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Abstract: Petrochemical feedstocks are experiencing a fast growth in demand, which will further
expand their market in the coming years. This is due to an increase in the demand for petrochemical-
based materials that are used in households, hospitals, transportation, electronics, and telecommuni-
cations. Consequently, petrochemical industries rely heavily on olefins, namely propylene, ethylene,
and butene, as fundamental components for their manufacturing processes. Presently, there is a
growing interest among refineries in prioritising their operations towards the production of fuels,
specifically gasoline, diesel, and light olefins. The cost-effectiveness and availability of petrochemical
primary feedstocks, such as propylene and butene, can be enhanced through the direct conversion
of crude oil into light olefins using fluid catalytic cracking (FCC). To achieve this objective, the FCC
technology, process optimisation, and catalyst modifications may need to be redesigned. It is helpful
to know that there are several documented methods of modifying traditional FCC catalysts’ physico-
chemical characteristics to enhance their selectivity toward light olefins’ production, since the direct
cracking of crude oil to olefins is still in its infancy. Based on a review of the existing zeolite catalysts,
this work focuses on the factors that need to be optimized and the approaches to modifying FCC
catalysts to maximize light olefin production from crude oil conversion via FCC. Several viewpoints
have been combined as a result of this research, and recommendations have been made for future
work in the areas of optimising the yield of light olefins by engineering the pore structure of zeolite
catalysts, reducing deactivation by adding dopants, and conducting technoeconomic analyses of
direct crude oil cracking to produce light olefins.

Keywords: crude oil cracking; zeolite catalyst; olefins; fluid catalytic cracker

1. Introduction

The most common usage of fluid catalytic cracking (FCC) units is in transportation
fuels’ (gasoline, diesel, etc.) production [1]. Additional fuels, like diesel, distillate fuels,
and olefinic gases, are produced through FCC after atmospheric distillation or vacuum
distillation, which are physical separation processes. Due to their ability to transform
vacuum gas oils (VGOs), atmospheric residue (AR), heavy petrol oil (HGO) and other
heavy bottoms into liquid fuel (such as petrol), light olefin gases (such as ethylene and
propylene) and other products (such as light cycle oil (LCO)), FCC units have long been
regarded as the most important unit in petroleum refineries [2,3]. Catalysts, most often
zeolite, are employed in the FCC to convert large hydrocarbon molecules into smaller,
more valuable ones like ethylene and propylene. It is imperative to acknowledge that
operators of the FCC must remain abreast of evolving market dynamics and shifting
environmental regulations. Notably, this includes the increasing need for light olefin gases,
such as propylene. Moreover, the global demand for crude oil in 2017 consisted of 12.7%
dedicated to petrochemical feedstocks, amounting to a daily consumption of 12 million
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barrels. China is expected to account for more than 70% of the growth in oil demand by
2023, and global demand will increase from 2.2 mb/d to 102.2 mb/d [4]. The projected level
of demand is anticipated to reach 18 million barrels per day (b/d) by the year 2030 [5]. The
global light olefin gases market will account for a compound annual growth rate (CAGR)
of about 4.76%, to reach USD 348 billion in 2030, up from USD 240.1 billion in 2022 [6]. The
worldwide need for greener and cleaner industrial fluids, as well as the more stringent
emission controls in several developed and developing nations, are expected to drive the
light olefins market significantly throughout the projected period.

With the rapid growth of the world population, there is an increasing demand for food
packaging materials, lubricants, and so forth. This increase in the rise in the production
of petrochemicals is being driven by an increase in the demand for feedstocks across
a variety of industries, including households, hospitals, electronics, transportation and
telecommunications materials [7]. Light olefin gases, namely propylene, ethylene, butene,
and butadiene, serve as fundamental components in the petrochemical sector, which is
experiencing growth in its markets. Petrochemical products that are derived from these
light olefin gases include polyethylene, polypropylene, polyvinyl chloride, acrylonitrile,
styrene and ethylene glycol [8]. The principal aim of traditional crude oil refineries is
to manufacture fuels for transportation purposes such as gasoline, with petrochemical
feedstocks produced as by-products. As a by-product of gasoline production, FCC produces
about 35% of the world’s propylene [9]. At present, the steam cracking of naphtha is
industrially used to supply most of the light olefins for the petrochemical industries.
The yields of propylene production via ethane-based steam cracking are much lower
than those from naphtha-based steam cracking [7,8]. Approximately 60% of the global
propylene demand is met through the steam cracking of naphtha and gas oils. With FCC,
product selectivity can be better controlled as compared to noncatalytic processes like
steam cracking and thermal cracking. Light olefin gases are usually produced by the FCC
of vacuum gas oils (VGOs), heavy petrol oil (HGO), and other similar crude oil refinery
residues (atmospheric distillation residue), which provide insufficient amounts to fulfil
the ever-increasing worldwide market demand and yield inadequate quantities to meet
the ever-increasing global market demand. Increasing olefin gas production might be best
accomplished by directly cracking crude oil in an FCC unit, which is the fundamental goal
of this research. This approach is expected to reduce the cost of refining since some of
the costly processes will be avoided. As a result of bypassing some expensive refining
processes (e.g., distillation), the direct cracking of crude oil into light olefin gases can also be
considered cost-effective [10]. However, crude oil that is converted directly into light olefins
via the FCC is regarded as one of the most cost-effective and steadfast means of producing
primary feedstocks (e.g., ethylene, propylene and butene) for petrochemicals [7,11]. Crude
oil that has been directly cracked into light olefins such as ethylene, propylene, 1-butene,
and 2-butene via catalytic cracking is shown in Figure 1.

The Fluid Catalytic Cracking Unit (FCCU) has the ability to crack a wide variety of
low-value fuels, including unrefined crude oil [12]. According to projections, the demand
for olefin gases like ethylene and propylene will rapidly increase by 2025, reaching over 200
and 140 million metric tons, respectively, with annual rates of growth of around 3.6% and
4.0% [8]. In 2022, the size and share of the olefins market in terms of revenue was valued at
USD 240.1 billion worldwide. Based on the most recent research data, a compound annual
growth rate (CAGR) of 4.76% has been predicted for the global olefins market from 2023 to
2030, which would increase market revenue to over USD 348 billion [13]. This suggests that
light olefin gases will continue to be in demand, and that production needs to be expanded.
The worldwide polymers industry is driving this growth in demand. Notwithstanding the
diminishing crude oil reserves, the petroleum-refining industry is investing relatively little
in alternative technologies and feedstocks (such as biomass-derived olefin gases) due to
their current lack of economic viability in a volatile commodities market [14]. The proposal
to address the increasing demand for petrochemical feedstocks, particularly light olefin
gases, involves the utilisation of FCC for directly cracking crude oil [8,10]. Therefore, via
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modification of the catalyst and operating conditions, FCC has traditionally been used to
crack low-value heavy oils, but has more recently been used to process more unconventional
feedstocks, such as shale oils, pyrolysis oil [15], and bio-oils [16]. The maximisation of
olefin gas yield in FCC units can be achieved through catalyst engineering, the introduction
of additives, and operation at high severity levels with short contact times. The research
findings indicate that the utilisation of the catalytic cracking of crude oil directly has the
potential to generate a greater quantity of petrochemical feedstocks, specifically ethylene
and propylene, which are currently experiencing significant demand in the market. Al-
Khattaf and Ali., [12] conducted experiments to crack Arab Super Light crude oil using USY
zeolite and MFI-based zeolite catalysts at temperatures of 500–575 ◦C to produce light olefin
(gases) in a riser simulator reactor. They showed that an increment in the residence time or
temperature of the reactor had a greater influence on propylene production compared to
ethylene. Furthermore, the researchers demonstrated that the USY zeolite catalyst exhibited
higher yields of propylene and ethylene in comparison to the MFI-based zeolite catalyst.
This finding was attributed to the USY zeolite’s increased acidity, better shape selectivity,
and improved hydrogen transferability. According to the results, the yield of light olefin
gases produced by the FCC unit is largely reliant on both the characteristics of the feedstock
and the properties of the catalyst. The experimental findings indicate that the formation of
naphtha predominantly occurs through the process of cracking heavy fractions of crude
oil. Conversely, the production of gaseous products within the C1–C4 range is primarily
attributed to the cracking of fractions within the naphtha range. Usman et al., [9] conducted
a comprehensive investigation into the cracking properties of three distinct light crude
oils, namely Arab super-light, Arab extra-light, and Arab light. The investigation was
performed utilising an equilibrated MFI zeolite catalyst within a micro-activity test (MAT)
unit, operating at a temperature of 550 ◦C. Their studies produced a light olefin yield in the
range 10–13% and naphtha in the range 50–60% for the three oils at 60% conversion of the
feed oil. Comparisons of the authors’ results suggests that lighter crude oils yielded more
naphtha, by about 8 wt% (weight %), depending on the difference in the gravity acting on
the crude oil from the American Petroleum Institute (API).
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Figure 1. Illustration of the catalytic cracking of crude oil into petrochemical feedstock.

