addition or removal of reactants from the reactor; it can operate with
either a homogeneous or heterogeneous reaction mixture. A common drawback of
the batch reactor is the labor required to empty and fill the tank between operations.

Recent advancements in computer control have eliminated this disadvantage. The
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interval between batches has become the primary drawback of batch reaction
processes (Foutch & Johannes, 2003). The oxidation process of sulfur compounds
was conducted using a batch reactor. A three-necked round-bottom flask is utilized
for ODS reactions. The central neck is linked to a vertical condenser that effectively
condenses the light gas oil vapor while permitting only air to escape. In the second
cuff, the flask will serve as an air source for the compressor, with air traveling to
the bottom of the flask via the glass tube. The temperature within the flask can be
accurately measured by inserting a thermometer into the third neck. and to extract
a sample of the product from inside the flask. The heating process results in the
batch reactor being heated and combined with a magnetized stirrer (Ali et al., 2009).

A number of investigations utilizing batch reactors for ODS have been
documented in the literature.

(Jarullah et al., 2020) conducted an investigation into the elimination of the
sulfur compound ethyl mercaptan found in light naphtha feedstock ODS using a
batch reactor. A homemade Nanocatalyst (ZnO/zeolite nanoparticles) was utilized
alongside air as the oxidant, exploring various reaction conditions such as
temperatures, times, and initial sulfur concentrations. The highest experimental
conversion of sulfur compounds achieved with this method reached 90.5% using a
handcrafted nanocatalyst consisting of 8% ZnO/zeolite nanoparticles. Considering
the specified operating conditions (temperature = 323 K, batch time = 40 min, and
initial concentration = 250 ppm).

(Jose et al., 2011) The oxidation of thiophene was carried out in a batch
method using H20- as the oxidizing agent and Cu/TS-1 as the catalyst. Evidence
suggests that copper on TS-1 greatly improves conversion rates. The best values for
the three process variables were reaction temperature at 70 °C, catalyst weight at
0.45 g, and hydrogen peroxide per mole of thiophene at 19.9 mol. This led to a 93%
conversion rate. An activation energy of 28.67 kJ/mol was determined for the
Cu/TS-1 catalyst.

1.6.3 Oscillatory Baffled Reactor (OBR)
OBR is a tubular reactor characterized by sharp-edged orifice baffles that

are evenly distributed along its length, as illustrated in Figure 1.9 This reactor
features a periodic oscillatory (or pulsed) flow that is superimposed on a net flow.

The oscillatory flow is generated through the motion of the piston and diaphragm
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located at the bottom of the reactor. The pulsed flow engages with the baffles,
generating vortices that induce fluctuations in the laminar flow, leading to enhanced

transverse movements and optimized transport efficiency (Avila et al., 2022).
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Figure 1.9. illustration of fluid dynamics within an Oscillatory Baffled Reactor

(Laybourn et al., 2019)

vortex

Various baffle geometries are available; each designed to serve specific
purposes such as minimizing frictional losses or enhancing mixing. Options include
integral, central axial, helical, and wire wool baffles, as illustrated in Figure 1.10.
These geometries aim to enhance the adaptability of the screening platform owing
to their "plug and play" characteristics. Every baffle design serves a distinct
function. The smooth constrictions of the "integral baffle” design prove to be
especially advantageous for applications sensitive to shear, including bioprocesses.

They have also been utilized for gas-liquid suspension and solids suspension.
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Figure 1.10. Baffle configurations; (a) integral baffles, (b) central axial baffles,

(c) round-edged helical baffles, (d) sharp-edged helical baffles, (e) sharp-edged
helical baffles with a central insert, (f) wire wool baffles (McDonough et al.,
2015a)

Helical baffles including a central insert and wire wool configurations
enhance the inter-phase dispersion of immiscible liquids. The central axial design
is preferred for homogeneous liquid reactions because it offers greater shear
compared to the integral design. The helically baffled design offers advantages for
solid-liquid reactions due to its less constricted main flow, which leads to reduced
particle blockage. This design offers enhanced operational flexibility compared to
alternative systems, as it can achieve a significant level of plug flow across a broad
spectrum of oscillation conditions (Phan et al., 2011a, 2012).

The fluid dynamics of the OBR reactors are influenced by the geometric

parameters which are detailed in Table 1.4.
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Table 1.4. The dimensionless groups and dynamic parameters used in the
oscillatory flow (Abbott et al., 2013a)

Parameter Symbol | Equation Description
baffle spacing L - The shape and length of vortex
b
Baffle Spacing Ratio np D Influences eddy expansion
(E)2
Baffle Open Area S D Controls eddy width
frequency of oscillation (Hz) f - Number of oscillations per second
The volume of material entering the OBR
Volumetric flow rate (ml/ min) Q - over a given time

Within these parameters, (Lb) represents the baffle spacing, (D) denotes the
inner diameter of the OBR, (do) indicates the baffle constriction diameter, (p) refers
to the fluid density, u signifies the superficial fluid velocity, (w) stands for the fluid
viscosity, (f) corresponds to the oscillation frequency, and (X,) describes the

oscillation amplitude (center-to-peak). Figure 1.11 illustrates these parameters.
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Figure 1.11. Oscillatory motion across a geometric parameter and net flow
diagram(Abbott et al., 2013a)

1.6.4 The advantages from (OBR)
OBRs offer several advantages over traditional CSTRs and tubular reactors:

1. Versatility: OBRs can operate in both batch and continuous modes, and in
both horizontal and vertical orientations (McDonough et al., 2015a).

2. Compact Design: OBRs can achieve extended space times under plug flow
conditions, allowing for more compact reactor designs (Phan et al., 2012).

3. Enhanced Mixing: The vortex cycle in OBRs ensures uniform radial
mixing, reducing heat and concentration gradients. This leads to shorter
reaction times and more consistent mixing patterns throughout the reactor
(McDonough et al., 2015a).

4. Flexible Mixing: OBRs offer a wide range of mixing conditions, from soft
mixing characteristic of plug flow to more intense mixing approaching
mixed flow conditions. This flexibility allows for precise control over
mixing intensity and residence time distribution (RTD) (McDonough et al.,
2015a).

5. Improved Solid Suspension: OBRs effectively suspend and convey solids
in the radial direction, making them suitable for processes involving solid
particles (McDonough et al., 2015a).

6. Gentle Mixing: OBRs exhibit lower and more uniform shear compared to
STRs, making them ideal for shear-sensitive organisms and large molecules
(Abbott et al., 2013a, 2013b; X.-W. Ni, 2006).
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7. Scalability: OBRs can be scaled up linearly by maintaining specific
dimensionless numbers (St, Reo, Ren), allowing for reliable prediction of
mixing intensity and flow conditions in larger reactors based on laboratory-
scale experiments (Jian & Ni, 2005).

8. Enhanced Heat Transfer: OBRs with oscillatory components exhibit
increased heat transfer compared to non-oscillatory reactors, leading to
improved thermal performance (Anderson et al., 2009).

9. Improved Mass Transfer: OBRs promote better mass transfer due to
uniform bubble size and higher gas holdup, leading to increased reaction
rates and efficiency (Anderson et al., 2009).

1.7 Heterogeneous catalysts applied in oxidative desulfurization (ODS)

Heterogeneous catalytic systems utilized in oxidation reactions. The ease of
separating products and catalysts is a notable advantage of heterogeneous systems.
Similar to findings in homogeneous ODS systems, heterogeneous catalysts have
predominantly been employed to model feedstock and hydro treated middle
distillate fractions containing low sulfur levels, with the ODS reaction serving as a
finishing process. Heterogeneous catalysts primarily consist of a single active
phase, typically derived from transition metals, which is dispersed on a support
exhibiting a high specific surface area (Houda et al., 2018). Active metals exhibit
instability and readily lose their catalytic activity due to their sensitivity to external
conditions (Argyle & Bartholomew, 2015). Among the diverse catalysts employed
in ODS, such as ODS catalysts supported on zeolite (Wang, Jibrin, et al., 2020),
ODS catalysts supported on SiO- (Piva et al., 2021), ODS catalysts Supported on
v-Al2O3 (Beshkoofeh et al., 2021), ODS catalysts supported on H-ZSM-5 (Sharifi
et al., 2019), ODS catalysts supported on Graphene Oxide (Otaghsaraei et al.,
2022), ODS catalysts supported on activated carbon (A. E. Mohammed et al.,
2024).

