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Global olefin production such as propene is projected to grow by 160 million tons in 2027, driven
by increasing demand in various industries such as plastics, chemicals, and textiles. However,
traditional production methods like thermal and fluid catalytic cracking are energy-intensive
endothermic processes, with limited olefin yields as gasoline is the primary product. Oxidative
cracking presents a promising alternative, being exothermic in nature and generating lower carbon
emissions. To efficiently explore this process in a laboratory setting, requiring less operation costs
and initial investments, a robust kinetic model is needed. This model will help determine the
optimal reaction conditions, catalyst activity, and product selectivity, paving the way for the
development of a sustainable and efficient olefin production technology. This study investigates
the effect of Metal oxide supported on Zeolites as catalyst to convert LSRN to olefins for example
MnOx/ZSM5, MnOxZSM10 and MnOx/ZSM15 to assess the performance under controlled
conditions. The finding includes highest propene yield (14.69%) obtained for MnOx/ZSM5 at
catalyst to oil ratio of 6 and 625 °C. This study also explores the reaction mechanism and the role
of free lattice oxygen to facilitate oxidative cracking. Based on experimental results a robust kinetic
model was developed based on certain assumptions to develop empirical formulas based on
equations of rate reaction equations for a first order reaction of naphtha cracking. The results
suggest addition of metals to promote oxidative dehydrogenation under regeneration conditions

and conducting the kinetic modelling for this step by Langmuir-Hinshelwood mechanism.
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Chapter 1: Introduction
1.1. Background

The petrochemical industry heavily relies on light olefins like ethylene and propylene,
primarily produced through established methods like steam cracking. However, these
methods have limitations — significant coke formation, high energy consumption, and
limited olefin yields[1]. A promising alternative is oxidative cracking, which offers an
exothermic process with potentially reduced coke formation and enhanced efficiency at
lower temperatures[2]. However, challenges like carbon loss remain. To address these
challenges and compete with established methods, research focuses on two types of
catalysts: transition metal oxides and alkali/alkaline earth oxides[3]. These catalysts
operate at lower temperatures and initiate cracking reactions followed by thermal cracking.
Furthermore, optimizing reactor design can further enhance efficiency and product
selectivity. Advancements in catalyst and reactor design hold the potential for oxidative
cracking to revolutionize olefin production, offering a more sustainable and efficient
alternative to traditional methods[4], [5], [6], [7]. The oxidative cracking goes through
heterogenous and homogenous phase reactions with selective formation to light alkenes or
in case of carrying the reaction without catalyst presence formation of more alkanes and
aromatics is common[8], [9]. The present study will be based on kinetics data obtained
using a micro-activity test unit (MAT) in order to obtain conversion and selectivity at
various temperatures and catalyst to oil ratio for the determination of reaction mechanism

and most optimum conditions resulting in light olefins production[10].
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Figure 1: Naphtha to Olefins Production Processes [11].

Propene, an example of light olefins product with its unique three-carbon structure and
reactive double bond, is a key building block for numerous materials[12]. This versatility
stems from its combined allylic methyl group and olefinic bond, allowing for diverse
chemical transformations. Polypropylene, accounting for a staggering 68% of the market
share in 2018, exemplifies its impact, finding applications from packaging to medical
equipment. But propene's potential extends far beyond[13]. Processes like epoxidation,
halogen addition, and alkylation unlock a treasure trove of valuable derivatives such as
propylene oxide, styrene, iso-butanol, cumene, and acrylonitrile, each contributing
significantly to various industries. The impact of the COVID-19 pandemic on propene
derivative demand was complicated. While industries for example aviation confronted with
travel restrictions and decreased demand for related chemicals, the medical and packaging
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sectors experienced a surge, ensuring that polypropylene remained largely unaffected[14].
Looking ahead, the future of propene is bright. Production is estimated to reach 191.8

million tons per annum (MTPA) by 2030, highlighting its continuous demand from various

industries.
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Figure 2: Propene Production in Tons Global Demand [15].

The ability to meet this demand growth of propene requires innovation in design and
discovery of catalyst to increase propene production while maintain regulations of
environment and also better reactors design. The ability to meet this demand growth of
propene requires innovation in design and discovery of catalyst to increase propene

production while maintain regulations of environment and also better reactors design [16].



1.2.  Olefins Production from Naphtha

For various feedstocks such as naphtha or ethane processed in catalytic crackers and other
types of technologies employed will result in olefins production in ranges of percentage.
Two examples of technologies to produce olefins are catalytic cracking of naphtha and
hydro-pyrolysis of naphtha. Depending on the feedstock a comparison between Naphtha
and Ethane is listed in the table below for a steam cracker [17].

Table 1: Comparison between Naphtha and Ethane as feedstock for Steam Cracker [17].

Product Name Naphtha | Ethane
Ethylene yield (wt.%) 29-34 80-84
Propylene yield (wt.%) 13-16 1-1.6

Aromatics and C4+ yield (wt.%) 10-16 2-3

Butadiene yield (wt.%) 4-5 1-1.4
Methane yield(wt.%) 13-14 4.2
Hydrogen yield(wt.%) 1 4.3

Table 1 shows that steam cracking of naphtha yields more propylene compared to using
ethane as the feedstock. However, since the steam cracker uses ethane as the feed, it is
expected to produce a higher yield of ethylene compared to naphtha steam cracking. The
weight percentage yield of propylene from steam cracking of naphtha was around 13-16%,
and this was achieved at higher temperatures. In contrast, catalytic cracking of naphtha
produced a higher propylene yield of 18-31 weight percentage, but at a lower temperature
of 550°C. The catalyst used in the catalytic cracking experiment was composed of Al-MFI
zeolites, which had a combination of two types of heteroatoms (Fe, Ga) and metal oxides,

such as aluminum oxide, and was tested with n-hexane as the feedstock[18]. For catalytic



oxidative cracking, Boyadjian et al. achieved a 16.8% yield of light olefins using a Li/MgO
catalyst, but this also resulted in a relatively high 24.6% yield of COx, which is undesirable.

Their experiments were conducted at a reaction temperature of 575°C.

1.3. Problem Statement

The global demand for light olefins, such as propylene and ethylene, is on the rise.
However, the current production methods, like steam cracking and fluid catalytic cracking,
are more expensive than simply using hydrocarbon feedstocks like naphtha or propane.
These conventional processes are also highly energy-intensive, as they require high
temperatures to operate. To address this challenge, oxidative cracking presents a promising
alternative. In this process, alkanes are first cracked to produce other alkanes, which are
then subjected to an oxidative hydrogenation reaction to yield the desired alkenes. The key
advantage of oxidative cracking is that it can be conducted at a lower temperature range,
typically between 575-615 degrees Celsius. Operating in this exothermic temperature
range helps reduce the overall energy requirements. Additionally, the carbon produced
during this process can be minimized by carefully selecting an effective catalyst system
that inhibits the formation of Co. The main focus of this investigation is to explore the

oxidative cracking of naphtha, with the following objectives:

1. Developing highly active and stable catalysts for the process and ensure lower
formation of COx byproducts.

2. Elucidating the reaction mechanism and optimizing propylene selectivity.

3. Establishing a kinetic model to estimate the relevant parameters for the oxidative

cracking of naphtha.



Chapter 2: Literature Review

There are several established routes for producing olefins from naphtha feedstock:

. Thermal Cracking: This process involves the thermal decomposition of naphtha at
high temperatures to yield olefins and other hydrocarbon products[19].

. Steam Cracking: In this method, naphtha is cracked in the presence of steam at
elevated temperatures, typically between 750-900°C, to maximize the production
of ethylene and other light olefins[20].

. Catalytic Cracking: Naphtha is cracked over a heterogeneous catalyst, such as
zeolites, to produce a range of olefins, including propylene, which can be the
primary product[21].

. Catalytic Oxidative Cracking: Naphtha is cracked in the presence of oxygen over a
catalyst, resulting in the selective formation of light olefins through a combination
of cracking and oxidative dehydrogenation reactions[22].

. Redox Oxidative Cracking: This process utilizes a redox catalyst system to crack
naphtha and produce olefins, with the catalyst undergoing cyclic reduction and
oxidation steps[23].

. Oxidative Dehydrogenation Cracking: Naphtha is subjected to oxidative
dehydrogenation reactions, typically over metal oxide-based -catalysts, to

selectively convert the feedstock into desired olefin products[24].

Each of these routes has its own advantages, challenges, and product selectivity profiles.

The choice of the most suitable approach depends on factors such as feedstock availability,

desired product mix, energy efficiency, and environmental considerations.



2.1 Steam Cracking to Produce Olefins

The primary route for producing olefins from naphtha is steam cracking, which is an
energy-intensive process. For instance, producing 1 ton of ethylene via steam cracking of
naphtha requires 28.5 GJ of thermal energy and results in 1.9 tons of carbon dioxide
emissions. In this process, the yield of ethylene is maximized, while propylene is a
secondary product[25]. However, the high demand for propylene makes this process less
attractive in the industry. As an alternative, catalytic cracking has emerged as a more viable
option. The light olefins produced through steam cracking utilize feedstocks such as LPG,
ethane, and naphtha. The process employs a tubular-type reactor, where the hydrocarbon
feedstock is mixed with steam at elevated temperatures ranging from 750 to 900°C, to meet
the highly endothermic and energy-intensive requirements of the process[26]. Heavier
hydrocarbons tend to yield more propene during steam cracking. It is important to consider
the availability and profitability of the feedstock. However, the propene yields are
minimized in modern steam crackers, which have shifted towards using ethane-based

feeds.

2.2. Catalytic Cracking to Produce Olefins

The catalytic cracking of naphtha is aided by heterogeneous catalysts, such as zeolites,
which help reduce the cracking reaction temperature. However, the process still requires
heat for the vaporization and pyrolysis of naphtha. One of the major products obtained
from fluid catalytic cracking of light naphtha is propylene. The selectivity towards
propylene can be enhanced by minimizing hydrogen transfer reactions. There are three

main methods to increase propylene selectivity in fluid catalytic cracking:



e Increasing the reaction temperature.
e Utilizing coked catalysts.

e Employing shape-selective catalysts.

Compared to steam cracking, catalytic cracking offers better economic sustainability. In
fluid catalytic cracking, the focus has shifted towards maximizing diesel and gasoline
yields to meet the demands of the transportation industry, rather than prioritizing propylene
production. Various reactor types are employed to evaluate the catalyst and feedstock in
fluid catalytic cracking, including riser reactors and high severity downer reactors. Each
reactor type is used for specific applications related to propylene production. However, the
results are more promising for the downer reactor compared to the riser reactor, due to
differences in residence time and back-mixing. These reactors are used at the laboratory
scale and allow processing larger amounts of feed and catalyst compared to the Advanced
Catalytic Evaluation (ACE) unit. The ACE unit enables the evaluation of six different
catalyst types and various injection times[27]. When designing heterogeneous catalysts for

fluid catalytic cracking, several key parameters must be considered:

1. Activity: The catalyst must exhibit high activity to facilitate the cracking reactions.

2. Attrition Resistance: The catalyst particles must have sufficient attrition resistance
to withstand the mechanical stresses during circulation in the reactor.

3. Stability: The catalyst must maintain its structural and chemical integrity under the
high-temperature and steam-rich conditions.

4. Metal Tolerance: The catalyst should be able to handle feedstocks containing metal

impurities without significant deactivation.



5. Coke Selectivity: The catalyst should minimize the formation of coke, which can
deactivate the active sites.
6. Fluidizability: The catalyst particles must have appropriate physical properties to

ensure efficient fluidization in the reactor.