A comprehensive evaluation was conducted to determine the crackability of different
oil feedstocks, such as crude oils, as well as the effectiveness of FCC catalysts. This assess-
ment involved the utilisation of various testing techniques, including a fixed-bed MAT,
a fluidized-bed advanced cracking evaluation (ACE), a CREC Riser Simulator reactor, a
micro-downer, and a Davidson Circulating Riser (DCR) pilot plant [5,9]. An investigation
of the process of directly cracking crude oil was reported using Bach Ho crude oil, which
possesses an American Petroleum Institute (API) gravity of 41◦. This investigation was
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conducted using an equilibrium FCC catalyst (E-cat), an improved FCC catalyst (HT-FCC),
and a ZSM-5 additive. The experiments are carried out in an MAT unit under specific con-
ditions, including a temperature range of 620–650 ◦C, a catalyst-to-oil ratio of 1.5–2.5 (g/g),
and a contact time of 12 s [17]. In contrast to conventional FCC catalysts, the conversion
of crude oil may be limited as a result of the inclusion of lighter fractions, especially gas
oil, naphtha, etc. The addition of ZSM-5 was found to enhance the efficiency of converting
gasoline into light olefins. It is therefore necessary to modify standard FCC catalysts to
overcome this challenge, using either catalyst additives or activation techniques. This can
be achieved through the incorporation of catalyst additives and activation techniques, as
well as by operating under high-severity conditions or integrating other process units [12].
It has been determined that the FCC process and catalyst technology will have a significant
impact on the direct cracking of crude oil for the production of light olefin feedstocks in the
petrochemical industry. A scholarly publication in 2017 presented a comprehensive analysis
of the direct conversion of crude oil into olefins, focusing specifically on the application
of FCC-type technology [10]. In a study conducted in 2018, the analysis of the use of light
paraffinic crude oil for catalytic cracking into light olefin gases was performed using a
fixed-bed microactivity test (MAT) and a fluidized-bed advanced cracking evaluation unit.
The catalysts employed in this investigation included MFI zeolite (ZSM-5), an equilibrated
FCC catalyst (E-Cat), and a mixture of E-Cat and MFI (referred to as E-Cat/MFI) at a
constant catalyst-to-oil ratio of 4. The experiments were conducted at temperatures of 550
and 600 ◦C [12]. In contrast to the MAT unit, the fluidized-bed advanced-cracking evalua-
tion unit demonstrated a significantly higher rate of coke production. At a temperature
of 600 ◦C, the highest yield of light olefins (29 wt%) was achieved using the E-Cat/MFI
catalyst, surpassing the yields obtained with MFI (23 wt%) and E-Cat (21 wt%) catalysts.
The elevated temperature conditions, nevertheless, led to an increase in dry gas production
due to thermal cracking. In terms of methodology, both the MAT and fluidized-bed ad-
vanced cracking evaluation unit yielded similar catalyst rankings, with the E-Cat catalyst
performing the best, followed by the E-Cat/MFI catalyst, and then the MFI catalyst. This
can be attributed to the diffusion restriction caused by the pore size of the MFI catalyst.

ZSM-5 is an additive used in modern fluid catalyst cracking plants to boost the
production of light olefins like propylene [18,19]. Zeolite ZSM-5 catalyst pore sizes may be
too small to crack direct crude oil. The main components of an FCC catalyst are zeolite Y
and a matrix that consists of alumina, silica-alumina, silica, filler (for example, clay such as
kaolinite), and a binder. The acid sites and zeolite pore structure control the cracking of
hydrocarbon feedstock on FCC catalysts [20]. The large hydrocarbon C-C bonds in crude
oils must be broken down into smaller fragments by the catalysts’ acid sites. The ultra-stable
faujasite Y (USY) continues to be the key component of industrial FCC catalysts, despite
the fact that the FCC process made use of a wide range of zeolites [21,22]. Consequently,
the incorporation of zeolite Y into FCC catalysts leads to the generation of Brønsted acid
sites and readily accessible Lewis acid sites. These sites are accountable for the cleavage of
C–C bonds. Furthermore, the FCC catalyst requires a porous matrix to work well, since
the pores of zeolite (USY) are too tiny, limiting the mass transport of large hydrocarbons
and their access to the acid sites. Hence, it is imperative to engage in the development and
alteration of zeolite-based catalysts with the aim of enhancing the yield of propylene and
light olefins through direct crude oil cracking. In contrast to the use of thermal cracking as
a standalone process, the utilisation of catalytic cracking in conjunction with E-Cat/ZSM-5
catalysts resulted in enhanced conversion rates, a doubling of light olefin yields (specifically
ethylene and propylene), and an elevated concentration of aromatics within the naphtha
fraction [23]. Although the conversion of crude oil to light olefins is still in its infancy, it is
useful to be aware of the many documented ways of modifying catalyst characteristics in a
traditional FCC process. The various techniques used to modify the zeolite-based catalyst
to optimise the conversion of crude oil to light olefin gas production include: (1) particle
size and acidity modification, (2) the creation of a mesoporous/hierarchical structure,
(3) phosphorus treatment, and (4) the inclusion of additives such as alkali metals, ZSM-5,
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certain transition metals, and the incorporation of rare-earth metal [18]. The conversion
of crude oil into transportation fuels and light olefins through the employment of FCC
technology requires the optimisation of process variables and the modification of zeolite
catalysts. The catalyst that cracks crude oil into light olefins is one of the most critical factors
in the crude-oil-to-chemical switch of FCC technology. This review elucidates the roles
these factors play in direct crude oil cracking in FCC to match existing refinery systems.
The work highlights new perspectives and provides data to support further research in
the field. The development of robust and active catalysts which are favourably selective
towards light olefins’ production from crude oil cracking via FCC will be cost-effective and
improve flexibility.

Based on this body of literature, the view is that, when the right catalyst and reactor
configuration are developed, and the conditions of the various process factors are optimized,
it is obvious that crude oil can be transformed into light olefins in a one-step process. For
this reason, maximizing the yield of light olefins in the FCC direct cracking of crude oil
will require the development of novel catalysts or modifications to existing zeolite-based
catalysts, as well as the optimization of process factors, other processes, and a product
evaluation parameter. As such, Section 2 of this review examines the process factors
that need optimization and how a critical evaluation of experimental studies describes
their effects on olefin production, whereas Section 3 will focus on the necessary catalyst
modifications based on a critical analysis of the literature, and how these impact olefin
yields. Section 4 discusses the use of kinetic models to understand the crude oil cracking
mechanism and process factors that are critical to process technology development, catalyst
design, and process factor optimization. Model-based optimization and process simulation
depend on the development of an appropriate kinetic model.