1.7.1 ODS catalysts supported on zeolite
Zeolite is a solid substance characterized by a distinct microporous

architecture, uniform acidic and basic sites, and notable thermal and hydrothermal
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stability (Wang, Wang, et al., 2020). Metal nanoparticles supported on zeolites have
been utilized in various important industrial processes, such as hydrogenation,
cracking, and catalytic isomerization (Primo & Garcia, 2014). In these instances,
the majority of metal nanoparticles are deposited onto the surfaces of zeolite
crystals. There are several opportunities for the development and production of
more effective catalysts due to the zeolites' use in containing and protecting active
structures and in selecting reactants, products, or transition states (Cejka et al.,
2012; Choi et al., 2010; Thomas et al., 2005). Crystalline microporous materials
allow molecules to preferentially access intracrystalline active sites according to
their size or shape due to the small and homogenous size of their channels and gaps
(Moliner et al., 2015; Pérez-Ramirez et al., 2008). Small clusters are typically
stabilized more efficiently against sintering and poisoning in confined
environments compared to less constrained mesoporous structures. Numerous
studies have investigated metal oxides supported on zeolite in the context of
oxidative desulphurization.

(Dadashi et al., 2020) synthesized Mo/HY catalysts containing varying
amounts of Mo (3, 5, 10, 20 wt.%) using the impregnation method and evaluated
their performance in the oxidative desulfurization of dibenzothiophene (DBT) in
model oil. HY zeolite was utilized in this study because of its appropriate textural
characteristics, including a three-dimensional large pore diameter that enhances
mass transfer and shape selectivity. The catalyst samples were characterized using
XRF, XRPD, FT-IR, UV-vis, N2 adsorption-desorption, SEM-EDX, TEM, and
NH3-TPD analyses. Increasing the molybdenum content to 20 wt.% led to a
reduction in mesopore volume and a decrease in the strength of the acidic sites.
Conversely, polymeric non-framework Mo was generated on the catalyst surface as
the Mo content increased to 20 wt.%. The catalyst with 3 wt.% of Mo exhibits
optimal activity, attributed to the presence of isolated framework Mo species.
Approximately 100% of sulfur was eliminated from the model oil containing 1000
ppm DBT utilizing Mo (3 wt.%)/HY under specified mild conditions (O/S=2,T =
60 °C, Mcatalyst/Voil = 8 g/L, 90 min, VSolvent/VOIl = 1/2). The removal of DBT
achieved 90% following three cycles of recycling. The hydrophilicity of HY
resulted in the catalyst being adversely affected by the aqueous phase containing

acetonitrile.
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(Dadashi et al., 2020) employed a wet impregnation method to prepare a
series of HPW/MWW catalysts, subsequently utilizing them in the oxidative
desulfurization of model oil and real gasoline oil, with H20 used as the oxidant
and MeCN as the extractant. Findings indicate that the catalyst HPW/MWW-40
shown significant catalytic activity at dosage of 0.03 g, a temperature of 60 °C,
initial S concentrations of 500 mg/L, O/S ratios of 4:1, and oil to catalyst ratios of
1:2. The elimination rate of DBT reached 99.8% under optimal reaction conditions.
Following three cycles, HPW/MWW-40 was effectively regenerated through
ethanol washing. The catalyst was utilized on straight-run gasoline and FCC
gasoline sourced from (Maoming Petrochemical) Company. The high olefin
content in FCC gasoline resulted in a sulfur removal rate of only 46.9%, whereas

straight-run gasoline achieved a removal rate of 98.1%.

1.8 Preparation of Catalysts Using Incipient Wetness Impregnation (IWI)

One popular method of manufacturing heterogeneous catalysts is incipient
wetness impregnation (IWI), which is easy to understand and implement. In order
to wetting the particles and fill the pores, the active metal feedstock are often
dissolved in a large enough volume of solvent, such as water or an organic solution.
There are two main ways in which precursors can be dissolved during
impregnation: "dry impregnation™ (DI) occurs when the volume of solution does
not exceed the pore space, and "wet impregnation™ (WI) occurs when an excessive
amount of an aqueous or organic solution is used to dissolve the active metal
precursor. Incipient wetness impregnation (IW1) necessitates the assessment of the
support's pore volume immediately before synthesis, aligning this measurement
with a precise volume of the precursor solution to achieve a more uniform
distribution. Impregnation occurs during the diffusion process when the solution
exceeds the pore volume of the support. The diffusion of solute into the pores occurs
as a result of the concentration gradient of the active component. The removal of
pore moisture and air from the support was achieved through heating or evacuation
to enhance the diffusion of the solute into the support's pores during the
impregnation step. This step may occasionally be deemed unnecessary. Figure 1.12
illustrates the sequence of steps (Richardson, 2013).
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Figure 1.12. Procedures for the Impregnation of the Active Component
(Richardson, 2013)

Drying the sample is essential for the removal of the solvent through gradual
heating until the boiling point of the solvent is attained. The elimination of the
solvent from the pores results in enhanced crystallization of the salt on the pore
surfaces. Uniform salt deposition takes place when the rate of crystallization is
sufficiently slow (Tengco, 2016). The calcination of the sample, alongside the
drying step, is essential for preparing the active catalyst. Calcination is a thermal
processing method employed to transform salt into an oxide or mineral. It also
eliminates bound or crystallized water from catalysts (Mehrabadi et al., 2017).

(Y. Liuetal., 2019) synthesized SnO2/Al>O3 composite oxide catalysts with
varying SnO; content using an impregnation method. SnCl2-2H,0 was dissolved in
ethylene glycol to create a stable solution. The y-Al,O3 support was impregnated
with this solution and stirred for an hour. (Piao et al., 2021) Prepared (WOx/meso-
SnOy) catalysts with different WOXx loadings (10-30 wt.%) using incipient wetness
impregnation. (NH4)6H2W12040-xH20 solution was impregnated onto meso-SnO>
support, dried overnight at 80 °C, and then calcined at 400 °C for 3 hours in static
air. (Otaghsaraei et al., 2022) synthesized SnO,/rGO catalysts with varying tin
oxide loadings (5-20 wt.%) using incipient wetness impregnation. SnCl-2H>0 was

dissolved in methanol, and the solution was added to dried GO. The mixture was
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dried at 65 °C for 12 hours and then calcined at 350 °C for 5 hours under an argon
atmosphere.

1.9 Aims and Objectives of This Study

The primary goal of this research is to develop a catalytic desulfurization
process that leverages an efficient and selective oxidative desulfurization (ODS)
process. This involves employing a heterogeneous catalyst and hydrogen peroxide
(H203) as an oxidant to achieve ultra-deep desulfurization of Iraqi gas oil cut fuel
while minimizing energy consumption and environmental impact.

To accomplish this, the study will focus on the following specific objectives:

1. Reactor Design and Implementation:

« Design and scale-up of a batch and continuous OBR using a helical baffle
design.

« Installation of the reactor to simulate real-world operational conditions.
2. Catalyst Preparation:

« Synthesis of a Pd/Zeolite catalyst using the Incipient Wetness

Impregnation (IWI) method.
3. Performance Evaluation:

« Investigation of the impact of various operating conditions on the
desulfurization efficiency of light gas oil.