Attrition resistance is particularly important, as the catalyst particles need to withstand the
mechanical stresses during circulation and maintain their structural integrity. When coke
is formed during the reaction, it must be effectively burned off in the regenerator, which
requires the catalyst particles to sustain high temperatures and steam partial pressures.
Heavy feedstocks can also introduce poisoning issues and coke formation challenges. To
overcome these problems, the catalyst must have good metal tolerance and high coke
selectivity. Y-zeolite is a commonly used catalyst for fluid catalytic cracking, as its porous
structure contains acid sites that facilitate the conversion of larger hydrocarbon molecules
into the desired range of gasoline-range products. Clay is often added as a filler to provide
additional heat capacity requirements. The catalyst system also includes other components,
such as different alumina and silica sources, as well as metal traps. These components are
mixed in an aqueous slurry and spray-dried to form spherical catalyst particles with meso-
and macro-porous structures. The trapped metals typically include nickel and

vanadium[28]

2.3. Oxidative Dehydrogenation (ODH) to Produce Olefins

Oxidative cracking of alkanes, such as hexane and pentane, is a process that produces
alkenes and water instead of hydrogen. This reaction is catalyzed by metal oxide catalysts

and aided by gas phase oxygen or lattice oxygen. Conducting the reaction at lower
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temperatures is desirable, provided that the thermodynamic driving force exists. To limit
undesired complete oxidation reactions and products (COXx), the process can be carried out
under anaerobic conditions. Studies have shown that the selectivity to olefins in the
oxidative dehydrogenation of propane can be enhanced by using specific catalysts. For
example, depositing 0.2 wt.% Au on La>Os creates nanosized gold particles that aid the
impregnation of sulphate groups on bare and sulphated supports, resulting in improved
lattice oxygen mobility. In the oxidative cracking of naphtha, using n-hexane as the feed,
higher yields of propylene and butylene can be achieved while maintaining a low cracking
temperature. This has been studied using the Li/MgO catalyst system, which exhibits
similar behavior to propane oxidative cracking, where a homogeneous reaction initiates the
heterogeneous reaction[29]. Hexane is more reactive than ethane and propane, allowing
the operation temperature to be reduced to around 575 °C, which helps to lower energy

requirements.

2.4. Oxidative Cracking Process Description

For both types of oxidative cracking reactions, the schematic diagram of the process based
on the fixed-bed reactor that has oxygen supply to it and the free environment of oxygen
using lattice oxygen is represented in Figure 24. The difference between each process is
the type of reactor as fixed bed is usually used when oxygen is supplied and fluidized bed
serve for the purpose of free oxygen environment and a regenerator is also connected to
the fluidized bed to burn the coke on the catalyst to recycle it back to the reactor[30]. This
process for oxidative cracking is distinguished from other cracking processes by the

following:
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1- The presence and the type of the catalyst used for oxidative cracking for example using

rare earth metals and product yields.

2- The feed in oxidative cracking is mixed with oxygen in free oxygen environment or with

the aid of an oxygen supply source.

3- The operation temperature of oxidative cracking is low in compared with other processes

and ranges from 550°C.

4- In other processes for example steam cracking external heating sources is used to crack
but for oxidative cracking heat is generated within the reaction itself through auto-thermal

means.

2.5. Naphtha Global Market; Chemical and Physical Composition

Naphtha is a high-value and expensive chemical in the petroleum industry, comprising a
complex mixture of paraffins, naphthenes, and aromatics in the range of Cs-Cy2. It is a
versatile feedstock with various applications. For example, paraffins can be hydrocracked
to produce ethylene, while naphthenes can be reformed to produce aromatics. Naphtha
cracking products include ethylene, which had a global market of 148 million tons in 2014
and is projected to increase by 400% by 2050.Currently, 55% of steam cracking is
completed using naphtha, making it the leading technology for ethylene production.
However, this process results in high energy consumption and carbon dioxide emissions
[31]. The market demand for propylene from naphtha is also expanding at an average rate
of 5.7% annually. Propene demand exceeds that of ethene, making it crucial to achieve

higher selectivity for propene over ethene during cracking reactions. This can be achieved
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by selecting suitable catalysts, such as acid cracking catalysts such as ZSM-5 in fluid
catalytic cracking. Approximately 60% of global naphtha feedstock is processed in fluid
catalytic cracking refineries, while the remaining 40% is used in steam cracking for
ethylene plants[32]. However, only half of the global propylene is produced by steam

cracking, compared to ethylene.

PERCETNAGE OF MARKET (%)
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Figure 3: Refining Catalyst Market Behavior[32]
The remaining half of global propylene is produced via conventional fluid catalytic
cracking of naphtha, while around a tenth of global propylene production comes from
specific methods such as metathesis of 2-butene and ethylene, as well as propane

dehydrogenation [33]. The world market for chemicals, environment, and the chemical
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industry is around $10.5 billion, and the refining catalyst market accounts for
approximately 24% of this market. Refining catalysts, such as zeolites, are used in various
processes for naphtha feed, for instance, catalytic naphtha reforming and light naphtha
hydro-isomerization[34]. The valuation of the naphtha market is estimated to reach
$244.61 billion by 2021, according to the US Energy Administration. The compound
annual growth rate of the naphtha market for the years between 2022-2028 is expected to
increase by 4%, with 2022 as the base year for this forecast. The Asia-Pacific region is the
fastest and largest growing market, with major players including Saudi Aramco, LG Chem,
ExxonMobil, Formosa Petrochemical Corporation, and Reliance Industries Limited. There

are several reasons for the high growth rate in the Asia-Pacific region:

A- Rapid industrialization and urbanization

B

Increasing demand for transportation fuels and petrochemicals

C- Favorable government policies and incentives for the petrochemical industry

D- Auvailability of abundant and cost-effective feedstock, such as naphtha

E- Presence of major petrochemical hubs and refining centers

The domination of the naphtha market by the Asia-Pacific region is due to these factors,
which have contributed to the region's significant share in global naphtha production and
consumption. Other factors contributing to the spread of naphtha in this market are as

follows:

1. End-users' growth for different industries such as petrochemical, fertilizers, paints,

and coatings, leading to a rise in naphtha demand in India, Japan, and China.
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2. Manufacturers in Japan are looking to the aerospace industry, and they require

aircraft components that depend on naphtha for commercial and defence aircraft.
This production has increased further in recent years due to an increase in cargo
demands.

The South Korean Defence Acquisition Program Administration will invest USD
2.1 billion in plans for working on light aircraft, with Hyundai Heavy Industries
participating in the manufacturing at a cost of USD 210 million for annual

maintenance.
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Figure 4:Market Summary of Naphtha CAGR 4% [22].

4.

Australia's share of the world's airspace is around 10%, and this has a significant
contribution of 2% to its gross domestic product. The aerospace industry in
Australia generates a revenue of four billion dollars yearly, with one thousand

firms, and Europe, the United States, China, and ASEAN countries account for 45%
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of the profit generated. This growth process of the market is highly probable will

continue in the coming years.

Naphtha plays a crucial role in the growth of various markets, primarily as a fuel that is
sometimes blended with other chemicals like kerosene for the aviation industry. It is mainly
used for military jet fuels due to its low freezing point. The COVID-19 pandemic had a
significant impact on many industries, such as construction, resulting in less demand for
materials like paints and coatings. However, the naphtha market has started to recover and
grow post-pandemic, thanks to government support for various industries. The following

trends in the naphtha market have been observed:

¢ Increased demand for naphtha in the petrochemical industry, driven by the growing

need for plastics, synthetic fibers and other petrochemical products.

e Rising demand for naphtha as a feedstock in the fertilizer industry, particularly in
regions with a strong agricultural sector.

e Growing use of naphtha in the production of paints, coatings, and solvents, as the
construction and manufacturing sectors rebound from the pandemic's effects.

e Increased blending of naphtha with other fuels, such as gasoline, to meet the
demand for cleaner and more efficient transportation fuels.

e Ongoing research and development efforts to explore alternative uses for naphtha,
such as in the production of biofuels and renewable chemicals, to reduce the

industry's environmental impact.
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The petrochemical industry will lead the grow of naphtha market over the medium
term and as an example of this is the Indian market for fertilizers will have an
increase demand.

The growth of population and expansion of industrialization will increase the
demand for naphtha in transportation sector in countries such as Japan and India
and an increase of demand for natural gas in United State is likely to reduce the

demand for it.

By the year 2022, the naphtha market size was estimated at $244.61 billion. It is forecasted

to grow to $336.26 billion by 2030. The rising demand for naphtha from the petrochemical

industry is due to the following reasons:

1.

Naphtha market classification by process is divided into naphtha reforming, steam
cracking, gasoline blending, and others. These processes are used for the
manufacturing of chemicals such as olefins and aromatics, for instance propene,
benzene, and toluene. The market of these chemicals is continuously growing. By
application naphtha market plays an important role for energy, chemicals, and fuels.
Cost-effective high-octane diesel are processed by using olefin-rich naphtha as
feedstock.

Two joint ventures have been established by Saudi Aramco and the Malaysian
national oil and gas company, Petronas, for the Refinery and Petrochemicals
Integrated Development (RAPID) project in Johor, Malaysia. The project is worth
around seven billion dollars and is designed to process approximately 300,000 barrels

of crude oil per day.
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Figure 5: Global Refined Products Consumption in Mbd between 2017-2021[35].

This will also include around six petrochemical plants for the production of an annual
output of more than 3.5 million metric tons. By the year 2025, the United Kingdom is
planning to launch 111 oil and gas industry projects, comprising 83 upstream projects,
23 midstream projects, and 5 petrochemical projects. The United Kingdom is expected
to lead the upcoming projects in the European region's oil and gas sector, accounting
for 25% of the pipelined projects which are likely to commence by 2025. The country
shall be boasting 111 oil and gas industry projects in the near term, out of which 83 will

be midstream alongside with refinery and petrochemical plants.
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Table 2: Overview of Factors in Global Naphtha Market

Naphtha Chemical
Processes

Naphtha End User
Industries

Naphtha Market Region

Naphtha Reforming

Petrochemical

Europe

Steam Cracking Aerospace North America
Catalytic Cracking Paints Asia Pacific
Gasoline Blending Coatings Middle East

Oxidative Agriculture Latin America

Dehydrogenation

Prospects of Oxidative Cracking

result in reducing the coke formation.

19

The feed for oxidative cracking can be light naphtha as hexane and pentane and heavy
naphtha for example dodecane. Moreover, there were studies reported for a feed of propane
for oxidative cracking to produce olefins or another feedstock for example cyclohexane as
an alternative to steam cracking. For fixed bed reactor the oxidative cracking of n-hexane
was test by catalysts such as lithium-based catalyst and in order to obtain enhanced
selection of olefins. Conducting oxidative cracking through oxygen supply to the reactor
will result release of CO> due to complete oxidation of the feed which is unfavorable.
Hence, employing lattice oxygen catalyst such as VOx / Ce-Al;Oz catalyst where

experimental work conducted in fluidized bed as shown in the schematic diagram will




Oxidized catalyst

S

Cyclone
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Figure 6: Oxidative Cracking with Catalyst Regeneration proposed Process [20].

As shown in the figure above, there are two fluidized-bed reactors connected to each other,
each serving a distinct purpose. One reactor is responsible for cracking by oxidation, while
the second is dedicated to catalyst regeneration. The circulation of catalyst occurs between
the two reactors, facilitating the transfer of solid gas phase oxygen. This reaction offers

several advantages, which include:

A- The selectivity of olefins is higher.

B- Less energy is consumed and reaction is conducted at lower temperatures.