2. Operating Conditions Optimization

Due to the FCC’s versatility under various reaction conditions, direct crude oil crack-
ing can bridge the supply–demand gap of light olefins by maximising their production via
optimisation. As part of this study, it is essential to establish the catalytic cracking process
of crude oil and identify the key process variables that have a significant impact on the
yields of light olefins, particularly propylene and ethylene, from this process. It is possible
to appropriately optimise the FCC process and maximise olefin production by integrating
catalyst modification, reaction residence time, temperature, hydrocarbon partial pressures
and coke formation using a synergistic approach [24]. In order to maximise the production
of propylene and other light olefins, it is crucial to use an appropriate zeolite-based cata-
lyst, a well-designed reactor, and optimal operating conditions. The factors that influence
the cracking process include the catalyst-to-oil ratio (CTO), the reaction temperature, the
feedstock characteristics, the partial pressures of hydrocarbons, and the hydrogen transfer
index. These process factors determine conversion and product distribution. When deter-
mining how best to run the FCC technology, several variables are considered. These include
the reaction temperature, riser reactor, contact time, crude oil vaporisation, hydrocarbon
partial pressure, CTO ratio, crude oil composition, and naphtha recycling [1,19]. In the
FCC, propylene production can be maximized by changing the operation conditions and
adding additives containing a ZSM-5 catalyst. To maximise the production of light olefins
from direct crude oil cracking via FCC, it is also imperative to review the basic limitations
of conventional zeolite catalysts, olefins’ processing, and catalysis technologies. There are
a number of important technical advantages to the FCC process compared to other pro-
cesses, including its continuous operation and the heat supply it provides for hydrocarbon
cracking. Some of the coke material formed during the cracking reactions deposits on the
catalyst surface, causing the catalyst to rapidly deactivate. It is relatively easy to burn off
the deposited coke in the regenerator, continuously reactivating the catalyst.
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2.1. Contact Time

In the FCC reactor, crude oil catalytically cracks into different products once it comes
into contact with the hot, zeolite-based catalysts. An illustration of the typical catalytic
cracking of hydrocarbons and the pathway to olefin production is shown in Figure 2.
Figure 2a is long chain hydrocarbons that crack into straight and branched chain alkanes
and alkenes, while Figure 2b is zeolite Y with high Si/Al ratio indicating more active and
stable sites for hydrocarbon cracking. When discussing the FCC riser reactor, the term
“contact time” refers to the amount of time that the oil vapour typically spends in close
proximity to the catalyst. Therefore, it is worth analysing the influence of contact and
residence time on product yield and distribution during direct crude oil cracking in FCC.
This may be achieved by thinking about how long the reactants are in touch with one
another. It is essential to avoid secondary reactions involving hydrogen transfer reactions
by keeping the contact time short.
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Overcracking will also be controlled through reactions with short contact durations.
Intermediate products of zeolite of crude oil catalytic cracking in FCC through the carbo-
nium ion mechanism include light olefins such as butylene and propylene. These light
olefins may easily undergo secondary processes such as hydrogen transfer, cracking, and
aromatization [26]. It is, therefore, critical to optimize the contact time between the crude
oil and catalyst to maximize these light olefin yields. The formation of C1–C4 gaseous
products, the reduction in naphtha content, and the heavy fraction of the crude oil are both
proportional to the contact time [12]. It was found that the heavy fraction of the crude oil
was primarily converted to naphtha during the shortest residence time of 1 s. Thus, beyond
1 s contact time, the cracking of both primary and secondary naphtha fractions produces
gaseous products in most cases [12]. According to the experimental data, the propylene
yield increase became more significant as the contact time increased (from 1 to 10 s) than
the ethylene yield increase when light crude oil was cracked over USY zeolite and MFI
zeolite catalysts in the temperature range from 500 ◦C to 575 ◦C [12]. By increasing the
contact times of the oil and catalyst, the catalytic cracking of large hydrocarbons becomes
more thorough, which, in turn, increases the extent of cracking.
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2.2. Effect of Temperature

Light olefins, naphtha, and other cracked products can be studied to determine how
reaction temperatures affect conversion and yields. Thermal cracking rates and catalytic
cracking increase with an increase in the FCC unit reaction temperature, leading to deeper
cracking and a greater yield of light products. In an FCC conversion unit, the reaction
temperature determines between catalytic cracking and thermal cracking to produce light
olefins from crude oil. When temperatures rise over a certain point, catalytic cracking
mechanisms become less active, while thermal cracking processes become more prevalent.
As a result, FCC relies on two distinct mechanisms for its catalytic cracking reactions:
carbonium ion and free radicals [26,27]. The proportional contributions of the two cracking
mechanisms are currently unclear. Thermal cracking causes bond fission across multi-
ple bonds between carbons, which ultimately results in the production of free radicals,
which, in turn, leads to the production of ethylene through beta-scission reactions [5].
Thermal cracking predominantly promotes the production of ethylene, while catalytic
cracking enhances the output of propylene. Therefore, through the process of catalysing the
β-scission of long chain alkanes, propylene can be generated, leading to the formation of
short-chain hydrocarbons. It is significant that the zeolite catalysts, possessing dual acidic
sites, significantly influence the yield, distribution, and selectivity of products through
the involvement of both the carbenium ion mechanism and the free radical mechanism.
Elevated reaction temperatures were found to enhance the conversion of crude oil and the
production of C2–C4 light olefins, liquefied petroleum gas (LPG), dry gas, and coke, while
reducing the yields of naphtha, light-cycle oil (LCO), and heavy-cycle oil (HCO) in both
thermal and catalytic cracking processes [23]. Temperature-related thermal cracking occurs
at high temperatures, resulting in high dry-gas yields, which is an indication that pyrolytic
cracking greatly contributes to this [5]. With an increased temperature, the yields of coke
and dry gas will increase, since they are end products of the catalytic cracking of crude oil.
However, LPG and light fractions (gasoline, diesel oil, etc.) which are intermediate prod-
ucts, decline after attaining optimum yields. Their decrease can be attributed to secondary
reactions.

Thus, overcracking occurs during the catalytic cracking of crude oil due to the higher
temperatures and longer reaction times that occur during this process. Secondary cracking
is essential for light olefin production, because the fractions of FCC naphtha that are
produced are also subject to secondary cracking. However, the operating conditions of
the FCC must be balanced with the deactivation of the catalyst. In general, complete
hydrocarbon conversion, with a boiling point of 343 ◦C or above, rose as the temperature
increased [28]. It has been shown that, in addition to the yields of butylene, propylene, and
overall light olefins passing through the maxima between 640 ◦C and 700 ◦C, the selectivity
of total light olefins also becomes optimal in this temperature range [26]. Accordingly,
optimization studies are necessary to determine the temperature at which light olefin yields
can be maximized in direct crude oil FCC cracking. It has been observed that direct crude
oil cracking over E-Cat caused the dry gas yield to rise from 1.9 to 13.7 wt% at a temperature
range of from 550 to 650 degrees Celsius, owing to increases in ethylene, methane, and
ethane yields [5]. Thermal cracking is the predominant mechanism responsible for the
production of ethylene, with a limited occurrence of secondary reactions as it approaches
the end product state. Consequently, increasing the temperature of the reaction would result
in an increase in the production of ethylene, which is considered the most basic component
of the light olefins. As the temperature rises above 716 ◦C, the ethylene yield approaches
and exceeds the propylene yield [26]. Both an increase in the reaction temperature and the
extension of the contact time have the potential to speed up the occurrence of secondary
reactions involving intermediate products. The production of light olefins, specifically
propylene and ethylene, is a key objective in the catalytic cracking of crude oil through
the employment of an FCC unit. According to available reports, it has been observed
that catalytic cracking becomes the dominant process at lower temperatures within the
range of 500–550 ◦C. This particular phenomenon leads to a comparatively higher yield



Sci 2024, 6, 11 8 of 21

of propylene in comparison to ethylene [12], while thermal cracking alone resulted in a
greater ethylene output [8]. According to the experimental data, the temperature range of
500–680 ◦C is identified as the optimal cracking temperature for the direct conversion of
crude oil, as it enables the attainment of maximum yields of light olefins while minimising
energy consumption.