4. Optimization:

« Determination of optimal process settings for the oxidative desulfurization

process.
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2. MATERIALS and METHOD

2.1 Introduction

This chapter examines the preparation and characterization of catalyst for
the oxidative desulfurization (ODS) process, as well as the installation, design, and
operation of an oscillatory baffled reactor (OBR). The apparatus employed to
facilitate, obtain, and analyze the experimental data for sulfur removal from (light
gas oil) cut through the ODS process in a two phase (solid-liquid) batch mode OBR
unit, employing a nano-catalyst made of (Pd/Zeolite) and an oxidizing agent such
as hydrogen peroxide (H202) under varied working conditions. The experimental
work consists of the following steps:

1. Preparation of the catalyst utilizing the incipient wetness impregnation
(IW1) method, homemade palladium on zeolite (Pd/Zeolite) Nano-catalyst.

2. Characterization of the synthesized catalyst utilizing advanced surface
science methodologies.

3. Evaluate the catalytic performance of the prepared catalyst for the oxidative
desulfurization (ODS) in a batch mode oscillatory baffled reactor (OBR)
across a wide range of operating conditions:

e Reaction temperature (40, 60, and 80°C).
e Reaction time (4, 8, and 12 min).
e Oscillation frequency (0.4, 0.8 and 1.2 Hz).
4. Analyzing the effect of operating conditions on sulfur conversion and

identifying optimal conditions for maximum sulfur removal efficiency.

2.2 Materials

2.2.1 Feedstock
This study utilized light gas oil as the feedstock, sourced from the Refineries

Company in Irag. The feedstock specifications are presented in Table 2.1.
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Table 2.1. Specifications of light gas oil

Physical property Physical values
Flash point, (°C) 67
Specific gravity@15.5°C 0.8433
Total sulfur, (ppm) 624
API at 60F 38.33
Kinematic viscosity at 40°C (mm2 /sec) 3.22
Initial boiling point (°C ) 162
Final boiling point (°C) 362
2.2.2 Oxidant

Hydrogen peroxide (H205) is used as an oxidizing agent; the specifications
are detailed in Table 2.2.
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Table 2.2. Specifications of Hydrogen peroxide (H20>)

Specification Physical values & Supplier
Chemical Formula H202
State (Solid-liquid) Liquid
Melting Point °C -0.43
Boiling Point °C 150.2
Molecular Weight (g/mol) 34
Purity wt.% 30
Manufacturer/Provider Sigma-Aldrich, Germany

2.2.3 Catalysts

3.2.3.1 Support
The synthesized catalyst was supported by a commercially available beta

nano zeolite powder. Table 2.3. displays the beta-zeolite parameters.
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Table 2.3. Beta-zeolite nano powder parameters

Parameter Physical values & Supplier
Appearance White powder
Pore volume >0.16 cm®/gm
SSA < 180 m%/gm
SiO> content ~ 6%
Al>O3 content ~48%
Particle size > 100 nm
Manufacturer/Provider XFNANO Materials Tech Co., Ltd -
China

3.2.3.2. Active component

In this study, we identified palladium (Pd) as the active component of the
catalyst. The precursor utilized was palladium chloride salt (PdClz). The
specifications for palladium chloride are presented in Table 2.4.
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Table 2.4. Specifications of palladium (I1) chloride

Parameter Physical values & Supplier
Chemical structure PdCl.
Appearance (Form) Powder

Purity % 99.9%
Solubility (Color) Brown to Dark
Molecular weight (g/mol) 177.33
Melting point °C 678-680
Manufacturer/Provider Sigma-Aldrich, Germany

2.3 Preparation of Catalyst
The zeolite was loaded with Pd using the Incipient Wetness Impregnation
(IW1) technique (Nawaf et al., 2019). Figure 2.1 represent the steps involved in
catalyst preparation, following is a description of the steps:
1. Dissolving of 0.638 gm of (PdCl,) in 30 ml of Distilled water using a

magnetic stirring for an hour until the salt dissolves completely.
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2. 6 gm of (Zeolite) add gradually to the solution prepared in step one with
continues mixing for 3 hours, to guarantee the homogeneity between (salt
and support).

3. Transfer the mixture to the Ultrasonic sonicator, medium process (Power
set at 40% with 0.1 pulses for duration of 80 minutes), the sample was left
to rest for 7 hours.

4. Evaporate the mixture using a magnetic stirring hot plate at 80 °C.

5. The impregnated (Pd/zeolite) catalyst underwent drying in an electric oven
at 80°C overnight to remove water content from the surface and pores, as
well as to crystallize the salt on the pore surface.

6. Finally, the dry sample was calcinated in the furnace at specified
temperatures of (150 °C for 1 hour, 250 °C for 1 hour, 400 °C for 1.5 hours,
and 550 °C for 2.5 hours), with an oxygen flow rate to enhance the
conversion of the metal salt to metal oxides.

7. The sample stayed in the oven overnight to allow for gradual cooling to gain
the Pd/Zeolite catalyst.

Preparation of salt Preparation of Impregnation

solution step solution step Sonication step

0.638 gm of (PdCl,) 6 gm of (Zeolite) add to

in Distilled water the solution prepared .
medium process

7 hours

e At550C E  At80:C
for 2.5 hours ‘ overnight |
= Re

| Nano-Pd/Zeolite I | Calcination step |

Figure 2.1. The steps involved in catalyst preparation
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2.4 Characterization of the catalyst

2.4.1 FT-IR analysis
FT-IR spectroscopy is commonly utilized to identify functional groups in

catalyst materials. FT-IR analysis was conducted in the Geology Department at the
College of Science, University of Tikrit, using the FTIR-8400S instrument from
Shimadzu, Japan. Figure 2.2 illustrates the setup.

Figure 2.2. FT-IR system setup

2.4.2 BET (N2 Adsorption/Desorption)
The specific surface area (SBET), and pore properties, and average diameter

of the catalyst (Pd/Zeolite) were determineding use the N2 Adsorption/Desorption.
The test was done at the University of Tehran, Iran, utilizing the Brunauer Emmett
and Teller (BET) method as per ISO-9277-2010 standards. Figure 2.3 illustrates the

setup.

Figure 2.3. Surface area analysis system
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0.1658 g of catalyst powder was measured and positioned within a sample
cell assembly. The physisorption gas utilized was molecular nitrogen, with a cross-
sectional area of 0.162 nm2 for the nitrogen molecule. The isotherms of adsorption
and desorption utilized in BET surface area analysis were acquired at the boiling

point of liquid nitrogen (77 K).

2.4.3 FESEM- EDX analysis
The Field Emission Scanning Electron Microscope (FESEM) is an electron

microscope that generates images of a sample by scanning it with a focused electron
beam. Electrons interact with atoms in the sample, generating signals that provide
information regarding the sample's surface topography and composition.
Characteristic X-rays generated from the interaction of electrons with the sample
can be detected in a scanning electron microscope (SEM) that is equipped for
energy-dispersive X-ray spectroscopy (EDX). The analysis of X-ray signals
facilitates the identification of composition and quantification of elemental
abundance in the sample. The surfice morphology and distribution of chemical
elements in Pd/Zeolite catalysts were analyzed using a device equipped with
energy-dispersive X-ray spectroscopy (EDX), wavelength-dispersive X-ray
spectroscopy (WDX), a secondary electron (SE) detector, a backscatter electron
detector (BSD), and electron backscatter diffraction (EBSD). The focus distance
was set at 6.11 mm, with a magnification range from 100x to 30,000x during the
analysis. FESEM-EDX tests were performed by using MIRA3 device at the
University of Tehran, Iran. Figure 2.4 illustrates the FESEM-EDX instrument.

Figure 2.4. MIRA3 Electron Microscope
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2.4.4 XRD (X-Ray Diffraction) analysis
X-Ray diffraction analysis (XRD) is a nondestructive method that yields

detailed data relating to the crystallographic structure, chemical composition, and
physical properties of materials. This study utilized X-ray diffraction (XRD) to
identify the phases in the catalyst, employing a PANalytical X’Pert PRO MPD
diffractometer with Cu Ka radiation (A = 1.54 A), an electron current of 30 mA,
and an accelerating voltage of 40 kV. The operational range for XRD was 26 from
10° to 80°, with a scanning speed of 3 degrees per minute. Phases were identified
through comparison with reference data from the Joint Committee on Powder
Diffraction Standards (JCPDS) data files. XRD tests were performed at the
University of Tehran, Iran. Figure 2.5 illustrates the XRD instrument.