The advantages are achieved due to reasons such as temperature control of the reaction.
However, the challenges to this process lie in designing a catalyst that possesses the
necessary features, including being fluidizable, having a stable structure, and exhibiting
favourable kinetics.
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2.7. Oxidative Cracking Catalyst and Chemistry

Metal oxide catalysts are employed for the oxidative cracking process, including rare earth
oxide catalysts and crystalline metal oxide catalysts [37]. Another classification of catalyst
used for oxidative cracking includes redox catalysts and non-redox catalysts. Studies have
mainly focused on magnesia-supported Vanadia (VMgO) catalysts for redox types and
non-redox types include rare-earth oxides. One example is an alumina-based vanadium
catalyst, which has good features such as a high surface area and uniform size distribution,
leading to good conversion for oxidative cracking reactions. An alternative type of catalyst
for the oxidative cracking of n-hexane to olefins is vanadium oxide (VOXx) supported on
SrO-yAI203. Following a surfactant-free method, various ratios of supports containing
SrO/yA1203 were synthesized, and the incorporation of VOx was done via impregnation.
The effect of increasing SrO is to decrease catalyst acidity, which was shown by NH3-
TPD, and allowed for catalyst modification for the reducibility noticed through H2-TPR.
Other types of analysis, including XRD, Raman, and FTIR, were conducted. These
analyses have shown the appearance of VOx to be amorphous polymeric species like on
the support. A one-to-one ratio of this catalyst resulted in 88% olefin selectivity with 84%
conversion of n-hexane, indicating a balance between the acidity of the catalyst and the
interaction between VOXx and the support. The reaction was conducted in a fluidized CREC
riser simulator in a free oxygen environment. In contrast, the alumina-based vanadium
types of catalyst yielded lower olefins and produced coke due to the acidity of alumina,
resulting in excessive cracking of the hydrocarbon. Moreover, the vanadium-alumina
catalyst exhibited high selectivity for deep oxidation because of the strong interaction

between them. The next catalyst highlighted is Li/MgO for the oxidative cracking of
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naphtha, which has shown promising results. However, it also has drawbacks, as it is not
highly active and suffers from slight deactivation. One catalyst system tested for n-hexane
oxidative cracking is based on Li/MgO modified using sol-gel MoO3 to increase the yield
of light olefins. The test results have shown the best yields of light olefins (C2-Cs) when
promoted with a minimum amount of 0.5 weight percentage of MoO3, which acts on the
stability of the catalyst after it has been calcined at a temperature greater than 500°C to
reduce the carbonate surface formation. The efficient catalyst system should be selective
by having an important feature to achieve this target. There are reactive olefins and
paraffins that should be activated for the inhibition of olefins from being deeply and
consecutively oxidized. For a range of naphtha hydrocarbons and to catalytically crack
them, three classes of catalysts are considered: acidic, basic, and transition metal oxide
catalyst. Examples of metal oxide catalysts include Cr203, VV-oxides, and Al.Oz. To inhibit
the formation of COXx, alkali metals such as Lithium are used for modifying rare earth oxide
catalysts like CeO2. The Li/MgO catalyst has shown good selectivity of olefins,
approximately 60 mol%, achieved at very low temperatures of around 575°C. The
chemistry of this catalyst is explained by activating hexane on the Li*O" sites, following
which a mixture of Ci-Cs products is formed, composed of paraffins, olefins, and
combustion products resulting from complex radical reactions in the gas phase with the
existence of molecular oxygen through oxygen supply or lattice oxygen. An important
factor to consider for this type of system is the effect of MoO3 on C-H bond scission in the
hexane compound and the role of this compound in minimizing the surface carbonate
concentration. The fourth catalyst for the oxidative cracking of hexane to light olefins such

as ethylene and propylene is perovskite oxides. The yield of olefins from this type of
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catalyst was high due to good selectivity, high activity, and stability for hydrogen
combustion selectivity (SHC) when a redox mode is used for the reaction. Na
WO4/CaMnO3z accomplished a higher olefin yield of 55-58%, which is more than the 34%
achieved by thermal cracking. The other catalyst, Na2WO4/SrMnQOs, obtained an olefin
yield of 41%. Since oxygen is released from CaMnO3, a test was conducted to see the effect
of Na;WOs on oxygen release, and the result by O2-TPD (oxygen-temperature-
programmed desorption) showed that this chemical has slowed down and limited the
oxygen release. Other tests conducted include low-energy ion scattering (LEIS) and X-ray
photoelectron spectroscopy (XPS), which showed that Na;WO4 covers the outer surface
layer of the perovskite, resulting in eliminating the effect of near-surface Mn and alkaline
earth metal cations, as well as inhibiting the formation of non-selective oxygen species.
Similarly, for Sr species in SrMnOs, when conducting XPS analysis, Na,WO was
responsible for suppressing 90% of them, as observed for CaMnQs. For these reasons, the
studies indicate these two catalysts being promoted by Na,WO as selective redox catalysts
for the efficient production of light olefins by redox oxidative cracking. The last example
of a catalyst type used for oxidative cracking is Fe-substituted barium hexa-aluminates
(BaFexAl12-x019). Oxidative cracking is characterized by running the reaction in
autothermal mode, and here, the Fe-substituted hexa-aluminates allows this to happen and
yields higher olefins in comparison to the steam cracking process, where the governing
reaction is endothermic. By promoting this catalyst with Na;WQg, the formation of COx
will be inhibited. In the study for this reaction, the percentage of coke dropped from 8.4-
55.2% to 0.6-1.2%. The temperatures tested were in the range of 600 to 700°C, and the gas

hourly space velocity was nine thousand per hour. All the hydrogen produced during the
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reaction was fully oxidized. The chemistry of this catalyst is explained by lattice oxygen
donating, and 20-NaW/BaFe6 was found to double the olefins yield in comparison with
the thermal cracking value recorded for it at 12.8%, while using the catalyst for oxidative
cracking yielded 26%. A decreased gas hourly space velocity, for example, from nine
thousand to two thousand per hour, showed an increase of approximately nine percentage
points for the conversion of hexane and no significant change in olefins selectivity. The
number of cycles tested for the long-term stability of the oxygen carrier NaW/BaFe6 was
30, based on a temperature of 700°C and a gas hourly space velocity of 2,250 per hour.
The range of olefins produced was 31.3-32.4%, along with a low yield of COX,
approximately 0.6-0.7%. The suppression of non-selective oxidation reactions was
determined through XPS analysis tests, which showed a shift in favour of near-surface Ba
enrichment during the redox cycle, leading to the suppression of near-surface Ba content
by applying the feed of n-hexane for redox oxidation as a result of using Na;WQO4.These
examples of catalysts are used for the oxidative cracking of n-hexane. Many published
articles exist on the oxidative cracking of propane, and one catalyst system used for this
feed is boron-based catalysts, such as boron nitride catalysis for selectivity towards
propene. In comparison with VV-SiO2, boron nitride nanotubes yielded higher olefins and
showed higher productivity. This catalyst system is very attractive for industrial
applications due to reasons such as high thermal conductivity because of the 2-D structure
of h-BN transmitting enough phonons across the BN sheets, as well as controlled
selectivity. This catalyst system is relatively new, and historically, the use of this type was
based on hexagonal boron nitride (h-BN) as it was used for dilution because of its ability

to withstand high thermal conditions and, during oxidative cracking, has shown stability.
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In 2016, the first discovery of oxidative dehydrogenation for propane dehydrogenation was
reported by Eon et al. They used h-BN as a catalyst support for vanadium oxide (V205)
and found that the catalyst exhibited high selectivity towards propene at temperatures

between 550-650°C.
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Figure 7: Propane Feed Aactivity for Various Catalyst [38].

Since these results were reported, further developments for the reaction mechanism and
active centers of the catalyst have been ongoing. Initially, the results of the investigation
have shown similar activity of h-BN to the V/SiO2 catalyst in terms of oxidative

dehydrogenation of oxygen (ODH-02). The promising results are from boron nitride
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nanotubes (BNNTS) as a catalyst, due to their high productivity and selectivity, resulting

in a higher yield of olefins than the conventional VV-SiO2 catalyst, as shown in Figure 7.

2.8. Olefins Production by dehydrogenation of Cs/Cs to Alkanes

While many studies on propane and butane have been reported and published, there are
limited studies on non-catalytic and catalytic oxidative dehydrogenation of long-chain
alkanes such as n-hexane. This is due to reasons related to the non-polar C-H bond,
resulting in limiting reactions to combustion and cracking, as well as the formation of
radicals leading to hydrogen abstraction and substitution reactions facilitated by cracking
during propagation steps. Understanding olefin production by dehydrogenation is the key
to being familiar with oxidative dehydrogenation. The trend towards the production of
olefins rather than crude oil is due to the economic value of alkanes, as they are cheaper
than crude oil. The reaction below is an example of the dehydrogenation of an alkane to an

alkene with the same carbon number:
C3H8 d C3H6 + HZ AH = 117 K].mOZ_l ....................................................... 1

These processes date back to 1980 for the production of light olefins, but the commercial
production using them has not achieved a breakthrough due to the yield produced, which
is limited by thermodynamic equilibrium. Moreover, these processes tend to produce coke,

leading to the deactivation of the catalyst.

For oxidative catalytic dehydrogenation to produce olefins from hydrocarbons, there are
various benefits over conventional methods, such as the reduction of coke production and
catalyst deactivation. For the catalytic oxidative cracking of n-hexane, the literature reports

favorable conditions to produce olefins, including lower temperatures and oxygen-rich
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conditions. These conditions enhance the selectivity of hydrogen abstraction from the C-H
bond over the cleavage of the C-C bond. The high conversion of alkanes by oxidative
cracking to produce olefins typically indicates that most catalysts studied strongly adsorb
the olefins, and the production of carbon dioxide results in limiting the yield of the olefins.

This is a key challenge that researchers are working to overcome.

2.9. Reaction Mechanism

The oxidative cracking dehydrogenation of alkanes to olefins can be explained by the Mars
& Van Krevelen mechanism. In this mechanism, the first step involves the hydrocarbon
acting as a reducing agent for the transition metal, while the next step is the re-oxidation
of the metal by oxygen. In this type of conversion of alkanes to olefins, the rate-determining
step is the carbon-hydrogen splitting step. Through the literature, there are two types of

reactions for oxidative cracking. Both these reactions are represented by the below

equations:
CoH20+2 4 0.5 02 = CoHZn - HZOueeeeseeeeseevsvserersvssrersvssressssssasssssssssssesssssssssssssssssesasas 2
CoHznt2 4+ MO = CpH2i A H2O A RIM eeeeteterrestststsevvvssrasasssssssssssissssasssssssssinas 3

To explain these equations during the experiment, the feed of hydrocarbon, such as n-
hexane or pentane, is injected into the reactor from the top for a fixed-bed experiment,
while the catalyst is fixed inside the reactor. The reactor is then heated to the required
temperature, resulting in the activation of the feed on the surface of the oxide metal catalyst.
This will result in the formation of an alkyl radical that is further dehydrogenated either by
a heterogeneous type of reaction on the surface of the catalyst or a homogeneous type of

reaction in the gas phase. Hence, hydrogen is formed, which reacts with lattice oxygen or
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gas phase to produce a stable water molecule, and alkene is produced as well. These are
the desired products for the oxidative dehydrogenation reaction. However, there are also
undesired reactions that could happen, leading to the formation of COx. The reason behind
this is non-selectivity or further oxidation if it occurs. For the catalyst system composed of
lattice oxygen of VOx/Ce-Al203, a reaction mechanism is proposed as a hypothesis and

shown in Figure 8:

o CO«

Oxidation Oxidation

with VO with VO
C]_'CS, CZ:-C4:1

CoHua HO cracking
and
dehydrogenation
CeH12+H,0

Figure 8: Reaction Mechanism for Oxidative Cracking of n-hexane [39].

The production of olefins by oxidative cracking of n-hexane via lattice oxygen of VOx/Ce-
Al203 catalysts is shown in two alternative routes, both of which produce desired products.
The cracking step involves the cracking of n-hexane to produce alkanes. In the second
route, the oxidative dehydrogenation of alkanes produced during the cracking step occurs,
resulting in the formation of carbon dioxide due to the complete oxidation of the

hydrocarbon. The alkyl radicals are created due to the mechanism of cracking, in which
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lattice oxygen aids the promotion of homolytic C-H bond abstraction from the alkane. In
the gas phase, a homogeneous radical chain reaction occurs subsequently for the alkyl
radicals, resulting in the formation of hydroxyl groups on the surface of the catalyst, which
are released to the gas phase as water. This process leads to a reduction of the catalyst.
Regeneration of the catalyst is the completion of the cracking cycle and occurs through the
oxygen effect, which re-oxidizes the catalyst or combustion reactions by lattice oxygen,
performing the same purpose as an alternative option. The most important aspect for the
oxidative cracking reaction mechanism is the minimization of the sorption of olefins and
any further oxidation. The proposed mechanism highlights the key steps involved in the
oxidative cracking reaction, including the formation of alkyl radicals, their subsequent
reaction in the gas phase, and the regeneration of the catalyst. Understanding and
optimizing this mechanism is crucial for improving the selectivity towards the desired
olefin products while minimizing the formation of undesirable byproducts. The catalyst

system of Li/MgO reaction mechanism follows the equation below:

(O e o O 0] - S O - 4

The formed products from the first step of oxidative cracking by the Li/MgO catalyst are
the surface hydroxyl [OH-] group and alkyl radicals, as a result of the homolytic scission
of C-H bonds. These products are yielded due to the release of radicals from the catalyst
surface, causing the initiation of the propagated gas-phase reaction. Hence, the reaction
mechanism for the production of olefins from alkanes is initiated by a homogenous gas-
phase reaction, leading to a heterogeneous reaction on the catalyst surface. The two phases

involved are:
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e Homogenous gas-phase reaction: This involves the propagation of radical chain
reactions in the gas phase, resulting in the formation of various hydrocarbon
products.

e Heterogeneous catalyst cracking: The catalyst surface, in this case, Li/MgO,
facilitates the initial homolytic cleavage of C-H bonds, releasing the alkyl radicals

that can then undergo further reactions in the gas phase.