2.3. Catalyst-to-Oil Ratio

The FCC riser is a complex reactor with multivariable interactions of hydrodynamics,
mass and heat transfer, reactions, and operational limitations, making process modelling
and simulation challenging [29]. Additionally, the yield of light olefins is influenced by
the cracking temperature, catalyst-to-oil (CTO) ratio, residence time, characteristics of
feedstock, and catalyst properties. It uses a finely crushed solid cracking zeolite catalyst
with an average particle size of between 60 and 75 µm. The catalyst behaves as a fluid
moving in a closed flow loop between the riser reactor and the regenerator when thoroughly
mixed with crude oil droplets. Hot catalyst particles make contact with the sprayed crude
oil in the riser reactor, induce the necessary cracking reactions, and deposit coke on the
catalyst. Therefore, changing the catalyst mass flow rate changes the CTO ratio at a constant
oil flow rate, which requires optimization to maximize light olefin gas yields from direct
crude oil cracking in FCC. The mass flow rates of catalyst and crude oil are normally within
the standard range of an industrial FCC unit, with a CTO ratio of 4:1–10:1 according to
weight [29,30].

The study aims to investigate the impact of the CTO weight ratio on the production
of light olefins via direct crude oil cracking in an FCC reactor by varying the mass of the
catalyst that is fed into the reactor. Direct crude oil cracking in FCC encompasses the
occurrence of catalytic cracking on zeolite catalyst surfaces, as well as thermal cracking
processes on particle surfaces, and between catalyst particles and the reactor wall. Using
equilibrium FCC catalysts (E-Cats) with ZSM-5 additives, catalytic cracking tests were
conducted over 30 s, with catalyst-to-oil ratios ranging from 2 to 6 g/g. When the CTO ratio
increased from 2 to 6 g/g, the production rates of C2–C4 light olefins, coke, LPG, and dry
gas went up. However, the yields of naphtha, LCO and HCO decreased [23]. An increase
in catalyst active sites per unit mass is likely to be responsible for the observed increase, as
well as the increased contact between oil and catalyst with the increasing catalyst-to-oil
ratio [31]. This suggests that catalytic cracking is more selective to the production of light
olefin from the cracking of direct crude oil than thermal cracking alone. However, when
the catalyst loading increases, catalytic cracking becomes more noticeable, and the impact
of thermal cracking is reduced. Increasing the CTO ratio increases the catalytic cracking
rate and the output of light olefins, particularly propylene [18]. This reduces the amount of
coke that can be produced. Light fractions are often produced at the cost of the cracking
fractions, which are heavy yielding gases, with coke as a by-product. The light olefin yields
for catalytic cracking of heavy crude oil have been shown to marginally improve with
increasing CTO weight ratios in experimental tests [26]. Reports show that utilising an MAT
unit, an equilibrium FCC catalyst (E-cat), and a commercial MFI catalyst at a temperature
of 650 ◦C enhances the conversion of AL crude oil from 1 to 6 g/g of CTO [8]. As a result, a
rise in CTO often results in a more suitable environment for the generation of light olefins.
It is important to keep in mind that the CTO ratio is established according to the restrictions
imposed by the thermal balance of the FCC unit [24]. In most of the reviewed studies, the
CTO ratio was in the range of 4:1–10:1, which is typical for industrial FCC units. Although
increasing the CTO ratios increases conversion, doing so is difficult since this ratio is not an
independent variable in an industrial FCC unit.

2.4. Characteristics of the Crude Oil

Crude oil can be classified into super-light oil, conventional light oil, medium oil, heavy
oil, and extra heavy oil based on its API gravity [27]. The naphtha fraction significantly
decreases as the crude oil becomes heavier [23]. As a result, the ability to manufacture
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light olefins may be limited by the amount of light fraction accessible from the crude
oil. The heavy crude oils have high proportion of aromatic hydrocarbons, which gave
them a low hydrogen content, making conversion difficult at typical FCC residence times.
It has been reported that, as the crude oil’s H/C mole ratio increases and the aromatic
hydrocarbon content decreases, the yields of light olefins increase [23,26]. Consequently,
the propensity of the crude oil to produce coke and deactivate the catalyst increases as the
crude oil becomes heavier [32]. The amount of Conradson carbon becomes coke; thus, as
the Conradson carbon of the crude oil increases, it reduces the yield of light olefins that
can be produced from directly cracking crude oil in FCC [24]. Despite this, there is little
difference between ethylene yields for different crude oil feedstocks [26]. On the other
hand, crude oils that contain lots of hydrogen donors, such as naphthene, also exhibit
higher hydrogen transfer rates. Because of the possible hydrogenation to comparable
paraffin, light olefin yields are anticipated to decrease. The production of light olefins
from the following crude oils has been reported in the literature: Arab super-light crude
oil, Arab extra-light crude oil, and Arab light crude oil with a characteristic API gravity
of 51.3◦, 39.3◦, and 34◦, and heavy oil (343 ◦C+) fraction of 27 wt%, 38 wt%, and 42 wt%,
2, respectively, was studied over E-cat at 550 ◦C [9]. The results showed that the yield of
light olefins (C2–C4) increases as the crude oil heavy oil (343 ◦C+) fraction increases, while
the naphtha and middle distillate fractions decrease.

A review of the direct production of olefin via the thermal and catalytic cracking of
hydrocarbons has been published in the literature [33]. Olefins are aliphatic hydrocarbons
with a C=C double bond and a general formula of CnH2n. They can be produced from
an array of feedstocks, such as liquefied petroleum gas (LPG), light and heavy naphtha,
gasoil, vacuum gas oils (VGOs), and directly from crude oil through either thermal or
catalytic cracking. Furthermore, bio-derived olefins have been reported following the
catalytic pyrolysis of biomass. With the growing awareness of climate change, a future
research direction could be olefin production from biomass, which is a carbon-neutral
feedstock, unlike fossil crude oil. In the refinery, the majority of the light olefins come
from FCC, with minor contribution from the coking process, which is a thermal cracking
method. On the other hand, a study demonstrated the production of light olefins from
bio-oil, which is a product of biomass pyrolysis, through selective catalytic cracking using
the La-modified HZSM-5 catalyst [34]. The maximum yield of light olefin observed from
the catalytic cracking was about 0.28 kg olefins/kg bio-oil. Adding La to the zeolite catalyst
(HZSM-5) was found to alter the acidity and strength of the acid sites, while tuning the
acid sites by increasing the strength of the medium acid site improved the selectivity
toward light olefin production and suppressed coke formation (which is a sign of reduced
catalyst deactivation).