Figure 2.5. The XRD device setup

245 TGA (Thermogravimetric Analysis)
Thermogravimetric analysis is a method that quantifies the mass of a

material over time or temperature, subjecting the sample to a regulated temperature
protocol within a controlled setting. A thermogravimetric analyzer (TGA)
comprises a sample pan that is mounted on a precision balance. The pan is located
in a furnace and is subjected to heating or cooling throughout the experiment. The
sample's mass is monitored throughout the experiment. A sample purge gas
regulates the sample environment. The gas may be classified as either inert or

reactive, flowing over the sample or exiting via an exhaust system. The TGA tests
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were performed at the University of Tehran in Iran. The analysis protocol involved
heating the sample from 25 to 1001 °C at a rate of 20 °C/min in a nitrogen

atmosphere. Figure 2.6 illustrates the TGA instrument.

Figure 2.6. The TGA instrument

2.5 Experimental setup

The pilot plant of the OBR unit was designed for batch sulfur oxidation for
evaluating the performance of Pd/Zeolite catalysts in the ODS process for Iraqi light
gas oil cut. This unit's main section is the reactor. The structure consists of a
cylindrical tube that is surrounded by an effective heat source (heater) and is
thermally insulated using a high-performance insulator. The feedstock (light gas
oil), was contained within a feed tank. The feedstocks and catalyst were introduced
from a storage tank via the catalyst slot via a pump. The fluid's oscillatory motion
through the reactor was controlled by a variable-stroke piston pump. The oxidant,
hydrogen peroxide (H202), was delivered through a dosing pump linked to an
appropriate storage container. Figures 2.7 and 2.8 present a schematic diagram of
the unit alongside an image of the setup. The OBR experimental apparatus is

composed of several components:
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Figure 2.7. Schematic diagram of OBR unit

Figure 2.8. Experimental setup of the OBR unit

2.5.1 The reactor design
The pilot plant reactor was constructed using molybdenum-bearing

austenitic stainless steel (SS-316). The reactor's dimensions and insulation details
are provided in Table 2.5 It has three inlet ports: two for the feedstock and oxidant,
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and one for the oscillation process. The product exits through a single outlet slot.
Clean diesel samples were collected from the outlet port after each oxidation period.
The reactor, equipped with a heater, can maintain temperatures between 0 and 150
°C. A temperature controller ensures precise temperature control. The reactor was
fabricated in a workshop in Baghdad, Irag. A specific set of dimensionless groups
was used to standardize the reactor's operation.

Table 2.5. Reactor design and construction specs

No. Parameter Value

1. Inside diameter (mm) 16

2. Height of reactor (mm) 600

3. Volume of reactor (ml) 120

4, thickness of the tube (mm) 1

5. Flung diameter (mm) 90

6. The insulation (mm) length 600, thickness 25

2.5.2 Design a Helical Baffle inside the Reactor
Selection and design of the helical baffle type for the pilot plant were

established, ensuring that the helical baffle reactor (OBR) was oriented vertically
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and secured to an oscillation system to facilitate the oscillation of the light gas oil.
The helical design significantly improves mass and heat transfer during the ODS
process. The chosen baffle geometries were selected to ensure optimal mixing (X.
Ni et al., 1998). The baffle was produced in a private workshop located in
Baghdad’s Industrial District, Iraq, utilizing high specifications and stainless steel
(SS-316). The ratio of the wire diameter to the tube diameter was (one). The ratio
between the helical pitch and the tube diameter was consistent with the baffle
spacing observed in traditional OBR (Phan & Harvey, 2012). The geometrical
characteristics of the helical baffle are presented in Table 2.6 Figure 2.9 is an
illustrative image of the designed helical baffle.
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Figure 2.9. Design of the helical baffle

Table 2.6. The geometrical characteristics of the helical baffle

No. Parameter Value
1. Diameter of helical baffle (mm) 12
2. Thickness of the baffle wire () 1.7

(mm)
3. Helical baffle spacing (1) (mm) 22.5
4, Length of Helical (L) (mm) 590
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2.5.3 Oscillatory pump
A new design of an oscillatory pump that generates oscillations (frequency)

in the OBR unit has been introduced. The pump consists of a cylindrical plunger
made from high-grade stainless steel (SS-316), as detailed in Table 2.7 The motor
changes its displacement via a connected shaft. The oscillatory pump generates
frequency motion within the tubular reactor, resulting in fluid oscillation inside the
reactor. The oscillatory pump varies the oscillation frequency within the range of f
= 0.01-150 Hz. This study regulated frequency oscillation based on the motor's

speed via a frequency controller device, with voltage ranging from 0 to 30 volts.

Table 2.7. Specification of oscillation pump

Parameter Value & Supplier
Plunger diameter (cm) 5
Plunger length (cm) 10
Shaft length (cm) 15
Motor power supply (V) DC (0-30)
Motor Manufacture Japan

2.5.4 Feeding pump
The tubular reactor was connected via a stainless-steel tube with a

commercial pump. The pump was used to supply feedstock (light gas oil) from a
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storage tank to the OBR. The amount of fuel supplied to the reactor is controlled by
the pump using a flow rate control device. The pump specifications are presented
in Table 2.8.

Table 2.8. Specification of Feeding pump

Parameter Value
Working voltage DC24V
Medium Liquid
Flow Rate 830 ml/min
Max. Pressure 160 psi
Max. Hydraulic Head 25m
Working environment temperature 0-40°C

2.5.5 Oxidant pump
The tubular reactor was linked through a stainless-steel tube to a dosing

pump (DP).The pump facilitated the transfer of a specific volume of the oxidant
(hydrogen peroxide) from the storage tank to the OBR. The specifications of the
pump are detailed in Table 2.9 The function of the dosing pump (DP) is to deliver
a precise quantity of the oxidant (H20>) in the process accurately and at controlled
intervals. The amount of oxidant was controlled via the dosing pump using an

electrical voltage regulator.
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Table 2.9. Specification of dosing pump

Parameter Value
Working voltage DC 12V
Medium Liquid
Flow Rate 1-30 ml/min
Max. Static Suction Lift 2m H.0
Max. Hydraulic Head 2m H20
Working environment temperature 0-40°C

2.5.6 Controlling of the operational parameters of the unit
The controllers act as auxiliary parts for effective control of the OBR unit.

The reactor's temperature was regulated using an advanced industrial temperature
controller (Diy More, Ltd.; China). This instrument is a multifunctional
microprocessor-controlled device. The main Specification of the temperature
controller that was used in this study are shown in Table 2.10.

Table 2.10. Specification of temperature controller

Specification Value
Supply voltage DC 12-72V
Temperature range -40°C - 120°C
Measurement accuracy 0.1°C
Working environment temperature -20°C - +70°C
Display LCD

The amount of feedstock entering the reactor was controlled using an
advanced industrial flow rate control system (DI JIANG, ZJ-LCD-M, China). The
main specification of the flow system controller that was used in this study are
shown in Table 2.11.
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Table 2.11. Specification of flow rate control system

Specification Value
Flow Rate 0.5-30 L/min
Working voltage DC 4.5-15V
Suffering Pressure Max 1.5Mpa
Accuracy +0.5%
Working temperature -20°C - +80°C
Display LCD

The oscillation pump speed is controlled using an advanced industrial
frequency control system (FY1002S DDS, FY Electronics China). This system
regulates the voltage supplied to the pump by adjusting the frequency. The main
specification of the frequency system controller that was used in this study is shown
in Table 2.12.