The combination of these two reaction pathways, the homogenous gas-phase reactions and
the heterogeneous catalyst cracking, is crucial for the efficient production of olefins from
alkane feedstocks. The catalyst plays a key role in initiating the radical formation, while
the gas-phase reactions allow for the propagation and selective formation of the desired
olefin products. Understanding and optimizing this reaction mechanism, including the
interplay between the homogenous and heterogeneous steps, is essential for the
development of effective catalysts and processes for the oxidative cracking of alkanes to
produce valuable olefins. The reaction mechanism for the regeneration of the catalyst is

shown in the below equations as proposed by Siney.

Og F OH7 5 07 A HOOT eeeevvtvrsesessevesrressssessssssssssssssssssssssssssssssssssssssmmsssssssssssns 5
HOO® + OH7 5 07 4 HpOyyooeeoeeeevvvveeesseeseserssrsssssssssessssssssssssssssssssssssssssssssssmssssssssssses 6
O 0 ) - (R 7
OH? + OH7 5 07 F HpO cooeevveeeeeeeeevvvrresssssessesssvssssssssssssssmssssssssssssssssssssssssssssmssssssssssons 8

Once there is an interaction between the catalyst and the product of carbon dioxide,
deactivation of the catalyst is likely to occur due to the poisoning of the active Li+O- sites.
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A reported study by Lunsford et al. on the oxidative cracking of methane and propane,
which are major components of natural gas liquids (NGL), found that the Li+O- sites were
poisoned by carbon dioxide, presenting a drawback for applying this type of catalyst for
oxidative cracking. The poisoning of the active Li+O- sites by carbon dioxide is a
significant challenge that needs to be addressed for the effective use of Li-based catalysts

in oxidative cracking processes. Strategies to mitigate this issue may include:

A- Developing catalyst formulations that are more resistant to carbon dioxide
poisoning, such as by incorporating additional promoters or modifiers.

B- Optimizing the reaction conditions, such as temperature and pressure, to minimize
the formation of carbon dioxide and its interaction with the active sites.

C- Integrating in-situ catalyst regeneration or periodic reactivation steps to remove
the deposited carbon species and restore the catalyst's activity.

D- Exploring alternative catalyst systems that are less susceptible to deactivation by

carbon dioxide or other byproducts.
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Addressing the catalyst deactivation issue is crucial for the successful commercialization
of oxidative cracking processes, as it will ensure the long-term stability and performance
of the catalysts, leading to more efficient and economical production of valuable olefins

from alkane feedstocks.
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Figure 9: Proposed Reaction Mechanism for Oxidative Cracking of Boron Nitride [40].

The main by-product of oxidative cracking by V/SiO2 is carbon dioxide, but for boron
nitride nanotubes (BNNTS) catalyst, the major by-product is ethene, which is of higher
value than carbon dioxide. This variation in product distribution is an indication of a
distinctive reaction mechanism route. This route is not similar in mechanism to other metal
oxide oxidative dehydrogenation catalysts or lattice oxygen. The investigation of this route
for the reaction mechanism shows a first-order and second-order dependency for oxygen
partial pressure and partial pressure of propane for the latter, as noted by Grant et al. (196).
The other suggestion is related to the bond between B and N and the oxygen molecule,
forming an armchair resulting in the formation of B-O-O-N active sites at the platelet edges
between B-N. The activity was also tested without nitrogen existing and was at a high
value. Further studies concluded that the highest compound for productivity, especially
used for oxidative dehydrogenation, is (BN-OH), which is hydroxylated boron nitride.
Another difference between boron-based catalysts and other metal oxide catalysts in
reaction mechanism is the functionality of non-oxidation. For example, there is no record

of any non-oxidative propane dehydrogenation using h-BN catalyst. The functionality of
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other catalysts initially does not demand an induction period. However, boron nitride
catalysts are capable of forming the required sites for activity, serving as precursors to
phase activation. The Mars-Van Krevelen mechanism in metal oxide catalysts cannot be
applied to boron nitride catalysts, for example, h-BN, due to the lack of lattice oxygen.
Further understanding of the mechanism is necessary for the optimization of this catalyst

system.

2.10. Kinetics of Oxidative Cracking

C2°-Cs°

Figure 10: Reaction Network for Oxidative Cracking of n-Hexane [38].

The reaction network in the Figure 10 illustrates the basis for developing the kinetic model.

A- Olefins and lighter alkanes are produced via cracking of n-hexane.
B- Production of olefins and carbon oxides by oxidative dehydrogenation.

C- Formation of coke and lattice oxygen degeneration leading to catalyst deactivation.
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For each step mentioned above there are equations developed and explained in further

details starting with cracking to oxidative dehydrogenation and finally deactivation.

The carbonium-ion mechanism is dominating for the cracking step explained simply for
this reaction involving two steps transfer of hydrogen observed first then C-C bond fission.

The set of reactions below explain this mechanism:

1- The molecule A is adsorbed on the active centre (S).

ka
A(GAS) + S 5 AS oo ss sttt ssse et s s 9

2- The adsorbed species then form reactive species that are short-lived.

K
AS 7 A R 10

3- The reactive species will transform reversibly, and this reaction is known as
skeleton isomerization reaction. The primary products of isomerization can also

appear because of adsorption of isomerized molecules.

kiso
AS* — AS]
4- The reactive species will transform irreversibly by cracking through the mechanism

of carbon-carbon bond fission.

kfission

AST 0 PO e ———————— 12

6- The major step is postulated by reactions of cracking is chain mechanism.

AS™ F A (GAS) 2 RS™ A Pooeeeevretresresresrsessssssssssssssssssssssssssssssssssssssssssssssssssssssssssssnens 14
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Following the development of elementary reaction steps above the progress is to use these
equations for coming up with equations of rate. Hence, for reaction intermediates it is
possible to be written below following the pseudo steady state hypothesis (PSSH). These

reaction intermediates are AS, AS* , PS*and R.

TR o o | 15
Tas* = KreacCas = KisoCas*Cas — Kission Cas® = O worrrrrrersmesssesssssses 16
Tas* = KreacCas = KisoCas*Cas — Krission Cas® = 0 worrrrrmrnrssssssssssins 17
Tpst = Kpission Cast — KaesCps® wemmmmmmmmsmsssessmsnensnsssssssssssssssssesssenssssens 18
S T 19

The rate determined step is slowest step and as a result of high catalyst acidity this step is

the product desorption step and hence the below equations are developed.

R 20
des
_ _kreacCsCa
CAS* = m .................................................................................................................... 21
fiss siiso
kfissk kqadaCsCa
O e 22

ktzies (KfisstCskiso)

From these equations and re-arranging and substituting it is possible to obtain the rate

expression equation for cracking of species =1, 2,3 ... 10.

_ kfiss,i Kreac,ikad,iCs,aCa
P =

kaes,i(Kfiss,i+Cs,iKiso,i)
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The equation above can also be obtained for any product or reactant for instance A, n-

hexane, paraffins or any related chemical specie.

kfiss,A kreac,A kad,A Cs.ACa
TA =

kaes,a(kfiss,atCsakiso.a)

The development of kinetic model scheme for the cracking reaction is followed by
establishing the model for oxidative dehydrogenation (ODH). This reaction in which

olefins are produced by the reaction between hydrocarbons and the lattice oxygen catalyst .

The mechanism for these reactions is based on the Lang-muir-Hinshelwood and for
understanding these reactions the six steps below clearly explain each reaction and species
involved. For lattice oxygen in an oxidized site the representation is by S:° and the surface
oxygen vacancy in a reduced site is represented by Si? and the symbol S is for alumina-

based sites [16].

A- The catalyst surface contains Sz which adsorbs alkanes C,°-Cs°.

kcpo—C50

C = C () + Sy e €Y = CQ = Sgrrsrrsssrrrrsssssssssssssssmsssssssssssssssssssssssssssssmmmmsssssss 25

B- Through H-abstraction the oxidized site medium for S1° formed from lattice oxygen

having a surface reaction (r7) will result in forming C,™-C4™.

C9 — €Y —[S,] + 2[S?] i C5 — C; = [S;] + Hy0 (g) + [S10] + [SF] ceorveee 26
C- The reduced site has adsorbed olefins which desorption occur for.

C5 = C5 —[S3] © CF — CE(G) + [So] oormsvrrveesssreeessssreeessssseseessssssssesssssnssesessns 27
D- C2° — Cs® will react with adsorbed lattice oxygen to form COy from propane r2 and

this occurs in the site of oxidization for [S1°].

k2
C) —C2 —[S,] +[S2]1 - 2C0,(g) + 3H,0 (g) + [SR] + [Sp]eveererrererirriranns 28

36



E- The oxidization site [S1°] a further reaction will occur between lattice oxygen and

adsorbed ethylene forming COx by ethylene (r3).

s — Cr — [S,] + [S°1 53 2€0,(g) + 3H,0(g) + [SF] + [Sy] v 29

F- Oxygen Molecule will re-oxidize the reduced metallic center.

05 (9) + 2 [SE] 5 [S2] 4 [SQ]oorooresressressressrsssesssesssssssssssrssssssssssssssssssnssssess 30

To conclude these reaction steps the rate expression for oxidative dehydrogenation is

obtained:

k11P o o
l 115 ch—cy

T'7 PO oo 31

1+K12PC20_Cg+K13PC;_CZ +K14PC0X+K15PCH4_

For catalyst deactivation two major reasons the cracking reaction causing coke to deposit
on the catalyst or due to oxidative dehydrogenation reaction reducing VO leading to the
depletion of oxygen and losing activity. These two majors for catalyst deactivation are

represented by the following two activity function.
D(T, 1) = O (TIP(L) srrrrerrrrrerserersessssmssssssssessssssssssssssssssssssssssssssssssssssssssssssesssssssassssssssssssassssasees 32

Each term in the equation above is a function of time for y(t) the deactivation of catalyst
because of coke formation based on time on stream function and o<(T) is function of oxygen
depletion from oxidative dehydrogenation. Expression equation for each function is shown

below:

W) = @XP (AL oerrerrerresresrsssrsssssssssssssssssssssssssssssssssssssssssssssssasssasssasssasssasssasssasssasssasssasssanes 33
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t —-(T-Tm)?
Jyat+b exp[T]

—(T—Tm)z '''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''
2¢c2 ]

x (T) =

fowoo a+b exp|

2.11. Conclusion of Literature Review

To conclude, this review has thoroughly explained various catalyst systems for oxidative
cracking reactions to produce olefins. Two types of feedstock were used for these reactions:
hexane and propane. Each system has produced a certain yield of olefins, such as propene,
depending on the reaction conditions and the conversion percentage. Following the detailed
explanations of these catalyst systems, the reaction mechanisms for some of the systems
were discussed, concluding the pathways for the desired production of olefins. The key
steps involved in these mechanisms, such as the formation of alkyl radicals, heterogeneous
and homogeneous reactions, and the role of lattice oxygen, were highlighted. Finally, a
detailed kinetic study was reviewed for the oxidative cracking of n-hexane using a lattice
oxygen catalyst. Understanding the kinetics of these reactions is crucial for optimizing the
process conditions and catalyst performance to achieve higher yields of the desired olefin
products. The comprehensive review of the various catalyst systems, reaction mechanisms,
and Kinetic studies provides valuable insights into the state-of-the-art research and
development in the field of oxidative cracking for the production of light olefins. These
insights can guide future research efforts to further improve the efficiency, selectivity, and
scalability of these processes, ultimately contributing to the advancement of the
petrochemical industry. The scope of this research study is to characterize and evaluate
zeolite-based catalyst supported on metal oxide for free lattice oxygen release in a fixed
batch reactor to screen best catalyst and determine optimum olefins production reaction

conditions.
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The research involves tests under catalyst to oil ratio range 3-6 and temperature range
550°C -625°C. Furthermore, a robust kinetic model is developed based on lumping

methods clearly explaining the reaction mechanism in which the olefins are produced.
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Chapter 3: Objectives

This study involves the development of highly active and stable catalyst(s) suitable for
fluidized bed oxidative cracking of lighter liquid hydrocarbons for example naphtha under
gas-phase oxygen-free conditions to produce light olefins — mainly butenes, propylene and
ethylene. In this approach, the metal supported catalysts acts as a source of lattice oxygen,
in addition to its catalytic role. In this regard, MnOx modified zeolite-based catalysts have

been investigated. The following are the specific objectives of this work:

I.  To study the effects of MnOx on the activity (naphtha conversion) and olefins
selectivity/yields.
ii. To develop the phenomenological based kinetics model(s) representing the

conversion of naphtha over MnOx/ZSM-5 catalysts.
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Chapter 4: Methodology

4.1. Materials and Catalyst Synthesis

Chemicals used for catalyst synthesis include Montmorillonite (Mnt) supported on
manganese oxide (MnOx), ZSM zeolite and Y-Zeolite. For feed both Light Straight Run

Naphtha (LSRN).