2.5. Hydrogen Transfer Index (HTI)

The hydrogen transfer reactions in the FCC process consume light olefins. As a result,
the number of light olefins produced during direct crude oil cracking in an FCC unit
could change based on the presence or absence of hydrogen transfer. Indications of the
FCC catalyst’s hydrogen transfer activity from crude oil composition can be obtained
using the hydrogen transfer index (HTI). To quantify the extent of the hydrogen transfer
process, we may define an HTI by dividing the sum of C2–C4 paraffins by the amount
of C2–C4 olefins in the produced gas. While olefins undergo hydrogenation to become
paraffins, naphthenes receive hydrogen from them to transform into aromatic hydrocarbons.
Also, higher rates of hydrogen transfer occur in crude oils containing a lot of hydrogen
donors, such as naphthenes. In other words, HTI is a function of catalyst and feedstock
composition. This occurrence of this phenomenon causes a drop in light olefin production.
The longer contact/residence periods and greater back-mixing in the FCC unit increase
the frequency of hydrogen transfer reactions. For crude oil cracking over MFI-zeolite,
it has been shown that the HTI drops as the reaction temperature rises from 500 ◦C to
575 ◦C [12]. The HTI decreased in the following order for the zeolite catalysts that were
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studied: USY > Beta > MCM-22 > ZSM-5, based on the experimental data [24]. Several
strategies can be used to modify catalyst qualities in order to decrease the hydrogen transfer
processes. To minimise hydrogen transport, it is crucial to optimise the optimal density and
dispersion of zeolite acid sites. Table 1 summarises the findings of the published research
on the topic of crude oil’s conversion into light olefins, including details on the catalysts
that were used and the operation conditions that yielded the desired results. In order to
limit the hydrogen transfer activity of Zeolite Y, this is dealuminated [35]. In this approach,
the tendency for FCC catalyst deactivation due to coke is also reduced [36].

Table 1. Selected crude oil feedstocks, catalyst used, and achieved results.

Feedstock Conditions Results Reference

Arab super-light
crude oil

USY zeolite and MFI-based zeolite
catalysts, temperature 500–575 ◦C,
catalyst/oil ratio 5, and residence time
1–10 s.

1. MFI-based zeolite produced more ethylene
and propylene.
2. MFI zeolite’s superior shape selectivity
compared to USY zeolites helped it generate
more olefin gases.
3. The kinetics of the catalytic cracking of
crude oil were best represented by a
three-lump kinetic model.

[12]

Arab super-light crude
oil, Arab extra-light
crude oil and Arab light
crude oil

Micro-activity test (MAT) unit under
FCC operating conditions, using
equilibrium FCC catalyst (E-Cat),
temperatures in the range of
475–550 ◦C, 30 s of contact time, and
CTO ratio ranging from 1 to 4 g/g by
regulating the amount of catalyst that
was used.

1. At 60% conversion, cracking the crude oil
over the E-Cat/MFI catalyst produced light
olefin gases C2–C4 16.5, 21.3, and 19.4 wt.%
for MFI with a Si/Al ratio of 30, 280, and
1500, respectively, relative to the 13.0 wt.%
obtained with E-Cat only.
2. The addition of MFI to the E-Cat at
varying molar ratios of Si/Al (30, 280, and
1500) resulted in an increase in light
olefins’ production.
3. A four-lump kinetic model effectively
predicted crude oil cracking over E-Cat
experimental yields.

[9]

light paraffinic crude oil

MAT and fluidized-bed, equilibrium
catalyst (E-Cat), MFI zeolite (ZSM-5),
and E-Cat/MFI (50 wt%), temperatures
of 550 and 600 degrees Celsius,
catalyst-to-oil ratio of 4, and contact
time of from 30 s to 76 s.

1. At 650 ◦C, the greatest yields of light
olefins (35 wt%) and propylene (16 wt%)
were achieved compared to E-Cat/MFI.
2. Pyrolytic cracking makes a substantial
contribution at high temperatures.

[5]

Arabian Light crude oil

MAT unit, commercial MFI catalyst,
and an equilibrium FCC catalyst (E-cat)
catalysts, temperature from 550 to
650 ◦C, CTO 1–6 g/g, and contact time
30 s.

1. The yield of olefins dropped when thermal
cracking (22.8 wt%) was followed by E-cat
(30.3 wt%), and then M-cat (32.7 wt%), at a
temperature of 650 degrees Celsius with a
CTO ratio of 4.
2. Shape selectivity and stronger acidity are
credited to the enhanced propylene and
ethylene yields of 10.9 wt% and 15.7 wt%,
obtained over M-cat at a temperature of
650 ◦C.
3. Except for naphtha and coke, M-cat
outperformed E-cat in all yields.

[8]



Sci 2024, 6, 11 11 of 21

Table 1. Cont.

Feedstock Conditions Results Reference

Arabian light crude oil
into light olefins

Multi-zone fluidized bed reactor,
equilibrium FCC catalyst (E-Cat) and
ACM-101 (kaolin clay, ZSM-5, FAU
zeolite, and SiC), temperature
510–700 ◦C, residence time 0.15–0.18 s

1. At 700 ◦C, thermal cracking is more
dominant, resulting in the production of dry
gas (C2 and lighter products), as well as coke.
2. It is still possible to improve performance
by further optimizing catalyst formulation.
3. Adding SiC to the FCC catalyst improves
heat transfer, enhances mechanical strength,
and improves catalyst stability.

[37]

Paraffinic crude oil

Py-GC/MS test and fluidized bed
reactor, commercial ZSM-5 and USY
catalysts doped with Ca/Mg, the
catalytic cracking was carried out at a
set temperature for 30 s with a heating
rate of 2000 ◦C/s, and crude oil and
catalyst were 30 g and 240 g.

1. It was discovered that meta/acid catalysts
with the catalytic dehydrogenation cracking
of crude oil increase light olefin yield.
2. The catalytic structure, basicity, and acidity
were altered by the incorporated metal in the
metal/acid catalysts.
3. An appropriate pore structure and the
basicity/acidity of bifunctional catalysts was
found to be critical to light olefin production.

[38]

Paraffinic-based
crude oil

Py-GC/MS experiments and
small-sized fluidized bed reactor,
Ca/ZSM-5 catalysts, and temperature
540–600 ◦C.

1. It was found that at 600 ◦C there was
highest alkenes of 75.30% in volatile
products and highest C2–C4 olefin yield
(34.34 wt%) with a selectivity of 78% by
Py-GC/MS technique.
2. The 3%Ca/ZSM-5 catalyst achieved
C2–C4 light olefins of 36.23 wt%, with a
selectivity of 70%, at 600 ◦C.

[39]

Heavy crude oil
FCC-type reactor, ZSM-5 and HY
zeolites catalysts, temperature
500–700 ◦C, and residence time 2–5 s.

1. Adding ZSM-5 zeolite at optimized Si/Al
ratios to FCC catalyst increases light
olefins’ yield.
2. ZSM-5 with a hierarchical pore structure
can boost olefin production.
3. HZSM-5 zeolite incorporates some
transition metals to achieve a balance
between metal dehydrogenation activity and
zeolite acid function.

[40]

The direct production of petrochemical feedstock such as light olefins (e.g., ethylene,
propylene, butenes, butadiene) via cracking crude oil could be more economical than the
steam cracking of ethane and gasoil. The direct cracking of crude oil into light olefin
struggles with coking issues and catalyst deactivation. Corma et al. [41] modelled the direct
thermal cracking of crude oil into light olefins and aromatics using an inert solid as a heat
carrier, providing heat for feed vaporization and thermal cracking at a temperature range of
650–725 ◦C and residence time range 0.3–5 s. The result revealed that the solid-to-oil ratio
had a negligible impact on the yield of light olefins. This observation reinforced the critical
role played by the catalyst, especially zeolite, in improving the selectivity of the cracking
process toward light olefins. The Py-GC/MS and fixed-bed reactor were used to directly
investigate the catalytic pyrolysis of heavy crude oil, using calcium aluminate base catalysts
and ZSM-5 acid zeolites to elucidate irs synergetic effect on the production of light olefins
(C2–C4) and aromatics [42]. It was found that ZSM-5 with a Si/Al ratio of 40 produced a
maximum selectivity of 65% toward light olefins, demonstrating a superior performance to
zeolite catalysts with Si/Al ratios of 80 and 200. The inclusion of calcium aluminate 30 wt%
in ZSM-5 further increased the selectivity toward light olefins in the range of 72–80%. This
suggests that, in the design and modification of zeolite Y for the direct cracking of crude oil
into light olefins via FCC technology, the ratio of Si/Al, and the acid–base catalyst coupling
could play a significant role in improving the yield of light olefins.
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3. Catalysts Modification