Table 2.12. Specification of oscillation pump control system

Specification Value
Working voltage DC0.5-30V
Frequency range 0.01 Hz - 2 MHz

Frequency Resolution 0.01 Hz — (10 mHz)
Frequency Stability +1x10°
Frequency Accuracy +5x10°
Display LCD

2.5.7 The storage system
The pilot reactor plant is equipped with a storage system that includes a feed

tank designated for the feedstock (light gas oil), which is transferred to the reactor
unit through a pump. Additionally, there is an oxidant container for the oxidant
agent (H202), which is introduced into the reactor via a dosing pump. Finally, a
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product storage tank is utilized for the collection of the output generated by the

reactor.

2.6 Experimental procedure

2.6.1 Unit preparation
Before the experiment could begin, the OBR unit was prepared according

to the following protocol:

1.
2.

Installation and connection of the helical baffle within the reactor.
Operation of the control system responsible for controlling the reaction
conditions.

The OHBR unit underwent cleaning prior to each experiment to guarantee
safety in the work conducted. Ethanol is used as an appropriate solvent. It
is capable of removing any material from the pilot plant prior to operation.
The system was checked for leaks using N2 gas at a pressure of 2 bar,
maintained for 30 minutes to review the safety of the system.

The operating conditions of the OBR unit were evaluated. The reactor was
loaded with feedstock, and the trial run was conducted at the maximum
designed operating conditions (frequency 1.2 Hz and temperature 80 °C) for

one hour shortly before operation.

2.6.2 Plan of the experimental work (Operating Conditions)
This study involved conducting various experiments at an experimental

scale under the following moderate operating conditions:

>

>
>
>

Type of catalyst: Nano - Pd/Zeolite.
Reaction temperature (40, 60, and 80 °C).
Reaction time (4, 8, and 12 min).
Oscillation frequency (0.4, 0.8 and 1.2 Hz).

2.6.3 Running of experiments
The complete factorial run planned for the evaluation of the nano-Pd/Zeolite

catalyst in the OBR is listed in Table 2.13 It is important to dry the prepared catalyst,

Pd/Zeolite, in an oven for 3 hours at 120 °C just before its application in the unit.
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Table 2.13. Design of the full factorial runs

RUN Temperature (°C) | Frequency (Hz) Time (min)
1 40 0.4 4
2 60 0.4 4
3 80 0.4 4
4 40 0.4 8
5 60 0.4 8
6 80 0.4 8
7 40 0.4 12
8 60 0.4 12
9 80 0.4 12

10 40 0.8 4
11 60 0.8 4
12 80 0.8 4
13 40 0.8 8
14 60 0.8 8
15 80 0.8 8
16 40 0.8 12
17 60 0.8 12
18 80 0.8 12
19 40 1.2 4
20 60 1.2 4
21 80 1.2 4
22 40 1.2 8
23 60 1.2 8
24 80 1.2 8
25 40 1.2 12
26 60 1.2 12
27 80 1.2 12
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2.7 Analysis of products

The residual sulfur content of the desulfurized light gas oil samples was
analyzed. The X-ray sulfur analyzer represented in Figure 2.10 was utilized at the
Baiji refinery in Irag. according to D7039 G3, ASTM D7039, and 1SO 20884

standards.

Figure 2.10. The X-Ray sulfur analyzer
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3. RESULTS

3.1 FTIR Spectroscopy results

The design of the prepared catalyst utilizing zeolite as a support and active
compounds (Pd/zeolite) was examined through FTIR analysis. Reference spectra
for zeolite were acquired to comprehensively understand the impact of active

compounds on the catalyst. Figure 3.1 illustrates the FTIR analysis within the wave
number range of 4000 to 400 cm ™.
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Figure 3.1. FTIR Spectroscopy of (Pd/zeolite) catalyst

3.2 XRD results

X-ray diffraction (XRD) was used to analyze the crystal structure of the
Pd/zeolite catalyst as shown in Figure 3.2.
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Figure 3.2. XRD profiles for catalyst prepared Pd/zeolite

3.3 FESEM-EDX results
The surface morphology of the synthesized catalyst was analyzed through

FESEM images at varying magnifications, and energy dispersive X-ray (EDX)
techniques. The FESEM results are in Figure 3.3 presented distribution of the

zeolite particles.
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Figure 3.3. FESEM Images of Zeolite

Figure 3.4 illustrates the surface structure acquired through FESEM analysis

of the Pd/zeolite catalyst.
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Figure 3.4. FESEM Images of Pd/Zeolite catalyst

The energy dispersive X-ray (EDX) analysis was performed following the loading
of the active metal onto the zeolite to assess the catalyst's surface composition. The
spectrum obtained from EDX, as illustrated in Figure 3.5, indicates the presence of
surface elements: 46.19 wt. % oxygen (O), 43.64 wt. % aluminum (Al), 3.32 wt. %
silicon (Si), and 6.85 wt. % palladium (Pd).
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Figure 3.5. EDX map spectrum for the Pd/Zeolite catalyst

Figure 3.6 presents the EDX map utilized to analyze the elemental distribution
within the Pd/zeolite catalyst through the measurement of Ka line intensity across

the sample.
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Figure 3.6. EDX Ka maps of element distribution of Pd/zeolite catalyst

3.4 Surface area and pore size results

Surface BET was used to calculate the specific surface area and average
pore diameter (Daverage). fOr evaluating a total volume, N2> gas was utilized. The
surface area of the materials (Zeolite and Pd/Zeolite) was computed using the No-
(ADS) / (DES) isotherm data at a relative pressure (P/Po) as seen in Figures 3.7 and
3.8 To determine the volume of all materials, the amount of N> gas adsorbed at a
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(P/Po) of 0.99 is converted to the corresponding liquid volume of the adsorbate
(N2). The N2 gas was utilized to calculate the Langmuir surface area of the materials
(Zeolite and Pd/Zeolite) at 77 °K with a 12-hour degassing period, As indicated in
Table 3.1.
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Figure 3.7. N2-adsorption-desorption isotherm for Zeolite support
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Figure 3.8. N2-adsorption-desorption isotherm for Pd/Zeolite catalyst
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Table 3.1.

Surface area and pore volume information of the catalyst

Total pore
Sample as, BET as, Lang | volume(p/po=0.99) | Dave (Nnm)
(m?g™) (m?g™) (cm®g?)
Zeolite 149.31 145.99 0.2377 8.3938
Pd/Zeolite 113.26 122.79 0.198 6.2208

3.5 Thermogravimetric analysis (TGA) results for (Pd/ zeolite) catalyst

The (TGA) analysis determines the variation in weight of (Pd/zeolite)

samples examined across a temperature range of 0-1000 °C. The catalyst

(Pd/zeolite) examined in this study underwent evaluation for thermal stability

through the test.
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Figure 3.9. TGA curves for Pd/zeolite
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3.6 Optimization of the ODS process in OBR design as a function of
operational conditions

3.6.1 Samples Analysis
The desulfurization efficiency in the ODS process of the OBR is illustrated

in the Table 3.2, for more details of the calculation was used shown in appendex 2.
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Table 3.2. The results of the full factorial runs after X-Ray sulfur analyzer

NO. Temperature | Frequency | Time I::fl Result | Conversion
(°C) (Hz) | (min) (Ppm) (%)
(Ppm)
1 40 0.4 4 624 345 44,71
2 60 0.4 4 624 200 67.95
3 80 0.4 4 624 196 68.59
4 40 0.4 8 624 269 56.89
5 60 0.4 8 624 109 82.53
6 80 0.4 8 624 98 84.29
7 40 0.4 12 624 259 58.49
8 60 0.4 12 624 102 83.65
9 80 0.4 12 624 87 86.06
10 40 0.8 4 624 260 58.33
11 60 0.8 4 624 176 71.79
12 80 0.8 4 624 162 74.04
13 40 0.8 8 624 166 73.40
14 60 0.8 8 624 80 87.18
15 80 0.8 8 624 62 90.06
16 40 0.8 12 624 161 74.20
17 60 0.8 12 624 69 88.94
18 80 0.8 12 624 54 91.35
19 40 1.2 4 624 214 65.71
20 60 1.2 4 624 160 74.36
21 80 1.2 4 624 146 76.60
22 40 1.2 8 624 114 81.73
23 60 1.2 8 624 69 88.94
24 80 1.2 8 624 50 91.99
25 40 1.2 12 624 103 83.49
26 60 1.2 12 624 55 91.19
27 80 1.2 12 624 43 93.11
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4. DISCUSSION

4.1 Introduction

This chapter presents and analyzes the results of catalyst characterization
and the evaluation of the prepared Pd/zeolite catalyst for the oxidative
desulfurization of light gas oil in an OBR. The discussion will also explore the
influence of operational parameters, including temperature, oscillatory frequency,

and residence time, on the conversion process.