4.1.1 Synthesis of Montmorillonite Supported Manganese Oxide

Montmorillonite supported manganese oxide nanoparticles were prepared using a simple
wet grinding approach. In a typical synthesis protocol, the required amount of manganese
oxide salt, corresponding to the desired weight percentage (wt.%) of Mn, was added to a
mortar and pestle. This mixture was properly grinded for several minutes. Thereafter, an
amount of water corresponding to 75 wt.% of the total weight of the supported material
was added, and the mixture was further grinded. The mixture was then dried at 70 °C for
12 h, followed by calcination at 550 °C for 6 h with a heating rate of 5 °C/min. For this
study, 5, 10, and 15 wt.% Mn on montmorillonite (40 g basis) were prepared. The resulting
samples are labeled Mn5, Mn10, and Mn15, corresponding to 5, 10, and 15 wt.% Mn

loading on montmorillonite, respectively.

4.1.2. Synthesis of Zeolites/Montmorillonite Manganese Oxid Matrices

A mixture of zeolite Y and ZSM-5 is prepared for the purpose of this study. It is well-
known that zeolites have different Si, Al, and O connections and orientations, resulting in
variations in pore size and functionality. The essence of employing this mixture is to exploit
the synergistic effect of these two different zeolite structures. Zeolite Y possesses large

pores that can easily facilitate the exit of reactants and products. ZSM-5, on the other hand,
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offers pores that can be tailored for the selective production of desired products like lighter
olefins, due to its shape selectivity, and is also known for its thermal stability and coke
resistance. A simple approach was employed to synthesize the zeolite/montmorillonite
manganese oxide matrices. Zeolites and pre-synthesized montmorillonite manganese oxide
were mixed using a blender. Afterwards, the resulting mixture was pelletized to a size range
of 300 microns. The total zeolite content in the final zeolite/montmorillonite manganese
oxide matrices was 70%, with a 50:50 weight ratio of zeolite Y to ZSM-5. It is important
to note that all zeolites were used in their acidic (H-form). For ZSM-5, the as-received
ammonium form was converted to the H-form by calcination at 550 °C for 6 h with a
heating rate of 5 °C/min. Therefore, the final composition of the zeolite/montmorillonite
manganese oxide matrices was 35% zeolite Y, 35% ZSM-5, and 30% montmorillonite
manganese oxide (which could be Mn5, Mn10, or Mn15). During this study, three matrices
were prepared by fixing the zeolite composition (50:50 Y and ZSM-5) and varying the Mn
loading on the montmorillonite. The synthesized catalysts are now labeled ZMn5, ZMn10,

and ZMn15.

3.2. Catalyst Characterization

4.2.1 Temperature-Programmed Reduction (TPR) Test

To understand the reduction behavior and potential activity of the freshly prepared
catalysts, TPR analysis was conducted in a Microtrac MRB Belcat Il catalyst analyzer. The
samples, weighing 200 mg each, were loaded into a quartz tube and heated to 500 °C for
three hours under an argon atmosphere. The samples were then cooled to 30 °C using
argon. The TPR analysis was conducted to reduce the fresh catalysts in the temperature
range of 25 to 950 °C. A gas mixture containing 10% hydrogen and balanced with argon

42



was used. The system was heated at a rate of 10 °C/min. During the TPR experiment, a
thermal conductivity detector (TCD) was used to analyze and record the consumption of
hydrogen, indicating the reduction behavior of the catalyst. The TPR analysis provides
valuable information about the reducibility of the catalyst, which is directly related to the
catalytic activity. The reduction peaks observed in the TPR profile correspond to the
reduction of different metal oxide species present in the catalyst. By analyzing the TPR
profile, the peak reduction temperatures and the extent of reduction were determined,
which helps in understanding the catalyst's redox properties and its potential performance

in the oxidative dehydrogenation reaction.

4.2.2. X-ray diffraction (XRD) Test

The crystal structure of the fresh and spent ZMn catalyst samples was analyzed using X-
ray diffraction (XRD) techniques. The XRD patterns were recorded using a Rigaku Mini-
Flex diffractometer, which employed monochromatic Cu Ka radiation with a wavelength
(M) of 0.15418 nm. The operating conditions for the XRD analysis were set at 30 kV and
15 mA. The XRD measurement was conducted with a normal scan rate of 2°/min, and the
20 scanning range was set between 10-80°, with a step size of 0.005°. The X-ray beam was
collimated using a divergent slit of 1.25° and a receiving slit with dimensions of 0.13 mm.
This setup allowed for the collection of high-resolution XRD patterns, which were used to

identify the crystal structure of the fresh and spent catalyst samples.
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4.2.3. Temperature-Programmed Desorption (TPD) Test

The fresh catalyst samples were also subjected to temperature-programmed desorption
(TPD) of ammonia (NH3) to determine their acidity. The TPD experiments were conducted
using a mixture of 5% NHz in helium, with a total flow rate of 50 mL/min. The catalyst
samples were heated from 100 °C to 600 °C at a ramp rate of 10 °C/min, and the experiment
was carried out for a duration of one hour. During the TPD analysis, the concentration of
desorbed NHz was measured at the outlet of the reactor using a thermal conductivity
detector (TCD). The TCD signal provided information about the amount and strength of
the acid sites present on the catalyst surface. The TPD technique is a valuable
characterization method for determining the acidity of solid catalysts. By analyzing the
TPD profile, it is possible to identify the number, strength, and distribution of acid sites on
the catalyst, which are crucial parameters in understanding the catalyst's performance in
various reactions, such as cracking, isomerization, and dehydrogenation. The combination
of TPD and other characterization technigues, such as XRD and BET surface area analysis,
provides a comprehensive understanding of physicochemical properties of the catalyst and

their relationship with the catalytic activity and selectivity.

4.2.4. Fourier Transform Infrared Analysis (FTIR) TEST

The molecular structure of the fresh ZMn catalyst sample, weighing 200 mg, was analyzed
using Fourier-Transform Infrared (FTIR) spectroscopy. The FTIR spectra were obtained

using a Thermo Scientific ATR/IR instrument.
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4.2.5. Scanning Electron Microscopy (SEM) Test

The morphological properties of the synthesized MnO,/ZSM-5 catalyst was analyzed using
a JEOL JSM-6460LV scanning electron microscope running at an acceleration voltage of
20 kV. Additionally, energy-dispersive X-ray spectroscopy (EDS) was employed to

provide elemental mapping and composition analysis of the catalyst.

4.2.6. Brunauer-Emmett-Teller (BET) Surface Area Analysis Test

Nitrogen adsorption isotherm analysis data was used to determine the BET (Brunauer—
Emmett-Teller) surface area and the textural characteristics of the synthesized material
using an ASAP 2010 analyzer from Micromeritics ASAP analyzer. Prior to the nitrogen
physisorption experiment, about 0.3 g of the catalyst was placed in the sample tube and
degassed under vacuum for three hours at 350 °C. The N2 physisorption was carried out in
a liquid nitrogen bath operating between 10 and 1 relative pressure and 77 K temperature.
The Barret-Joyner—Halenda (BJH) method was used to determine the pore volume and
pore diameter while BET method was employed to determine the specific surface area of

the catalyst.

3.3.  Oxidative Cracking Experiment

The catalytic performance of the ZMn catalyst systems was evaluated using a fixed-bed
Micro Activity Test Unit (MAT). The feed, consisting of light straight-run naphtha
(LSRN), was precisely injected into the reactor using a syringe pump at a rate of 0.85 g per
30 seconds. The systematic variation of operating parameters, such as temperature and
catalyst-to-oil ratio, enabled the researchers to gain valuable insights into the catalyst's

activity, selectivity, and potential for industrial applications. In this regard, temperature
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was varied at 550, 575, 600 and 625 °C, and the catalyst-to-oil ratio was set at 3, 4, 5 and
6. For each experimental run, 4 g of the oxidized catalyst sample was loaded into the reactor
bed, and a leak test was conducted to ensure the system's integrity [15]. The reaction
products were analyzed using a micro gas chromatograph (Micro-GC) equipped with both
flame ionization (FID) and thermal conductivity (TCD) detectors. This analytical setup
allowed for the quantification and identification of the various hydrocarbon components in
the product stream. The conversion and selectivity were calculated based on the following

definitions:

e Conversion: The extent of change of the LSRN feed into various products.
e Selectivity: The relative distribution of the desired products, such as olefins,

among the total product slate.

Naphtha/ conversion (wt. %) = Total gas (Wt. %) + Coke (Wt %) .ooveveeeererrenrrrrrrrineens 35

Mass of the species

Yield of product (wt %) = X 100 Y0ueeeeeererrererererererersrenneans 36

Mass of total product
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Table 3: Obtained Properties and Values from PIONA for LSRN Feed

Property Value
Research Octane Number 57.80
Motor Octane Number 55.60
Initial boiling point by mass IBP (Deg F) 96.91
Vapor Pressure 2.45
Paraffins Total Mass% 34.13
I-paraffins Total Mass % 22.60
Olefins Mass% 27.90
Naphthene Mass % 12.96
Aromatic Mass % 1.38
Total C14+ Mass % 0
Total Unknowns 0.61
Average Molecular weight of Hexane 85.57
Average Molecular Weight of Pentane 70.85
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Figure 11: Micro-activity Test Unit (MAT) Real Picture labelled with part
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Figure 12: Schematic Diagram of MAT (Fixed Batch Reactor)
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Chapter 5: Results and Discussion

5.1. Catalyst Characterization

5.1.1. Scanning Electron Microscopy (SEM)

The scanning electron microscopy (SEM) analysis (Figure 13 a, b, and c) shows the
morphological characteristics of the resulting matrix. All matrices ZMn5, ZMn10 and
ZMn15 showed similar morphologies of zeolites (that is, ZSM-5 and Y zeolite) as well as
montmorillonites structures. The ZSM-5 samples are in the submicron range, while Zeolite

Y samples are few microns large.