In recent years, refiners’ primary goal has been to maximize the production of petro-
chemical feedstocks at the expense of fuel [19,21,43]. The catalyst formulation and compo-
sition are crucial in this conversion [22]. In FCC technology, the process of selecting and
constructing an appropriate catalyst for crude oil cracking into light olefins is an important
part of the conversion of crude oil to light olefins from crude oil. Two properties of zeolites
lead to their inclusion in the initial preparation of active material FCC catalysts: (1) they
are cation exchangers, enabling different cations to be introduced, with differing catalytic
properties; and (2) their pores have the same dimensions as simple molecules. As a result of
their molecular sieving properties, they have the ability to induce shape and size selectivity
relative to specific pores, which have a direct impact on the reactions, controlling reactant,
and product accessibility. Figure 3 shows some selected zeolite 3D framework structures
that are commonly modified and used in FCC technology and other catalytic reactions.
Zeolite Socony Mobil-5 (ZSM-5, SiO2/Al2O3 = 30), which is a high-silica zeolite, was devel-
oped in 1972 by Mobil Oil Company with a micropore size in the range of from 0.3 nm to
1.2 nm. The MOR represents a mordenite zeolite structure with one-dimensional channels,
a uniform and small pore size, a high internal surface area, and SiO2/Al2O3 ratios ranging
from 9 to 20. The intricate structure of beta zeolite is made up of the intergrowth of
two different structures, known as polymorphs A and B, each of which has a three-
dimensional network of 12-ring pores (see Figure 1). The large, generally spherical internal
cavities of the Y zeolite (FAU type) are tetrahedrally linked by pore apertures of approxi-
mately 0.8 nm and are defined by rings of twelve oxygen atoms. Typical zeolite Y is the core
catalytic material for FCC; it contains aluminium, silicon, and oxygen within its regular
structure, and tis a 3D, microporous, crystalline solid [21,22,44]. A zeolite catalyst is an
aluminosilicate mineral consisting of an interconnected tetrahedra of alumina (AlO4) and
silica (SiO4).
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Figure 3. Some selected zeolite 3D framework structures [21,22,44].

One of the critical variables to consider is the catalyst that is responsible for cracking
crude oil in FCC to preferentially boost the production of light olefins. The cracking catalyst
makes FCC units flexible. ZSM-5 is the second commonly utilised zeolite in FCC-catalytic
cracking, after USY. The USY zeolite is the most common active FCC catalyst component
that is necessary for cracking VGO and HGO into gasoline-range hydrocarbons, while
ZSM-5, based on its pore size, induces shape selectivity for the conversion of naphtha
fractions into light olefins. The schematic in Figure 4 shows the composition of a typical
FCC catalyst and the cracking activities that occur when it interacts with crude oil.
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The catalyst design presents considerable challenges when it comes to achieving
maximum light olefins and conversion from a range of crude oil qualities. Therefore, the
modification of the FCC catalyst for the cracking of direct crude oil will include zeolite
component alterations, zeolite porosity tuning, and the inclusion of additives in the matrix
materials. The hydrocarbon molecules in crude oil display a broad array of molecular
weights and sizes, making zeolite catalyst pore-size-tuning a crucial factor for the successful
conversion of crude oil into light olefins via FCC technology. Notably, ZSM-5 also functions
as a molecular sieve. It is easy to modify the properties of zeolites in order to achieve the
desired performance and selectivity. When compared to the traditional FCC catalyst, which
produces about 4–6 wt% of propylene, the addition of ZSM-5 boosts propylene yield by
around 1–5 wt%. There have been various modifications to the composition of ZSM-5 that
resulted in improved yields of light olefins, particularly propylene and butene [1,7]. The
active sites (valence electrons, acidity, strength, etc.), chemical composition, inclusion of par-
ticle size, phosphorus, rare-earth elements and pore size distribution, mechanical strength,
and hydrothermal stability of the FCC catalyst all play a role in the catalyst’s capacity to
optimise light olefins’ production [2,7]. By adjusting the mole ratio of the SiO2/Al2O3
components, it is possible to mechanically alter the density, acidity, and strength of the
zeolite catalyst components, with the aim of promoting selectivity towards light olefins’
production, which implies that aromatic hydrocarbons yields could be favoured. However,
the phosphorus stabilisation of the FCC catalyst has been demonstrated to increase not
only the mechanical strength, attrition resistance, and hydrothermal stability, but also to
minimise hydrogen transfer activity.

3.1. Zeolite Composite as an FCC Catalyst

To improve FCC catalyst performance, as well as maximising olefins’ production, silica
and alumina can be added to zeolite Y or USY, or two different zeolites can be blended. The
conventional USY catalyst was modified by the addition of MFI zeolites, which selectively
crack naphtha to create light olefins [8]. For instance, when different types of crude oil
feedstock were cracked, the selectivity to light olefins with a combination of ZSM-5 and
E-Cat catalysts was demonstrated to be greater than when either ZSM-5 or E-Cat was
used alone as the catalyst, in both fixed, fluidized-bed, advanced catalytic evaluation
(ACE) and MAT units [23]. The composite nature of the catalyst suggests that the E-Cat
medium-pore-size zeolite successfully cracked the heavy hydrocarbons in different crude
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oils into a range of gasoline hydrocarbons, which were then selectively cracked by the
small-pored ZSM-5 zeolite component into light olefins. A commercially available additive
based on ZSM-5 was used in the FCC process to improve the octane number of the gasoline.
The yield of light olefins (such as propylene and butene) is increased when using it as an
additive in the design of an FCC catalyst [1,7,24,45]. Zeolite ZSM-5 has an MFI-type crystal
structure, and it has pores that are between 0.51 and 0.56 nm in diameter [1]. This explains
why linear- and naphtha-range hydrocarbons are readily and selectively cracked into light
olefins (C2–C4). In addition, when a ZSM-5 zeolite is added to an FCC catalyst, the naphtha
fractions produced due to cracking can readily access its acid sites based on the pore size
and hydrocarbon molecule size, resulting in the secondary cracking of naphtha fractions of
crude oil into light olefins. It is for this reason that ZSM-5 leads to an increase in the yield
of light olefins. The light olefins generated by this process are not consumed in significant
quantities, despite their minimal hydrogen transfer activity [7], whereas hydrogen transfer
reactions and bimolecular cracking are enhanced by the wide pores of the HY zeolite,
leading to the manufacture of low-light olefins [24].

It has been proven that adding ZSM-5 (up to 25 wt%) to a fluidized catalytic cracking
(FCC) catalyst can greatly increase the olefin yields of C3–C5, in addition to an increase in
temperature [42,46]. The experimental results have shown that the addition of ZSM-5 to
a zeolite Y FCC catalyst is an effective pathway to increasing the olefin production from
hydrocarbon feedstocks. Thus, optimizing the incorporation of ZSM-5 into the design of
the zeolite Y catalyst for the FCC of direct crude oil is another research direction toward
maximizing light olefins’ production. This addition to the zeolite Y and modification of the
pore size and structure architecture offer guidance in the development of next-generation
catalysts for FCC, especially for the direct production of light olefins from crude oil.