4.2 Catalyst characterization

4.2.1 FTIR Spectroscopy
As illustrates in Figure 3.1, no alterations in the positions of characteristic

absorption peaks were observed for the catalyst, and all peaks aligned with zeolite
characteristics. The FTIR spectra of the as-dried synthesized catalyst exhibit a
broad band in the range of 3000-3800 cm™ and 1300-1800 cm™, corresponding to
the bound hydroxyl groups and isolated OH groups, which are attributed to the
stretching and bending modes of adsorbed water (Choeichom & Sirivat, 2018; Xie
et al., 2023). This suggests a significant level of acidity on the surface of the
prepared catalyst, enhancing the interaction between the surface and various
organic compounds, including sulfur atoms.

The primary distinctive peaks of the zeolite were observed between 600 and
1200 cm™® corresponding to the vibrations of Al-O and Si-O. The various bonds
observed, particularly at a wavenumber of approximately 850-950 cm™, correspond
to symmetric Si-O stretching. A minor peak around 1000-1200 cm™ is linked to
asymmetric Si-O stretching, while the band between 650-800 cm™ corresponds
with Al-O bending vibrations. This suggests the presence of different coordinated
Al species in zeolite (Xie et al., 2023). Additional peaks within the range of 458 to
651 cm ™! correspond with the vibration of the Pd-O bending (G. Abbas et al., 2019).
The results show that Pd has been effectively grafted onto the zeolite surface and

remains present in the functionalized material following calcination at 550 °C.

4.2.2 XRD results
The XRD pattern Figure 3.2 revealed distinct peaks at 39.6°, 47°, and 68.3°,

corresponding to the (111), (200), and (220) planes of face-centered cubic (FCC)
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Pd, respectively. According to the standard references (JCPDS card 05-0681) and
(JCPDF 46-1043). the intense and broadened peaks indicate the formation of well-
crystallized, small Pd nanoparticles.

The XRD pattern Figure 3.2 also showed characteristic peaks at 22.9°,
28.08°, and 29.52°, corresponding to the zeolite structure. This suggests that the
impregnation process did not significantly alter the zeolite's structure. The
negatively charged zeolite surface acted as adsorption sites for positively charged
Pd** ions, leading to the formation of PdO particles. The XRD results indicate a

high dispersion of palladium oxide on the zeolite support.

4.2.3 FESEM-EDX results

The FESEM results presented in Figure 3.3 validated the diverse size
distribution of the zeolite particles, indicating that the particles exhibit a broad
spectrum of sizes and shapes, along with a more porous morphology. This
observation highlights the benefits of a high surface area due to elevated porosity,
which leads to effective adsorption capacity for active compounds like palladium
oxide.

As shown in Figure 3.4, an outstanding distribution of palladium oxide
particles over the support zeolite surface was observed. The white areas indicate the
presence of palladium, whereas the dark semi-white areas denote the zeolite
surface. Furthermore, Figure 3.4 illustrates that an acceptable active particle size
distribution was attained due to the extensive sonication applied to both the active
material and the support. The sonication process effectively inhibited the
agglomeration of active metal on the surface, thereby improving the metal's
dispersion. This indicates that the sonication procedure serves as a particularly
efficient technique for generating active metal (palladium oxide) on zeolite
dispersed catalysts in comparison to alternative preparation methods. The presence
of porosity and cavities in these materials leads to a heightened adsorption capacity,
enabling them to adsorb elevated concentrations of sulfur effectively.

As illustrated in Figure 3.5, the elevated percentage of oxygen in the catalyst
can be attributed to the substantial oxygen content in silica and alumina, the primary

constituents of the zeolite. The presence of a palladium peak was observed in the
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Pd/zeolite catalyst at 6.85 wt. %, which corresponds to the intended quantity
established during the catalyst's preparation using the IW1 method.

The figure Figure 3.6 displayed the distribution of O, Si, Al, and Pd. The
distribution of palladium on zeolite appears to be well-structured; aligning with the
findings presented in the FESEM images Figure 3.3 additionally, the findings from
the structural analysis showed that the loading of active material would not lead to
considerable damage to the pores and morphology of the catalyst. These materials
can be utilized as highly efficient adsorbents and are applicable in various industrial

and environmental contexts.

4.2.4 Surface area and pore size
The provided data (Figures 3.7, 3.8 and Table 3.1) indicates that the Zeolite

support has a BET-specific surface area of 149.13 m#/g and a mesopore volume of
0.2377 cm?3/g, suggesting good adsorbent properties. The support has an average
pore radius of 83.938 A (or 8.3938 nm), which falls within the mesopores category
(2-50 nm). After catalyst preparation, the specific surface area, pore volume, and
average pore size decreased. The BET surface area of the support reduced to 113.26
m2/g. This reduction is attributed to the blockage of micropores and tunnels in the
zeolite by the palladium composite during calcination. Despite the reduction in
surface area, the catalyst maintained a high mesopore content, increasing the
number of active sites. This enhancement facilitated better adsorption and improved

the oxidation desulfurization reaction rate.

4.2.5 Thermogravimetric analysis (TGA) for (Pd/ zeolite) catalyst
For the TGA analysis, this reaction removes residual oxygen from Al-O and

Si-O when the oxygen levels exceed the necessary amount in the structure or when
dealing with unstable metal oxides (Zhang et al., 2020). The TGA curve of the
synthesized catalyst (Pd/zeolite) indicates that material decomposition happened in
three distinct regions, as illustrated in Fig. 4.9 A minimal weight loss of 0.0474 %
occurred due to moisture removal during the heating of the catalysts from the first
moment of heating to approximately 113.54 °C. This loss results from the moisture
that vaporization in the sample. Subsequently, it was observed that the mass
remains stable as the temperature increases until it reaches 562.17 °C. The sample
weight decreased from 99.04% to 63.67 % in the second region. In the third region,
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the weight loss of approximately 0.226 mg, representing 2.369%, reflects the loss
attributed to the de-oxygenation reaction, which involves the removal of excess
oxygen from the Si-O and Al-O structures.

The observed total mass loss values in the TGA experiments for the
(Pd/Zeolite) are approximately 38.69 %. The highest rate of weight loss occurred
within the temperature range of 562.17 to 782 °C, indicating the significant thermal
stability of the synthesized Pd/zeolite. The data indicate that the weight of catalysts
varies with increasing temperature as a result of thermal treatment. The observed
change, specifically weight loss, is attributed to the release of various compounds,
including adsorbed moisture, volatile compounds, and the decomposition of PdCl»
into metal oxide, as indicated by the curve (Kim & Chung, 2003).

The results indicated that the prepared Pd/zeolite catalyst shows good
thermal stability and significant advantages in the ODS process. The catalyst
demonstrates optimal thermal stability.