Complementing the SEM analysis, the energy-dispersive X-ray (EDX) technique was
employed to obtain the elemental mapping of the catalyst for ZMn-5 as a case study (figure
13 d & e). The mapping analysis gives us an insight into the dispersion of Mn in the catalyst
matrix. We observed from that Mn is well dispersed in the catalyst matrix. Furthermore,

the elemental analysis in figure 1 f shows the overall elemental content in ZMnb.
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Figure 13: SEM micrograph Screened Catalyst and EDS of ZMn-5
5.1.2. X-ray diffraction (XRD)

Figure 13 shows the X-ray diffraction patterns of prepared zeolite/montmorillonite
manganese oxide matrices, as well as the spectra of pure zeolite species. ZMn5, ZMn10,
and ZMn15 show characteristic zeolite Y and ZSM-5 peaks. Furthermore, we observed
that the introduction of MnOx species did not result in any significant changes to the

zeolite's topological structure or crystallinity [50], [51].
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Figure 14: XRD of Zeolite and Catalysts with Manganese Loadings

5.1.3. Fourier Transform Infrared Analysis (FTIR)

Figure 15. shows the FTIR spectra of prepared ZMn matrices. All prepared matrices
showed characteristics asymmetric stretching vibrations of the Si-O-Al bonds observed in
the range of 950-1090 cm™. In addition, we observed OH Stretching Symmetric &
Asymmetric between 2700 to 3200 (~2971 cm™). These stretches are common to zeolites

as well as clays such as montmorillonite [16]. It worth mentioning that we observed a shift
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to higher wave number in the asymmetric stretching vibrations observed in the range of
950-1090 cm™ as the Mn content increase in our matrices (that is ZMn15 stretching in this
region were of higher magnitude that those of ZMn10 and in the same order ZMn10 has
higher magnitude than those of ZMn5) [52]. This observation shows the substitution of Mn
for Al in the montmorillonite framework, since the Mn species were deposited on the

montmorillonite support during catalyst preparation.

—ZMn5 ZMn10 —ZMn15
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Figure 15: FTIR of ZMn-5, Zmn-10 and Zmn-15 Catalyst
5.1.4. Temperature-Programmed Desorption (NHsz-TPD)
The catalytic cracking of light straight-run naphtha (LSRN) into olefins and other products
is primarily driven by the active acidic sites present on the catalyst surface. These active
centers can be classified into two categories: low-strength and high-strength acid sites. The

balance between the concentration and strength of these acid sites is crucial for achieving
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optimal catalytic performance in the oxidative dehydrogenation of LSRN. During the
reaction, the catalyst's acidity should be carefully tuned to avoid excessive cracking of the
light feedstock, which can lead to the formation of undesirable products such as coke and
methane. The accumulation of these byproducts can result in catalyst deactivation and
reduced selectivity towards the desired olefin products. Temperature-programmed
desorption of ammonia (NH3-TPD) is a widely used technique for the characterization of

catalyst acidity [53], [54].

Figure 16 presents the NHs-TPD profiles of the ZMn catalyst matrices, which provides an
insight to the acid strength and distribution. The NH3-TPD analysis allows for the
quantification of the total acidity and the identification of low-strength and high-strength
acid sites based on the desorption temperature ranges. As observed in Figure 16, all ZMn
samples have two main adsorption peaks, one at lower temperatures at ~ 100 °C and a
second at higher temperatures at about 400°C. Basically, All ZMn catalyst systems had
similar zeolite compositions, thus the change in acidity observed can only be attributed to
the MnOx species supported on montmorillonite. Hence, acid distribution in the matrices
is a function of MnOXx species content. Clearly, we see that as the MnOXx species increase,
the low temperature peak becomes narrower (low band peak in ZMn15 is more than
ZMn10 and ZMn10 narrower than ZMnb5). In addition, the desorption temperature is lower
as the content of MnOx increases. Hence, we can infer that MnOXx species played a crucial

role in reducing the acid strength of the whole catalyst matrix.
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Figure 16: NHsTemperature-programmed desorption (NHs-TPD) of ZMn catalyst
matrices

5.1.5. Temperature-Programmed Reduction (H2>-TPR)

The reducibility and nature of the oxide phases present on the catalyst surface were
investigated through hydrogen temperature-programmed reduction (H2-TPR) experiments
for the three fresh catalysts: ZMn5, ZMn10, and ZMn15. The TPR profiles of the fresh
catalysts are shown in Figure 17. The ZMN15 catalyst exhibited the highest reduction peak,
followed by ZMn10 and ZMn5, which had the smallest peak among the three. Each catalyst
displayed two distinct reduction peaks [55], [56] The first, smaller peak was observed in
the temperature range of 300-500 °C, while the second, larger peak occurred in the range
of 500-700 °C. These reduction peaks are attributed to the stepwise reduction of the

manganese oxide species supported on the zeolite framework. The factors influencing the
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reducibility and nature of the oxide phases include the catalyst synthesis method, the type
of active metal oxide, the support material, and the calcination temperature during catalyst
preparation. The first reduction peak, in the lower temperature range, is likely associated
with the reduction of Mn2O3 to MnzO4[57]. The second, larger reduction peak at higher
temperatures corresponds to the consumption of hydrogen and is related to the reduction

of MnO; to Mn203[58].

The overlapping of these reduction peaks suggests that the manganese oxide species are
well-dispersed and intimately integrated into the zeolite support structure. The differences
in the reduction profiles among the three catalysts indicate variations in the manganese
oxide species and their interactions with the ZSM-5 zeolite framework. The TPR analysis
provides valuable insights into the redox properties of the manganese-based catalysts,
which are crucial for understanding their catalytic performance in the oxidative
dehydrogenation of light straight-run naphtha. The information obtained from the TPR
profiles can be correlated with other characterization techniques, such as XRD and SEM-
EDS, to develop a comprehensive understanding of the catalyst's structure-activity
relationships. Selectivity: The relative distribution of the desired products, such as olefins,

among the total product slate.

The comprehensive experimental setup and analytical techniques employed in this study
provided a robust framework for evaluating the catalytic performance of the MnOx/ZSM-
5 catalyst in the oxidative dehydrogenation of light straight-run naphtha. The systematic
variation of operating parameters, such as temperature and catalyst-to-oil ratio, enabled the
researchers to gain valuable insights into the catalyst's activity, selectivity, and potential

for industrial applications.
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Figure 17: TPR Profile of the MnO,/ZSM-5 Catalysts with Loadings of 5%, 10% and
15%.

5.1.6  Nitrogen Adsorption Isotherms Analysis

The nitrogen adsorption isotherm of the MnOx/ZSM-5 catalyst, shown in Figure.6,
corresponds to type IV adsorption isotherm according to the IUPAC classification. The
adsorption behavior of the MnOx/ZSM-5 catalyst indicates the existence of mesopores at
higher relative pressures (between 0.5 and 1). These pore structures are likely created
during the catalyst synthesis process, such as through desilication-recrystallization. The
BET surface area of the MnOx/ZSM5 catalyst sample is 412.4 m?/g, with a total micropore
area of 204.9 m?/g and a mesopore area of 211.5 m&g. For MnOx/ZSM-10 and
MnOx/ZSM-15 the same isotherm type IV is seen in the plots. However, the total surface

area is smaller being 322.54 m?/g and 328.18 m?/g respectively.
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Figure 18:(a). Nitrogen adsorption/desorption isotherm of MnOx/ZSM-5 (ZMn5)

This study investigates MnOx on a montmorillonite mixed with zeolites (Zeolite Y and
ZSM-5) catalysts for the oxidative cracking of LSRN to light olefins. It was hypothesized
that the zeolites provide the cracking functionality, while MnOx offers controlled oxidative
dehydrogenation functionality — resulting to high olefin yield. We have prepared different
matrices varying the MnOx content. Thereafter we employed different characterization
techniques such as X-ray diffraction (XRD), temperature-programmed reduction (TPR),
and Brunauer-Emmett-Teller (BET) surface area analysis to explore the correlation
between catalyst properties and performance. The study also examines the impact of
reaction parameters such as temperature and catalyst to oil ratio on light olefin yield and
selectivity. The findings offer valuable insights into developing efficient, sustainable
processes for producing light olefins from LSRN using MnOx supported on zeolites-based

catalyst.

5.2. Oxidative Cracking of Naphtha on MnOx/ZSM-5

The catalytic performances of the synthesized ZMn catalysts in oxidative cracking were
carried out in a Micro Activity Test Unit (MAT) using LSRN as a feedstock. A systematic

reaction study delivers reliable decision driven by data obtained from catalyst composition
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for achieving high conversion and desirable product yields under the specified reaction
conditions. It also provides with information/data for a possible fine-tuning of the catalyst
properties, such as acidity, redox behavior, and active site distribution — which eventually
optimize the conversion of the feedstock and the selectivity towards the target olefin
products. In this regard, the reaction temperature was selected between 550-660 °C, while
the catalyst-to-oil ratio was varied from 2 to 6. The catalyst regeneration ability was also
examined by regenerating the catalyst between two catalytic runs by circulating air through
the fluidized catalyst bed at 650 °C for 20 mins. Following the catalyst regeneration cycle,
the entire system was cleaned by argon to confirm the gas phase oxygen free environments.
This cyclic catalytic cracking of LSRN and regeneration of catalyst approach facilitate
attaining the twin effects of the reactor of both catalytic cracker and catalyst regenerator.
The experiments were repeated several times to confirm that the product distribution is
reproducible. The LSRN conversion and product selectivity in the repeated run were found
to be within the standard deviation of + 6.1 %. Table 4 summarizes the LSRN conversion
and cracking/dehydrogenated product distribution during cracking of LSRN over
MnOx/ZSM-5 (ZMn) catalysts at 575 °C and catalyst-to-oil ratio of ~4. One can see form
the production distribution table that dry gas (H2-C>), LPG (Cz-C4), olefins (C2=, Ca=, Cs=),
gasoline, HCO and LCO are the major products under the studied reaction conditions. For
comparison, Figure 19 plots the LSRN conversion and olefin yields of using the ZMn
catalysts. One can clearly see that ZMn5 displayed both high LSRN conversion and
propene yields. These results are consistent to the highest acidity and comparable
reducibility of the ZMnb5 catalyst, as found in NHs-TPD and Ho-TPR analysis, respectively.

This observation agreed with the previous works of the present research group [43], [44].
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Consequently, ZMn5 catalyst was selected for further evaluation at various catalyst-to-oil

ratios and reaction temperatures.

Table 4. Product distribution of oxidative cracking of LSRN using MnOx/ZSM-5

Catalysts ZMn5 | ZMn10 | ZMn15

LSRN Conversion % | 86.1 77.2 87.9

Total Gas 62.51 |43.80 |66.25
H2-C: (dry gas) 11.35 |9.13 11.69
Cs-Cs (LPG) 51.16 | 34.67 |54.56

Co= - Ca= (Olefins) [ 23.01 |18.78 |20.81

Cz=+Cys= 17.25 | 14.30 15.35
Cas= (Butenes) 6.77 | 5.50 6.06
Gasoline 23.63 | 33.40 21.63
LCO 7.88 12.97 6.90
HCO 598 |9.83 5.23
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Figure 19: (a) LSRN Conversion and Propene Selectivity of Screened Catalyst

Figure 20 presents a bar chart illustrating the olefin product yields, while the line represents
the corresponding conversion of LSRN. One can see form Figure 20 that the catalyst-to-
oil ratio contributes both the increase of LSRN conversion and olefins yield. However,
increase in olefins selectivity is more significant, which suggest the contribution of the
oxidative dehydrogenation to enhance the olefins selectivity. For further analysis, the
experiments were conducted at various catalyst-to-oil ratios and temperatures. The results
of these experiments are shown in Table 5. This comprehensive set of data provides
insights into the relationship between the catalyst acidity and reducibility and operating

conditions, conversion, and olefin production using the MnOx/ZSM-5 catalyst system [45],

[46].
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Figure 20: Conversion and Olefins Yield for LSRN over MnOx/ZSM-5

Table 5: Propene Yield (%) for MNOx/ZSM-5 at Different Temperatures and C/O

Catalyst to oil ratio

Temperature

(°C) 3 4 5 6

550 7.48 7.38 8.12 8.67
575 7.91 9.21 10.49 11.29
600 11.97 10.29 13.28 13.80
625 12.21 9.71 11.58 14.69

Figure 9 shows the selectivity toward olefins and hydrogen produced from the

experimental work conducted using MAT unit. The highest propene yield recorded for this
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catalyst type is at 625 °C and a catalyst-to-oil ratio of 6. This is expected due to the higher
catalyst concentration (active sites) to process the feed. Additionally, the amount of
propene is also high at a temperature of 550 °C, compared to the screened catalyst (i.e.
ZMn10) tested at a catalyst-to-oil ratio of 6. The trend observed in Figure 21(a) can be
attributed to the use of zeolite as the catalyst support, which favors the production of
propene. The analysis also includes the yields of other olefins, such as ethene Figure 21 (b)

and 1,3-butadiene, as shown in Figures 22 (a) and hydrogen in Figure 22 (b).
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Figure 21: Yields of (a) Propene, (b) Ethene
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Figure 22: Yields of (a) 1,3 Butadiene, (b) Hydrogen
The production of 1,3-butadiene (1,3 BD) using the MnOx/ZSM5 catalyst at four different

temperatures and catalyst-to-oil ratios. The results indicate that the selectivity towards 1,3-
butadiene is highest at the high temperature of 625 °C and a high catalyst-to-oil ratio of 6.
However, the trend in 1,3-butadiene production is not entirely straightforward. It is
observed that increasing the temperature does not always result in higher 1,3-butadiene
selectivity. For example, at a catalyst-to-oil ratio of 5, the yield of 1,3-butadiene is lower
at 575 °C compared to 550 °C. The coke deposition on the catalyst surface increases with
higher catalyst-to-oil ratios, as shown in Figure 24 (c) for a temperature of 550 °C. The
final products analyzed from the MAT unit are Light Cycle Oil (LCO) and Heavy Cycle
Oil (HCO) in Figure 24 (d). These products show a decreasing trend when the catalyst-to-
oil ratio is increased, which is a result of using the ZSM-5 catalyst. Both the LCO and HCO
yields exhibit a decreasing trend, which is favorable for this catalyst. The purpose of the
catalyst is to increase olefin production rather than target light and heavy cycle oils.