3.2. Pore Size Modification

USY and ZSM-5 are zeolite-based catalysts used in the FCC process. As the principal
active component, zeolite Y plays a major role in the gasoline yield, while ZSM-5 works
as a propylene multiplier additive. In the catalytic cracking of crude oil through FCC, the
pore size and topology of the zeolite are also crucial catalyst characteristics. A micropore
provides high activity and selectivity towards light olefins, and influences the product
distribution as well as shape-selectivity, while a mesopore provides better access to active
sites for large hydrocarbon molecules [2,47]. In a nutshell, mesopores are more suitable
for boiling point hydrocarbons, while the micropores are more accessible for hydrocarbon
molecules in the gasoline range. As crude oil contains a wide variety of hydrocarbons,
catalytic cracking will be difficult, since most catalytic reactions take place on the active
sites or the zeolite acid, which tend to be located inside the cavities of zeolites or interior
pores. Thus, micropores will confer mass transport limitations in the diffusion of large-
molecular-weight species. Meanwhile, macropores and wider mesoporous zeolite cavities,
due to their accessible exit pathways, can easily diffuse large molecular compounds, and
can easily move out of zeolite cavities, which may prevent the hydrocarbons from staying
in the zeolite cavity long enough for full cracking to occur [7]. Recently, hierarchical
zeolites have been studied as catalysts possessing micro- and meso-porous frameworks
to overcome mass transport limitations and improve the accessibility of the active site by
large hydrocarbon molecules during the FCC process. Researchers have looked at large-
pore zeolites like mordenite and beta and compared them to medium-pore ZSM-5 in an
attempt to overcome the diffusion limitations [48]. It is possible to create hierarchical pore
systems by incorporating an additional mesopore into microporous FCC catalysts. Various
approaches can be followed to improve the zeolites’ pore characteristics in order to achieve
selectivity toward light olefins to directly crack crude oil via FCC technology. The process
of synthesizing hierarchical FCC zeolites includes two methods: bottom-up (e.g., hard
templating and soft templating), and top–bottom (e.g., post-treatment of existing zeolites,
such as dealumination and desilication) [48,49]. Porosity may be directly induced during
the synthesis of a mesoporous zeolite using the bottom-up method. This is accomplished
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by introducing a templating agent to the blending of the zeolite precursors (for example,
carbon or another substance). The zeolite framework is calcined at high temperatures to
remove both the soft and hard templates. In the post-treatment approach, a variety of
methods can be used to create mesoporosity in zeolite frameworks, including calcination,
steaming (i.e., dealuminate), acid treatment (i.e., dealuminate), alkaline treatment (i.e.,
desilication), and chemical treatment [35,36,50]. The presence of high-acid/alkali solutions
has been associated with the unpredictable distribution of pore size, as well as the collapse
of the structure. It has been reported that mesopores and macropores can readily be
created in ZSM-5 zeolites with lower SiO2/Al2O3 ratios (25–50) [51].The post-treatment
strategy has significant benefits, such as increasing the hydrothermal and thermal stability
of zeolite catalysts. Other advantages include the capacity to reduce waste and save
money. In the catalytic cracking of crude oil via FCC, the introduction of an array of
mesopores to zeolites may minimize the diffusion limitations, thereby improving the
catalytic cracking efficiency and light olefins’ production. A detailed review has been
published on hierarchical zeolites [49].

The crystal structure of the zeolite determines the sizes and shapes of the micropores
and cavities [52]. As a result of the channels found in zeolites, molecules may diffuse
differently, resulting in shape-selective catalysis and a visible difference in molecular
transportation [53], despite the fact that these micropores confer exceptional catalytic
activity and selectivity. This shape selectivity can be attributed to the zeolite shape and
crystal size, resulting in micropores, particularly ZSM-5, whose pore size spans from 0.3 nm
to 1.2 nm [54,55]. There is a probability that the zeolite catalyst is underutilised, and catalytic
rates are reduced as a result of the micropore size and extended diffusion path length [44].
The design aspects of the hierarchical pore structure zeolites for catalytic applications
aim to establish synthesis–property–structure–function performance relationships. In
other words, the performance of a zeolite catalyst is a function of the synthesis method,
property, and pore structure. Zeolites with hierarchical structures contain both mesopores
and micropores.

3.3. Tuning Acidity

The physical, chemical, and textural properties of zeolite-based catalysts that promote
their use in refining and fine chemical industries are their high activity, low propensity for
coke formation, high organic nitrogen levels and high NH3 resistance, ease of regenera-
tion, and molecular shape selectivity [56]. The distinctive shape selectivity, high intrinsic
acidity, and high stability of zeolites make them an important heterogeneous catalyst in
the chemical, oil refining, and petrochemical industries. The regular crystalline structure
and acidity of zeolites are the distinctive properties responsible for their capacity to crack
the C-C bonds of hydrocarbon molecules [57]. Thus, proper zeolite acidity adjustment
and tuning are crucial for regulating its catalytic behaviour. Interestingly, the zeolite pore
structure contains most of the active sites. There are two acid sites in the aluminosilicate
zeolite structure: the Brønsted acid site and the Lewis acid site.

However, the number, strength, and distribution of acid sites within the pores of the
zeolite catalyst are critical to the catalytic behaviour and the yield of olefin gas. The IR
spectroscopy technique with adsorbed pyridine is a common approach to determining the
acidity of catalysts and distinguishing between the two acidic surface sites [57]. the strength
and number of acid sites of on Y zeolite catalysts can be determined using the temperature-
programmed desorption (TPD) of ammonia methodologies [58]. When compared to the
Lewis acid site, increasing the strength of the Brønsted acid sites enhances the cracking
activity of the catalyst (the octane cracking rate constant increased from 33 s−1 (USY) to
102 s−1 (Na2H2-EDTA-treated USY)) [1,58,59]. This demonstrates that treating the USY
zeolite catalyst with Na2H2-EDTA (ethylenediaminetetraacetic acid) increases the Brønsted
acid strength and the catalytic activity. When combining zeolite USY/Y with ZSM-5-
based additive modification to improve the light olefins’ yields, it is essential to take into
account the acidity of the modified catalyst. An investigation was carried out in order to
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determine whether the ratio of SiO2 to Al2O3 has a substantial effect on the generation of
light olefin. The density of both the Brönsted acid sites and the Lewis acid sites decreased
as the SiO2/Al2O3 ratios increased from 33, 266, and 487 for the USY-based catalyst and
ZSM-5 additive, respectively [60]. This suggests that the greater the SiO2/Al2O3 ratio
(lower acidity), the less coke forms during the direct FCC cracking of crude oil, which is a
trade-off for the increase in catalyst lifespan. Zeolites’ SiO2/Al2O3 ratio is discovered to
impact the production of light olefins and catalytic performance [61]. The yields of light
olefin gases are as follows: 45.94 wt%, 50.22 wt%, 41.93 wt%, 42.68 wt%, and 41.81 wt%,
when the SiO2/Al2O3 ratio increases in the order of 32, 36, 38, 98, and 217 [61]. It has also
been reported that changes in the Si/Al ratio in the FCC catalyst can affect the production
of light olefins [24]. Hence, it is necessary to optimize the SiO2/Al2O3 ratio of the FCC
catalyst regarding the yield of olefin. In the FCC catalyst, varying the Si/Al ratio changes
the cracking rate. This is due to the fact that the SiO2/Al2O3 ratio is what determines
the acid site strength, also known as its acidity. This is controlled using the amount of
alumina (Al2O3). High acidity implies low Si/Al ratios. The SiO2/Al2O3 framework
ratio in USY zeolite, a key active material in FCC catalysts, is about 5. The light olefins’
selectivity could be higher (around 3–8 wt%) in FCC catalysts with moderate acid sites, but
the conversion rate may be lower (about 4–10%) because the reduction in acidity would
restrict the secondary reaction between the primary products [24]. This is because the FCC
catalyst’s cracking ability is embedded in its acidity. Research has provided evidence that
an increased Si/Al ratio, indicating reduced acidity, leads to a reduction in coke formation.
This reduction in coke formation has the potential to prolong the lifespan of the catalyst.