4.3 Optimization of the ODS process in OBR design as a function of

operational conditions

4.3.1 Impact of Reaction Time on OBR Sulfur Removal
This study examined how reaction time (1), affects sulfur removal from

light gas oil through an oxidation reaction. The investigation was conducted at
various time intervals of 4, 8, and 12 minutes, maintaining a constant reaction
temperature, oscillation frequency, and atmospheric pressure at 1 atm. A composite
catalyst (Pd/Zeolite) weighing 0.15 gm and 2 ml of hydrogen peroxide (H202) were
utilized as the oxidant in the ODS process. This manuscript presents measurements
of the total sulfur content (instead of the sulfur species or compounds), focusing on
the values obtained both before and following the oxidative desulfurization process.

The experimental results show that increasing the residence time in the
oscillatory baffle reactor significantly improves sulfur removal. For example, at 1
atm, 0.4 Hz, and 40 °C, increasing the residence time from 4 to 8 minutes led to a
sulfur removal increase from 44.71% to 56.89 % Figure 4.10a. Similarly, at 0.8 Hz
and 60 °C, increasing the residence time from 4 to 8 minutes resulted in a sulfur
conversion increase from 71.79 % to 87.18 % Figure 4.10b. These improvements

are attributed to the increased contact time between reactants and the mesoporous
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Pd/Zeolite catalyst, facilitating better diffusion of sulfur and oxygen atoms within
the catalyst's pores. However, further increasing the residence time beyond 8
minutes led to diminishing returns, likely due to the accumulation of water
byproducts and reduced interaction between reactants and the catalyst Figure 4.10a,
4.10b, and 4.10c.

Extending the residence time of oxidation reduces flow fluctuations,
allowing for better interaction between sulfur compounds and hydrogen peroxide
(H203) at the active sites, leading to the formation of sulfoxide and sulfone (Phan
et al., 2011b). Longer contact times between H20. molecules and sulfur within the
porous structure enhance the oxidation reaction.An optimal residence time of 12

minutes was found to achieve a removal efficiency of 93.11%.
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Figure 4.1. Impact of reaction time on sulfur removal using (Pd/Zeolite) at: (a) T
=40°C, (b) T =60°C, (c) T =80°C.
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4.3.2 Impact of Reaction Temperature on OBR Sulfur Removal
To investigate the effect of temperature on the oxidative desulfurization

process, a series of experiments were conducted at 40, 60, and 80 °C, while keeping
residence time and oscillation frequency constant. Hydrogen peroxide (2 ml) and
0.15 g of Pd/Zeolite catalyst were used at 1 atm. These results showed that
increasing of temperature from 40 to 80 °C improved sulfur removal efficiency.

Figure 4.11a shows that increasing the temperature from 40 to 60 °C at a
frequency of 0.4 Hz and a residence time of 4 minutes improved sulfur removal
from 44.71% to 67.95%. Further increasing the temperature to 80 °C led to a sulfur
conversion of 68.59%.Figure 4.11b gives that at a frequency of 0.8 Hz and a
residence time of 8 minutes, increasing the temperature from 40 to 60 °C improved
sulfur removal from 73.4% to 87.18%. At 80 °C, the sulfur conversion reached
90.06%. Figure 4.11c also illustrates that at a residence time of 12 minutes and a
frequency of 1.2 Hz, increasing the temperature from 60 to 80 °C improved sulfur
conversion from 91.19% to 93.11%.

The experimental findings demonstrated that an increase in oxidation
temperature to 80 °C led to a reduction in sulfur content, therefore resulting in a
conversion rate that reached an optimal 93.11 %, as reported by (Hameed et al.,
2023a). ODS shows a significant temperature dependence.

Increasing the oxidation temperature reduces fuel viscosity and surface
tension while increasing diffusivity. These changes enhance the transport rate
between reactants, leading to a faster reaction rate. Consequently, raising the
oxidation temperature (up to 40 °C) can improve sulfur removal by increasing the
diffusion rate of oxidant radicals towards sulfur molecules and enhancing the mass
transfer of aqueous H»O: into the pores of the Pd/Zeolite catalyst. Elevated reaction
temperatures can significantly enhance the oxidative desulfurization (ODS)
process. By increasing the kinetic energy of reactant molecules and lowering the
activation energy barrier, temperature elevation facilitates increased collision
frequency and reaction rates. This is corroborated by the Arrhenius equation, which
directly correlates the reaction rate constant with temperature and activation energy
(Piao et al., 2021).

Experimental results demonstrate that increasing the temperature from 40 to
80 °C led to a substantial improvement in sulfur removal efficiency. This can be

attributed to enhanced mass transfer and diffusion rates of reactants, as well as
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improved interaction between sulfur compounds and the catalyst's active
sites.However, excessive temperature increase beyond 80 °C can have detrimental
effects. High temperatures may accelerate the decomposition of hydrogen peroxide
(H202) into water, reducing the concentration of active peroxy species and
hindering the oxidation process (Dizaji et al., 2019).

As illustrated in Figures 4.11a, 4.11b, and 4.11c, there is a clear correlation
between sulfur conversion and oxidation temperature. The highest sulfur removal
efficiency of 93.11% was achieved at 80 °C, 1.2 Hz, and a 12-minute residence
time.The experimental data also indicates that increasing the oscillation frequency
significantly improves sulfur conversion by enhancing mass and heat transfer
within the OBR. This improvement is attributed to the formation of larger vortices
during flow reversal and an extended eddy detachment length from the baffles.
Baffles play a crucial role in the design of an oscillatory reactor by promoting

efficient mixing and mass transfer.
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Figure 4.2. Impact of reaction temperature on sulfur removal using the catalyst
(Pd/Zeolite) at: (a) T =4 min, (b) T =8 min, (c) T = 12 min.
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4.3.3 Impact of Oscillatory Frequency on OBR Sulfur Removal
The study focused on optimizing mixing conditions in the oscillatory baffle

reactor (OBR) by investigating the removal of sulfur from light gas oil. This was
analyzed as a function of oscillation frequency (0.4, 0.8, and 1.2 Hz), and varying
residence times (4, 8, and 12 minutes), with the temperatures of reaction (40, 60,
and 80 °C). The experiments utilized a catalyst of 0.15 mg (Pd/Zeolite) and 2 ml of
H20:> as the oxidant, conducted at 1 atm. The experimental findings indicated that
the oscillatory frequency significantly influenced the oxidative desulfurization
process. The observed rise in oscillation frequency from f = 0.4-1.2 Hz correlates
with an enhanced efficiency of sulfur removal, as illustrated in Figure 4.12a, b, c.

As depicted in Figure 4.12a and 4.12b, a clear correlation exists between
sulfur conversion and oscillation frequency. Increasing the frequency from 0.4 Hz
to 0.8 Hz at 40 °C and a 4-minute residence time led to a significant increase in
sulfur conversion from 44.71% to 58.33%. Further increasing the frequency to 1.2
Hz resulted in a conversion of 65.71% under the same conditions. Similarly, at 60
°C and an 8-minute residence time, increasing the frequency from 0.4 Hz to 0.8 Hz
improved sulfur removal from 82.53% to 87.18%, and to 88.94% at 1.2 Hz. Because
the OBR is better at transferring mass and heat, the sulfur conversion enhanced as
the oscillation frequency increases. Higher frequencies lead to larger vortices
during flow reversal and extended eddy detachment lengths from the baffles,
facilitating better mixing and contact between reactants and the catalyst.

The enhancement of the ODS process by increasing the oscillation
frequency from 0.4 to 0.8 Hz resulted in improved sulfur removal, rising from
86.06% to 91.35% at a reaction temperature of 80 °C and t of 12 min. Figure 4.12c
illustrates that optimal removal was achieved by maintaining constant conditions
while increasing the oscillation frequency to 1.2 Hz, resulting in an enhanced sulfur
removal rate of 93.11%, as depicted in the figure.