[47],[48],[49]
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Chapter 6: Kinetic Modelling

6.1. Introduction to Kinetic Modelling of Light Straight Run Naphtha

The kinetic model was developed and evaluated based on two reference models from the
literature. The first model, developed by Longstaff, was based on a 4-lump
approach[59]. The second model was developed for a reaction network for oxidative
cracking of n-hexane by Amusa[60], [61]. The reaction networks for both these models are
shown in Figure 252 and Figure 26, respectively, to facilitate the evaluation of the two

models.

Nn-CeHua, Com-Cs

CeHaiz*

C2%-Cs°

Figure 25: Reaction Network Developed for Oxidative Cracking of n-Hexane[62].
The reaction network developed for the oxidative cracking of n-hexane estimates 21
parameters, including activation energies, reaction rate constants, and deactivation

functions. This model assumes that the reactions occur in both series and parallel, including
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cracking steps explained by the carbenium ion mechanism and oxidative dehydrogenation
steps explained through the Langmuir-Hinshelwood mechanism. The detailed equations

for this reaction network are provided by Hussian A. Musa[63] .

~
3

Naphtha —— Naphtha Paraffins &

Olefins Aromatics

14

C2-C4 olefins

Gas Oil 5

Figure 26: Reaction Network Developed for Catalytic Crackling of Naphtha[64]

The reaction network shown in Figure 26 assumes a four-lump kinetic model. The order of
the reaction derived from this network for naphtha conversion is a first-order reaction,
which is also assumed for developing the model[65]. The validity of the first-order
assumption was verified by plotting Ln(K) vs. 1/T, as detailed in the rate equations of this
model provided by Longstaff[77]. This kinetic model developed assumed two series-
parallel mechanisms following a first-order reaction, considering a third mechanism, which
is thermal cracking. The cracking mechanisms are the classical carbenium ion mechanism
and the non-classical carbonium ion mechanism. The mixture of Y-zeolite/ZSM-5 zeolite
blend contains high hydrogen transfer reactivity because of the Y-zeolite function. The
propene selectivity from the cracking reaction by [-scission is attributed to the Y-zeolite,
in which naphtha olefins are produced following diffusion into ZSM-5. The other
mechanisms for kinetic modeling of the oxidation reaction are explained through the

Langmuir-Hinshelwood and Eley-Rideal mechanisms, as well as the alkane oxidation via
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the Mars and Van Krevelen mechanism. The cracking step involves the production of
alkanes, which are further converted to olefins through oxidative dehydrogenation by the
free lattice oxygen, following the Langmuir-Hinshelwood mechanism to olefins. However,
the contribution of this mechanism is not as significant for propene production as the
cracking by ZSM-5, as can be noticed in the propene results shown previously. Since the
reaction is occurring on the surface of the catalyst, and a metal oxide catalyst is used, the
Langmuir-Hinshelwood mechanism could provide some explanation for the kinetics of two
adsorbed species, assuming a constant energy between the adsorbent and the adsorbate
when coverage is increased. The formation of light olefins is also attributed to the lattice
oxygen in the catalyst, which works on the oxidative dehydrogenation of alkanes to olefins
from the subsurface oxygen produced by MnOx. This comprehensive Kinetic analysis,
incorporating various reaction mechanisms, provides a deeper understanding of the
complex processes involved in the oxidative cracking of hydrocarbons to produce valuable

olefin products[66].

6.2. Modelling Approach and Assumptions:

Kinetics of oxidative cracking of light straight naphtha (LSRN) to olefins is currently
under development, and hence, this research is exploring the fitting of a kinetic model
to the experimental data. This will be investigated to design a reaction network in order
to select the desired reaction path, which could enhance olefins yield for the selected
catalyst, MnOx/ZSM-5, and conditions for optimum yield and conversion at 600°C and
a catalyst-to-oil ratio of 6. The following assumptions are used to develop the kinetic

model:
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1. Limitations due to mass transfer are negligible.

2. Catalyst deactivation is negligible.

3. The cracking reaction due to Y-zeolite and ZSM-5 is more dominant than the
oxidative reaction due to free lattice oxygen.

4. The conversion of LSRN is modeled through a first-order reaction using the Power-

Law model.

By incorporating these assumptions and developing a suitable kinetic model, researchers
can better understand the complex reaction pathways involved in the oxidative cracking of
light straight naphtha to olefins[80]. This knowledge can be used to optimize the reaction
conditions and catalyst performance, ultimately leading to higher yields of valuable olefin

products.

6.3. Lumped Kinetic Data for Model Development

To formulate the kinetic model for the MnOx/ZSM-5 catalyst system based on the
experimental data, various plots have been created below. These plots display the different
products and conversion at selected temperatures and catalyst-to-oil ratios. The purpose of
creating these plots is to estimate the kinetic parameters based on the trends observed in
the data produced during the experimental work. The key aspects of the kinetic modeling

approach are:

e Plotting the experimental data: The yields of various products, such as olefins,
paraffins, and other byproducts, are plotted against the reaction conditions,

including temperature and catalyst-to-oil ratio.
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e |dentifying trends and patterns: By analyzing the plots, researchers can identify the
trends in product yields and conversion as a function of the reaction parameters.
These trends provide valuable insights into the underlying reaction kinetics.

e Estimating Kinetic parameters: Based on the observed trends, the researchers can
estimate the kinetic parameters, such as rate constants, activation energies, and
reaction orders, which can be used to develop a comprehensive kinetic model for
the oxidative cracking of light straight naphtha over the MnOx/ZSM-5 catalyst.

e Model validation and optimization: The developed kinetic model can be validated
against additional experimental data and used to optimize the reaction conditions

for maximizing the yield of desired olefin products.

This systematic approach to kinetic modeling, based on the analysis of experimental data,
is crucial for understanding the complex reaction mechanisms and improving the
performance of the MnOx/ZSM-5 catalyst system for the oxidative cracking of light

straight naphtha.
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Table 6: Lumped Data of Temperature 550 °C to Construct Kinetic Model

Mass Mass Mass Mass Mass
Conversion | fraction | fraction | fraction | fraction | fraction
c/o | (%) (%) (%) (%0) (%0) (%0)
C2=-
C6b C1 C2-C5 C4= COx Coke
4 74.78 0.66 12.56 17.51 0.15 0.13
5 84.25 1.23 29.01 20.44 0.22 0.18
6 92.21 1.42 34.73 25.12 0.24 0.23

In Table.6 the first lumped data are collected for a temperature of 550 °C which separates
the experimental data has been lumped into six categories for the kinetic modeling: olefins
(first lump), paraffins (second lump), COx (third lump), coke (fourth lump), methane (fifth
lump), and LSRN (sixth lump). These kinetic data collected will be useful in determining
the number of parameters to be estimated and the model accuracy, which can be assessed
using a parity plot. An increasing trend is observed in these data, as shown in Figure X.
This trend is favorable for model fitting and development, as it provides a clear relationship
between the reaction conditions and the product yields. The advantages of this lumping

approach are:

1. Simplification of the reaction network: By grouping the products into broader
categories, the complexity of the kinetic model is reduced, making it easier to
develop and solve.

2. ldentification of key products: The lumping allows for the identification of the most
important products, such as olefins, which are the primary target of the oxidative

cracking process.
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3. Sensitivity analysis: By analysing the trends in each lump, researchers can identify
the most sensitive parameters and reaction pathways, which can guide further
optimization efforts.

4. Model validation: The lumped kinetic data can be used to validate the developed

model by comparing the predicted yields with the experimental data for each lump.

This lumping approach, combined with the observed increasing trend in the data, provides
a solid foundation for the development of an accurate and reliable kinetic model for the

oxidative cracking of light straight naphtha over the MnOx/ZSM-5 catalyst system.
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Figure 27: Lumped Kinetic Data and LSRN Conversion for 550 ° C and Various C/O
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The kinetic model has been developed for three different catalyst-to-oil ratios and
temperatures, corresponding to varying time-on-stream conditions. The increasing trend in

olefins production is shown in Table 7 for a reaction temperature of 600°

Table 7: Lumped Data of Temperature 600 °C to Construct Kinetic Mode

Mass Mass Mass Mass Mass
fraction | fraction | fraction | fraction | fraction
c/o | Conversion | (%) (%) (%) (%) (%)

C6 C1 C2-C5 8421; COx Coke
4 81.92 1.8 17.16 24.08 0.19 0.18
5 87.75 2.34 22.21 30.73 0.23 0.21
6 91.39 2.65 27.6 33.86 0.25 0.23

The lumped kinetic data for a temperature of 600°C is plotted in Figure 28, showing the
experimental data obtained under optimum conditions for olefins production and
conversion of light straight naphtha (LSRN)[67]. As evident from the trend, the yellow
circles indicating olefins are in higher amounts than the green squares representing

paraffins.
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Figure 28: Lumped Kinetic Data and LSRN Conversion for 600 ° C and Various C/O

Table 8: Lumped Data of Temperature 625 °C to Construct Kinetic Model

Mass Mass Mass Mass Mass
fraction | fraction | fraction | fraction | fraction
c/O | Conversion | (%) (%) (%) (%) (%)
C2=-

Cé6 C1 C2-C5 C4= COx Coke

76.28 1.34 5.38 22.2 0.21 0.18

84.27 3.22 22.04 29.62 0.27 0.28

84.96 1.8 8.29 30.51 0.31 0.32
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Figure 29: Lumped Kinetic Data and LSRN Conversion for 625 ° C and Various C/O

Lastly, the experimental data obtained for a temperature of 625°C has been lumped
to model the reaction network and study the olefins production pathways. This analysis is

crucial for estimating the kinetic parameters of the overall process.