3.4. The Integration of Rare-Earth Metal, Alkali-Earth Metals and Transition Metals

The integration of phosphorus into the Al ion lattice stabilization and the basicity of
the zeolite can be modified by incorporating a rare-earth metal; similarly, the addition of
alkali earth decreases the intensity of the acid sites, and, consequently, new Lewis acid sites
are created by including transition metals in the zeolite-blend catalysts. The introduction
of these dopants or promoters has been demonstrated to increase the olefin selectivity
in crude oil cracking via FCC [7]. By using modified HZSM-5 catalysts with alternating
Si/Al2 ratios and alkaline treatment, light olefin yields were increased when Mn and
alkaline treatment were applied as additives in FCC catalysts [62]. The high yield of light
olefins is achieved due to the reduced re-adsorption of butene, ethylene, and propylene,
which are fundamental compounds, as a consequence of the incorporation of rare-earth
elements [24]. Conventionally, the yield of light olefins from the FCC cracking of crude
ranges from 10 to 15 wt% of the feedstock; however, with the proper modification of the
catalyst and optimal operating conditions, the FCC yield of light olefin could be further
enhanced to 25–30 wt% [63]. It is for this reason that FCC catalysts have been modified, and
their processes have been optimized to maximize light olefin yield from direct crude oil
cracking. These factors could be extensively studied through simulation to obtain optimal
FCC factors that maximize olefin production. As a result, it seems more plausible that
adding rare-earth metals to a zeolite-mix FCC catalyst could improve selectivity (by about
6–10%) in the production of light olefins from crude oil cracking through an FCC unit [24].
The addition of rare-earth metals promotes selectivity toward olefin production. In 2011, a
review article on the catalytic cracking of several industrial feedstocks using ZSM-5 zeolites
that are modified for the manufacturing of light olefins, including heavy hydrocarbons and
ethane, was published [63]. The study investigates the effects of common boosters, such
as phosphorus, rare-earth elements, alkali and alkaline earths (Pr, Nd, Sm, Eu, La, Gd, Ce,
etc.), transition metals (such as Ag, Fe, Cu, Zn, and Cr), and rare-earth elements on the
chemical properties of modified ZSM-5, and their effectiveness in enhancing light olefin
selectivity. Similar to this, the literature has studied and reported on the functions of the
addition of rare-earth metals to the zeolite catalyst employed in FCC [64].
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4. Kinetic Modelling

An understanding of the reaction mechanism and development of the kinetic model
of the direct catalytic cracking of crude oil in the FCC is critical in process technology
development, catalyst design, and process factors’ optimization. With the large amount
of data that are available today, simulation would play a crucial role in achieving these
objectives in an economic and timely manner.

Models of kinetic reactions are useful for evaluating the significance of various reac-
tions for process simulation, development, and design. There are thousands of hydrocarbon
species in crude oils, each with a wide boiling temperature distribution. The kinetic model
is simplified by grouping hydrocarbons into crude oil and products based on their boiling
points, as the use of individual component equations would be complex. As a consequence
of this, the kinetic modelling of crude oil catalytic cracking may be accomplished by util-
ising a technique known as lumping. Using this method, hydrocarbon species that have
a comparable boiling range and comparable characteristics are grouped together, which
results in a smaller number of “pseudo” species. As part of the process simulation and
development, kinetic modelling is important as it provides a quantitative assessment of sev-
eral reactions being undertaken by the lumps within the crude oil. Using a riser simulator
reactor, Al-Khattaf and Ali studied the kinetics of Arab super-light crude oil, utilising the
simplest crude oil cracking model, a three-lump model that includes heavy fraction, C1–C4
gaseous products, and naphtha [12]. Based on the lumping strategy, the crude-oil-heavy
fraction contains hydrocarbons with boiling temperatures greater than 220 ◦C, naphtha
contains hydrocarbons between C5 and 220 ◦C, and the gas lump contains C1–C4 gases,
including light olefins like butene, ethylene, and propylene, as shown in Figure 5a. The
reaction network ignores coke production since its rate is low. Another piece of research
used a four-lump model to represent the catalytic cracking of Arab light crude oil into
naphtha and light olefins [9]. The crude oil four lumps are heavy-cycle oil (HCO) plus
light-cycle oil (LCO), gas, naphtha, and coke. In the four-lump model, naphtha is generated
from the cracking of (LCO + HCO), the catalytic cracking of LCO + HCO also resulted in
the formation of coke and gas, while the cracking of naphtha only leads to the formation
of gas, as shown in Figure 5b. The direct catalytic cracking of crude oil to chemicals was
simulated using a four-lump kinetic model, as depicted in Figure 5c [65]. In the model,
the process of cracking crude oil resulted in the production of several distinct products.
These products include heavy oil, which refers to the heavier fraction obtained from the
cracking process. Additionally, light oil was produced, consisting of lighter fractions, such
as alkanes, diesel, gasoline, and coke. Furthermore, the cracking process yielded olefins and
aromatic products, specifically propylene, ethylene, butylene, xylene, benzene, and toluene.

In the kinetic equations, the catalyst deactivation can be accounted for using the deac-
tivation function. The catalyst deactivation function, φ, is defined by Equation (1) [66–69].
The ratio of deactivation rate to that of a fresh catalyst is shown in Equation (2), while the
rate of disappearance or formation of any lump is given by Equation (3).

dφ

dx
= −αφd (1)

φc =
rc

r0
c

(2)

V
WC

dC
dt

= ∑n
i=1 kiC2

i φ (3)

where φ denotes the catalyst deactivation function, d denotes the decay order, α denotes the
kinetic deactivation constant, x may be either TOS or COC, V denotes the reactor volume,
WC denotes the catalyst weight, C denotes the molar concentration of the lump fraction,
n denotes the number of lumps, and t denotes the time. Subscript 0 represents the reaction
rate on a fresh catalyst, suggesting that the presence of coke (c) controls both the rate of the
initial reaction (r0) and the rate of the subsequent production of coke itself (rc).
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5. Conclusions

At present, the refining industry is primarily focused on fuel production, alongside a
small amount of by-products, such as petrochemical feedstocks, especially propylene. Due
to the increase in demand in the light olefins market, a potential approach is to directly
produce petrochemical building blocks, such as ethylene, propylene, and butene, from
crude oil through FCC technology. This method has emerged to meet the growing demands.
As a result of the design and development of an active and appropriate pore structure
of a modified zeolite catalyst, light olefins can be produced with greater selectivity from
the direct cracking of crude oil in FCC. An overview of the zeolite catalyst modification
techniques is presented in the following categories: zeolite blend aspects, modifications
to the catalyst pore size and structure to improve selectivity, the incorporation of other
elements, and the modulation of acidity. Regarding the production of light olefins through
crude oil cracking, ZSM-5 has the desired shape selectivity, while zeolite USY is the zeolite
that is most commonly used to optimize the cracking hydrocarbon blend. The work also
explored and highlighted the key process factors that require optimization to maximize
light olefins’ production. However, there is need to conduct a technoeconomic analysis of
the concept of direct crude-oil-to-light-olefins conversion. A life-cycle assessment method
can be used to compare the direct catalytic cracking process via FCC to convert crude oil
light olefins based on its economic, social, and environmental performance. This suggests
that process modelling and simulation could prove significant in achieving the optimum
process operation variables that maximize light olefins’ yield in the direct conversion of
crude oil to olefins using FCC technology. This overview combined several viewpoints,
resulting in the synthesis of future research aiming to optimise light olefin yields through
engineering zeolite catalyst pore structures, reducing deactivation through dopant addition,
and conducting a technoeconomic analysis of crude oil cracking for light olefin production.
Likewise, improving the pore structure to enhance accessibility, controlling the acid site
strength, and diminishing the diffusional constraints for hydrocarbon macromolecules
could increase the activity and selectivity of the zeolite-based catalyst, as well as increasing
the yield of light olefins. If the right catalyst is developed and the reactor configuration
is selected, it is possible to directly convert crude oil into light olefins. Thus, it is still
possible to improve the catalyst’s performance and selectivity through the optimization of
catalyst formulation and pore structure. Thus, the direct transformation of crude oil to light
olefins via a one-step process is possible when the right catalyst and reactor configuration
are developed.
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