The frequency of oscillation is defined as the number of oscillations
occurring per second (Abbott et al., 2013b). The findings indicated that a sufficient
oscillation frequency is essential for enhancing the conversion rate of sulfur
removal from light gas oil. The increase in oscillation frequency improved
conversion as a result of the local mixing intensity generated in the tubular reactor
(McDonough et al., 2019). The baffles enhanced the vortices along the reactor's

length, improving radial dispersion, which facilitated the uniform suspension and
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conveyance of solids within the tubular reactor. Consequently, this led to increased
mass transfer and heat transfer (McDonough et al., 2015b). An increase in
oscillation frequency results in a higher overall mass transfer coefficient (KLa) in
the oscillatory baffle reactor (Hewgill et al., 1993; Humadi et al., 2022). Therefore,
the mass transfer rate of the oxidant with sulfur in light gas oil was improved. The
dispersion of H20, molecules in the light gas oil phase is improved, helping the fast
transfer of radicals (*OH) that interact with sulfur within the catalyst's porosity,

resulting in its conversion to sulfoxide and sulfone (Humadi et al., 2022).
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The results of the present work can be compared with some previous studies

that have been collected and have similar or close operating conditions to the

present study as shown in the Table 4.1.

Table 4.1. Present work compared with previous studies

Feedstock- | Reactor Catalyst Temp. | Time | Freq. | Conversion Ref.
sulfur type /oxidant ©C) | (min) | (Hz) (%)
Model fuel- | Stirrer | (Mo/HY-Zeolite)/ (Dadashi et al.,
DBT Batch H20: 60 90 - 90 2020)
reactor
Light gas Batch (AgO/ZnO/HY - (Abdulateef et
0il-DBT reactor zeolite)/ Air 160 60 - 91.8 al., 2021)
Light gas Digital (Hameed et al.,
oil- different | baffle | (CuO/AC)/ H20, | 140 45 - 83.1 2023b)
sulfur batch
compounds | reactor
Diesel fuel- Meso (Humadi et al.,
DBT OBR Acetic acid/H20. 80 3 4 94 2022)
Light gas
oil- different | OBR | (Pd/Zeolite)/ H20: 80 12 1.2 93.11 Present study
sulfur
compounds
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4.3.4 Proposed Mechanism for Oxidative Desulfurization of Light
Gas Oil
A possible mechanism for the oxidative desulfurization (ODS) process

using hydrogen peroxide and a Pd/Zeolite catalyst in an oscillatory baffle reactor as

shown in Figure 4.4. involves three main stages:

TR Tpah Ry,

Oxidat (H;0,)

s--“\‘.', --ﬁ
Step.3 3
Step.1 Increased the acidity of Sulfones formation
catalyst
»-X 3
Step.2 by 7.
Produce Redical \\ “ .. \

Enhancing of Clean Fuel
process * *
Nano-Pd/Zeolite %

Figure 4.4. Chemical reaction mechanism for the oxidation desulfurization

process.

1. Adsorption: Dibenzothiophene (DBT) molecules are initially adsorbed
onto the surface of the Pd/Zeolite catalyst through physical or chemical
interactions.

2. Oxidation: The adsorbed DBT molecules are oxidized by reactive oxygen
species generated from the decomposition of hydrogen peroxide on the
catalyst surface. Palladium plays a crucial role in activating hydrogen
peroxide and facilitating the formation of these reactive oxygen species. The
oxidation process converts DBT into its corresponding sulfoxide (DBTO).

3. Further Oxidation: The formed DBTO can be further oxidized to DBT

sulfone (DBTO,) in the presence of excess oxygen.

This proposed mechanism highlights the synergistic effect of adsorption and
oxidation processes, facilitated by the unique properties of the Pd/Zeolite catalyst

and the oscillatory flow conditions in the reactor.
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5. CONCLUSION

A novel heterogeneous catalyst design (Pd/Zeolite) has been developed
using the incipient Wetness Impregnation (IW1) method, using (H20-) as an oxidant
to enhance the oxidative desulfurization process (ODS). This was achieved through
a newly novel piloting plant design of an oscillation baffled reactor (OBR)
involving helical baffles. The recently developed catalyst has undergone
characterization through FTIR, XRD, BET, TGA, FESEM, and EDX tests, which
shows high efficiency. The oxidative desulfurization process of the (Pd/Zeolite) is
significantly influenced by the porocity of the support, which is crucial for
preserving the large surface area of the (Pd/Zeolite) following the incorporation of
the palladium oxide (i.e. active compounds).

The parameters examined encompassed a variety of ranges, including
temperature (40, 60, 80 °C), residence time (4, 8, 12 min), and oscillatory frequency
(0.4, 0.8, 1.2 Hz), all conducted at 1 atm. The catalyst (Pd/Zeolite) demonstrated
superior adsorption capabilities for organic sulfur content, achieving a sulfur
conversion rate of 93.11%, marking the maximum conversion of sulfur. This was
accomplished at a the temperature reaction of 80 °C, with a duration of 12 minutes
and a frequency of 1.2 Hz, representing the peak values observed in this parametric
investigation. The catalyst demonstrates outstanding desulfurization capabilities,
resulting in superior performance for the ODS process attributed to the abundant
active sites present in the synthesized catalyst structure. The interaction between
the metal oxide (Palladium oxide) and the mesoporous support (Zeolite) may
facilitate the transfer of sulfur molecules from the liquid fuel to the catalyst via the
porous structure within the ODS.

A reactor design that uses piloting plant oscillation baffles efficiently
conduct the heterogeneous ODS process. Even at low operating conditions, the
catalyst, oxidant, and sulfur compounds in light gas oil were thoroughly mixed
thanks to the reactor's oscillating helical baffled design. The results showed that
sulfur was significantly removed in just 12 minutes of reaction time, which is in
contrast to the long residence durations seen in standard reactor types used for

oxidative desulfurization (ODS), such as batch reactors and trickling bed reactors.
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5.1 Recommendations
To further optimize the oxidative desulfurization (ODS) process and expand

its application, the following recommendations are proposed:

1. Catalyst Optimization:

o Investigate the impact of varying metal loadings of cobalt and
manganese on catalyst activity and selectivity.

o Explore alternative synthesis techniques, such as sol-gel, flame
hydrolysis, and ion exchange, to produce catalysts with improved
properties.

2. Reactor Design and Operation:

o Conduct a comparative study of different baffle designs (orifice,
multi-orifice, central, and integral) in OBRs to assess their impact
on mixing patterns, mass transfer, and overall ODS performance.

o Investigate the influence of reactor geometry, including tube
diameter, baffle open area, spacing, thickness, and diameter, on the
efficiency of the ODS process.

o Explore the potential of trickle bed reactors (TBRs) with improved
feed distribution to mitigate channeling effects and enhance reactor
performance.

3. Process Optimization:

o Conduct a comprehensive study to optimize reaction parameters,
such as temperature, pressure, residence time, and oxidant
concentration, to maximize sulfur removal efficiency.

o Investigate the use of alternative oxidants and solvents to improve

the economic and environmental sustainability of the ODS process.

By addressing these recommendations, future research can contribute to the
development of more efficient and sustainable ODS technologies, ultimately
leading to cleaner and higher-quality fuels.
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APPENDIX 1

Laboratory calculations
The process of loading the active ingredient (Pd)
Here are the calculations for preparing 6 wt % of Pd on Zeolite:

wt d
wt% = i x 100%
Wth + WtZeolite

3% =

X 100% - X =0.06X+0.36 =X
X+6

X —0.06X = 0.36

by — D-36 3 0.383 Pd
094 gmof
Weight of PdCl red — wt = -weof PdCl, Pd
- =
eight of , require w M.wt of Pd X wt of
. 17733 M
Wt = —5er X 0.383 = 0.638 gm of )
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APPENDIX 2

The calculation of sulfur conversion was performed using the equation presented
below:

, , . . _ Cin—Cp
Desulfurization efficiency = . X 100%
in

Where:
Cin = inlet sulfur concentration

Cp = product sulfur concentration
and the C;, = 624 ppm.

For the following values, which are typical for final-run calculations:

Cin = 624 ppm.
Cp = 43 ppm.

624
Desulfurization ef ficiency(%) = [W] x 100

Desulfurization ef ficiency(%) = 93.11
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