6.4. Reaction Networks Development and Order Rate of Reaction
Determination

The reaction networks have been drawn to attempt modeling the oxidative cracking of light
straight naphtha (LSRN) over the MnOx/ZSM-5 catalyst, considering six lumps. However,
the pathways for each reaction are different for each network. This approach will result in
reducing the number of parameters to be tested, simplifying the model and facilitating the

determination of the R-squared (R?) value. Moreover, the rate equations were developed
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for naphtha, assuming both second-order and first-order reactions. The following diagrams

show the possible reaction networks suggested for this kinetic mode:
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Figure 30: Reaction Network Diagram for Oxidative Cracking of LSRN

The below equations are obtained for this model to estimate 14 parameters for second

order of LSRN conversion

TisRN = — (K1 T Kp 4 K3) X CEGRN corrreeessrssmsmmsssssssssssssssssssssssssssssssssssssssssssssssssssmmmssssssssssssmmnsssees 37
Totepins = k1Clsarn + kaCrarrasin — (Ks 4 Ke)Coloifns wrerverrrssssssssssssssssssssssssisscn 38
Toarrapins = KaClsarn — (Ka + K7) Coarrafing remersssssssssssssssssssssssssssssssssssissississies 39
L O A 40
T00yx = K6 Cparrafin - eeseeesseeseeseseesasssssseeiamsessesiaesssssssssesssssssessasssses o sossessassssnsseasessssic 41
Trethane = K3ClSaRN F K7Cparrafing «ceeeeeceseesemssssnessnsissssnsssnsisssssssssnssassssssssssassssssanns 42
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The second reaction network developed for this model is based on 24 parameters estimated

for first order of LSRN conversion.
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Figure 31: Reaction Network Diagram for Oxidative Cracking of LSRN

Increasing the number of parameters and using the correct order of reaction is found to

increase the accuracy of the model and equations of rate for this network are below:

TS = —(Ky 4 K F g+ Ka) X CLORN wrorrrrrrrrssrssrssssssssssssesssssesssssessssssssssssssssssssne 43
Toterins = k1Crsrn + ksCrarragin — (Ko + K11) Coleifns rvrmmesssmssmssssssmsssssssen 44
Toarrafins = K3Cisrn — (Ks + Kg + K7 + Kg) Cparrafing wemrmsmsmsmsmsnsmssmsmssssssss 45
Teoke = k2Cusrn + KeCparragins + K10Chethane + K11Colefins ) wrrwmemmsmsmsssrssscr 46
Teoy = KsCparragins + KoCotefins + K2 Cmethane s 47
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YMethane — k4CLSRN + k7Cparrafins - (kIO + klZ)CMethane ............................................... 48

For considering the Oxidative dehydrogenation via L-H mechanism extra rate of equation

or step is included shown in Eq.49 below.

6.5. Kinetic Models Explanation

The kinetic model contains 14 kinetic parameters for reaction network developed in Figure
33. The rate constants for the kinetic model estimation were determined via the least-
squares regression analysis of the experimental data obtained from the MAT unit at
temperatures of 550°C, 600°C, and 625°C. The Arrhenius equation was then used to
calculate the pre-exponential factors and apparent activation energies. The composition of
light straight run naphtha includes aromatic and non-aromatic carbons, such as naphthenic
and paraffinic carbons. During oxidative cracking processes, aromatic compounds are not
easily cracked into gaseous products due to the difficulty of conducting reactions involving
ring-opening of aromatic carbons. On the other hand, non-aromatic carbons are easily
cracked into paraffinic carbons. The feedstock of light straight run naphtha was considered
as one lump because, during oxidative cracking, some product gases will be converted into
olefins by undergoing secondary cracking reactions or oxidative dehydrogenation,
assuming the L-H model. Moreover, the conversion of olefins into liquid by polymerization
and aromatization reactions is also possible at higher reaction temperatures[68], [69]. The
main olefins targeted for this reaction are light olefins such as propene, ethene, and 1,3-
butadiene, and hence, they were considered as one lump. From this reaction, there are also
gaseous products such as methane and C»-C5 (paraffins), which are considered as two
separate lumps. Finally, coke depositing on the catalyst surface and COx are produced

during the reaction, which are also considered as two separate lumps, although they are in
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low yield but are very significant to the cracking reaction. For the oxidative cracking of
light straight naphtha to olefins, the reaction network in Figure.27 indicates irreversible
second-order reactions for the consumption of LSRN, while in the second network
diagram, the conversion of LSRN is a first-order irreversible reaction. On the other hand,
the production or consumption of any other products means irreversible first-order
reactions, for example, the formation of olefins from paraffins or the production of coke

from olefins.

6.6. Kinetic Model Results and Recommendation:

After running the MATLAB code using the ODE-45 function to solve the equations and
estimate the kinetic parameters, the best results were obtained for the power law model
with a first-order reaction, as shown in the reaction network (Figure 31). The R-squared
(R?) value obtained is 0.90, in comparison to R? values of 0.8771 for the second-order
reaction and 0.8 for the Langmuir-Hinshelwood (L-H) model. To validate the first-order
reaction assumption, a plot of temperature and reaction constant was created for three
catalyst-to-oil ratios under three different temperatures[70], [71]. Tables 12, 13, and 14
include the data for each reaction, considering only the LSRN conversion to validate the

correct order of reaction. The advantages of this validation approach are:

e Confirming the reaction order: By comparing the R? values for different reaction
orders and plotting the temperature dependence, the first-order reaction assumption
can be validated.

e Improving model accuracy: Selecting the correct reaction order ensures that the

kinetic model accurately represents the underlying reaction mechanisms.
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e Consistent parameter estimation: With the validated reaction order, the kinetic
parameters can be estimated with higher confidence and consistency across the
different catalyst-to-oil ratios and temperatures.

e Optimizing the model: The validated first-order reaction model can be further
optimized by fine-tuning the kinetic parameters and exploring additional reaction

pathways or lumps, if necessary.

By rigorously validating the reaction order and consistently estimating the kinetic
parameters, the researchers can develop a robust and reliable kinetic model for the
oxidative cracking of light straight naphtha over the MnOx/ZSM-5 catalyst system. This
model can then be used to optimize the process conditions and improve the overall

performance of the catalytic system.

Through running the model for a first-order reaction and the selected power law model, the
parity plot obtained in Figure 34 shows an R-squared (R2) value of 0.90, indicating a good
fit. The plot exhibits a uniform distribution of the experimental data points along the 45-
degree line, demonstrating a strong correlation between the experimental data and the
predicted data for the oxidative cracking of light straight naphtha (LSRN) over the

MnOx/ZSM-5 catalyst.
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Figure 32: Parity Plot of Experimental Vs Predicted for LSRN Oxidative Cracking

The number of experimental data points is sufficient to demonstrate the fitting of the
experimental data with the predicted values, as shown in the parity plot Figure.30.
However, including more data points can further increase the accuracy and extend the
distribution along the 45-degree line, providing greater clarity and uniformity in the

correlation between the experimental and predicted results.
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Figure 33: Experimental Data for LSRN Conversion Vs Predicated by Model
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Figure 34: Experimental Data for LSRN Conversion Vs Predicated by Model
The experimental data for the conversion of light straight run naphtha (LSRN) and the

predicted data exhibit a good fitting, but the simulated data are slightly underpredicting the
experimental values. This discrepancy could be a result of the arrangement of the rate
equations or the limitations of the reactor used in the experiments. Despite this minor
deviation, the general trend of the model is following the overall trend observed in the

experimental data.
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Figure 35: Experimental Data for LSRN Conversion Vs Predicated by Model

The equation expression for the Langmuir-Hinshelwood (L-H) mechanism, when

paraffins are converted to olefins by oxidative dehydrogenation, for the developed model

follows:

ke*Cparraffins

T . =
Olefins (1+k7%CparaffinstksColefins

The fit obtained for olefins is in close proximity to the experimental data, but the model
still slightly underpredicts the olefin yields. This can be explained by the inclusion of
multiple olefins, such as 1,3-butadiene, in a single lump. To improve the fit for specific
olefins, separate equations and modeling may be required for each individual component.

Despite these potential improvements, the model with 24 parameters has shown higher
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accuracy, although some rate constants (k) are equal to zero. This indicates that the steps
considered in these cases are not highly significant to the overall reaction. A more
sophisticated combination of equations may be needed for a better fit and higher R-squared
(R?) values. The estimation of the activation energy for each rate equation is evaluated
through the Arrhenius equation[86]. This analysis provides insights into the temperature
dependence of the reaction kinetics and can help in optimizing the process conditions to

achieve the desired product yields.

“E (1 1
ki =k;_, xexp <TI * (; — T—0)> ..................................................................................................... 50

550+600+625

Wherei=1...12and T, = + 273.15 . k meaning is Kinetic rate constant (S

L' mol?), A (St mol?) the Arrhenius constant, Ea (J / mol) the activation energy, R

(J/mol.K) the gas constant and T is the temperature in kelvin.
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Table 9: Kinetic Parameters Estimation for Proposed Model 1% order of LSRN

Conversion

K Value Activation Energy Value
K1 0.005 E: 15.42
K> 0.0002 E 14.68
Ks 13.06 Es 0.91
Ka 0 E4 18.77
Ks 0.016 Es 187.52
Ke 0 Es 21.47
K7 0 E; 21.46
Ks 0.019 Es 88.19
Ko 0 Eo 25.44
Ko 0 E1o 51.09
K11 0 En 12.55
K12 0.0017 Ew 120.52

The present study is based on Kinetics data obtained using a micro-activity test unit (MAT)
in order to find conversion and selectivity at various temperatures and catalyst to oil ratio
for the determination of reaction mechanism and most optimum conditions resulting in

light olefins production.
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Chapter 7: Conclusion

7.1. Conclusions

In conclusion, various catalysts and feedstocks have been used for oxidative cracking to
produce olefins, such as n-hexane, propane, and natural gas liquids. The conditions and the
kinetic model developed for these studied systems were also listed to provide a general
idea of the approach that will be followed in designing a kinetic model for the experimental
data obtained from the MAT unit. Based on the testing of three catalysts, the best catalyst
will be selected by injecting light straight run naphtha at a rate of 0.85 for 30 seconds at
four different temperatures and four different catalyst-to-oil ratios. The selected catalyst
was also characterized using analytical equipment such as SEM, TPR, TPD, FT-IR, and
XRD. It was found that the best catalyst candidate for selectivity and yield is MnOx/ZSM-
5 for converting LSRN to olefins, and the optimum conditions for olefins selectivity are
600°C and a catalyst-to-oil ratio of 6.The focus of this work is to conduct the experimental
work using this catalyst, so a comprehensive evaluation is carried out, and a kinetic model
is developed to describe the reaction mechanism and predict the yield of olefins under
different catalyst-to-oil ratios and temperatures. The kinetic model developed in this study
provides a good fit to the experimental data, as shown through the parity plot, and also
reveals key insights into the reaction pathways due to the use of zeolites as a support and
metal oxides for oxidation. The reaction order of LSRN conversion was also found to be
thermodynamically consistent with a first-order reaction, which was validated through an
R-squared (R?) value of 0.91. Future research should focus on refining the kinetic model
to account for mass transfer and varying operational parameters to scale up the process for

industrial applications. Additionally, investigating the catalyst using an advanced catalytic
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evaluation unit to see the effect of longer injection time or using other metals as an addition

could provide insights into enhancing the oxidation reaction.

7.2. Recommendations

The development of the kinetic model could be further enhanced by suggesting a reaction
mechanism that clearly shows the behavior of the oxidative cracking of LSRN. This can
be achieved by including a deactivation function and incorporating more parameters for
estimation. The current catalyst system suggests that the metal was deposited on the surface
of the zeolite catalyst, and hence, the cracking reaction is most dominant, while the
oxidative dehydrogenation is secondary. This aspect can also be investigated by improving
the catalyst system through the addition of different metals, such as lithium, to promote the
oxidation reaction. The following recommendations are suggested for further research

work on the oxidative cracking of LSRN to olefins:

1. Addition of metals to promote the oxidation reaction further.

2. Conducting the kinetic model using more data points for temperatures and catalyst-
to-oil ratios.

3. Employing other characterization techniques, such as Raman spectroscopy, to
determine the activity and deactivation of the catalyst.

4. Improving the model assumptions by considering a deactivation function and
incorporating other mechanisms, such as the Mars-Van Krevelen mechanism.

5. Studying the effect of catalyst regeneration on the oxidation reaction

By addressing these recommendations, the kinetic model can be further refined and

enhanced to provide a more accurate representation of the oxidative cracking process. The
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addition of metals to promote the oxidation reaction, along with the incorporation of a
deactivation function and alternative mechanisms, can lead to a more comprehensive
understanding of the reaction pathways and the factors influencing the catalyst's
performance. Furthermore, conducting the kinetic model with a larger dataset, including
more temperature and catalyst-to-oil ratio points, can improve the model's predictive
capabilities and robustness. The use of advanced characterization techniques, such as
Raman spectroscopy, can provide valuable insights into the catalyst's activity and
deactivation mechanisms, guiding the development of more effective catalyst systems.
Ultimately, these research recommendations aim to optimize the oxidative cracking
process for the production of light olefins from light straight run naphtha, contributing to

the advancement of the petrochemical industry.
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