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ABSTRACT
The fluid catalytic cracking (FCC) technology is one of the
pillars of the modern petroleum industry which converts the
crude oil fractions into many commodity fuels and platform
chemicals, such as gasoline. Although the FCC field is quite
mature, the research scope is still enormous due to changing
FCC feedstock, gradual shifts in market demands and evolved
unit operations. In this review, we have described the current
status of FCC technology, such as variation in the present day
feedstocks and catalysts, and particularly, great attention is
paid to the effects of various contaminants of the FCC catalysts
of which the latter part has not been sufficiently documented
and analyzed in the literature yet. Deposition of various con-
taminants on cracking catalyst during FCC process, including
metals, sulfur, nitrogen and coke originated from feedstocks or
generated during FCC reaction constitutes a source of concern
to the petroleum refiners from both economic and technolo-
gical perspectives. It causes not only undesirable effects on the
catalysts themselves, but also reduction in catalytic activity and
changes in product distribution of the FCC reactions, translat-
ing into economic losses. The metal contaminants (vanadium
(V), nickel (Ni), iron (Fe) and sodium (Na)) have the most
adverse effects that can seriously influence the catalyst struc-
ture and performance. Although nitrogen and sulfur are con-
sidered less harmful compared to the metal contaminants, it is
shown that pore blockage by the coking effect of sulfur and
acid sites neutralization by nitrogen are serious problems too.
Most recent studies on the deactivation of FCC catalysts at
single particle level have provided an in-depth understanding
of the deactivation mechanisms. This work will provide the
readers with a comprehensive understanding of the current
status, related problems and most recent progress made in the
FCC technology, and also will deepen insights into the catalyst
deactivation mechanisms caused by contaminants and the
possible technical approaches to controlling catalyst deactiva-
tion problems.
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1. Introduction

The fluid catalytic cracking (FCC) is a secondary refining process used
primarily for conversion of the high-boiling, high-molecular weight fractions
of petroleum to more valuable fuels such as gasoline, diesel, liquefied petro-
leum gas (LPG), olefinic gases and some other products, and is one of the
largest applications of heterogeneous catalysts. In 2014, the global FCC
market demand was about 681 kilo tons, and is expected to grow at 3.3%
annually until 2020.[1] A global survey showed the existence of about
400–450 FCC units as of 2000[2] and as of the beginning of 2014, over 300
of these units were still in active operation.[3]

Fuel production from the FCC process accounts for about 35–50% of the
total gasoline produced worldwide in the petroleum industry.[4–8] However,
the process has witnessed uneven utilization in different countries. In China,
for instance, FCC is utilized in about 27% of petroleum processing and is
responsible for about 80% gasoline production, while it accounts for about
one-third of the total gasoline pool in the U.S (Figure 1). In the UK,
Germany, France, and Italy, the FCC naphtha and reformer gasoline
accounts for 25–30% and 45–50 % of gasoline pool, respectively.[5,9]

Besides gasoline production, the FCC technology can be employed in the
production of some petrochemicals such as propylene[10] and other olefins.-
[11] As a matter of fact, FCC units have become an important source of light
olefins.[12–15] In 2000, about 34% of the propylene around the world was
from FCC units.[16,17] However, most recent data show a decline to 25–30%,
due to increasing exploitation of other processes, such as on-purpose propy-
lene process for its production.[18] The FCC technology, which was intro-
duced over seven decades ago, has been playing a key role in heavy oil
upgrading and optimization. The reason for its long lasting lies in the reality
of being one of the most important conversion processes in the petroleum
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Figure 1. Relevance of FCC in the modern refinery and its utilization in different countries (data
adapted from ref..[9].
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refinery for transforming heavy fractions of crude oil to more valuable
grades.[17,19–25] The high flexibility of operation, the ability to process differ-
ent types of feedstocks, such as biomass-derived feedstocks, and the switch-
ing adaptability to changing product demand offer increasing profitability
compared to other petroleum refining conversion processes.[26]

The FCC unit (FCCU) represents the heart of the refinery, and the latest
design that is still much used in the refineries around the world consists of
two main vessels: a riser (reactor) and a regenerator that are interconnected
to permit transferring the spent catalyst from the reactor to the regenerator
and the regenerated catalyst back to the reactor in a cyclic manner. The FCC
process involves contacting a pre-heated feedstock with hot catalysts coming
from the high temperature regenerator at the base of the riser. The high
temperature catalytic reaction results in the breakdown of large hydrocarbon
molecules to lighter fractions of gasoline and diesel, as well as gaseous fuel
(LPG) and coke.[17,20,27] The catalyst spends a short time, usually few seconds
in the riser reactor, and is separated from hydrocarbon by stripper in the
cyclone. After stripping of residual hydrocarbons with steam, the catalyst is
regenerated and the coke deposited on the catalyst is burned off with hot
air.[28,29] The regulating flow rate of the spent/regenerated catalyst maintains
heat balance of the unit. Generally, the design and operation of the unit is of
high relevance to the catalyst properties and feedstock as well.

The modern FCC catalyst comes in the form of fine particles (with typical
sizes 60–80 µm) and comprises four major components namely, zeolite Y or its
modified type, matrix (silica or alumina or mixture of both), filler (kaolinite)
and binder. All components are mixed and spray dried to form microspherical
catalyst particles.[30] Additives may be incorporated during preparation for
specific purposes, such as ZSM-5 � an olefin enhancer[13,15,31], trap for
poisonous metals[32,33], SOx and NOx scavenging additives[34] or a CO com-
bustion promoter.[35] Zeolite is the active component, which controls the
activity and the product distribution of the FCC catalyst. The matrix performs
a supportive role to the zeolite essentially in providing mechanical strength
and attrition resistance to the catalyst and for the reduction of the detrimental
effects of contaminants.[36–39] Particularly, the active matrix contributes sig-
nificantly to general performance of FCC catalyst by pre-cracking larger oil
molecules to enhance accessibility to the micropores of the zeolite.[37] The
filler, generally regarded as an inert part of matrix, serves as a heat sink and
transfer medium and provides little or no activity to the catalyst. It also
provides mechanical strength and increases apparent bulk density (ABD) of
the particle for optimum fluidization properties.[40]

The binder functions primarily as a glue binding zeolite, matrix, and filler
together and provides high attrition resistance. In some cases, the binder
modifies the coking characteristics and acts as a trap for poison
species.[23,41,42]
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Before utilization in the real FCC units, the assessment of FCC catalysts
not only predicts the unit’s performance, but also enables the refiner to make
important decisions concerning the unit operation. The activity of the cata-
lyst in its fresh state is an inadequate assessment of its commercial perfor-
mance, due to deactivation in the commercial FCC units by both
hydrothermal effect and metal deposition. Several methods are considered
standard to simulate the commercial equilibrium catalyst (E-cat) for testing
in laboratory, including Mitchell incipient wetness impregnation (MI) of
contaminant metals on fresh catalyst followed by steaming at high
temperature[43], cyclic metal deposition (CMD) by repeating cracking reac-
tion and regeneration[44], cyclic propylene steaming (CPS) method by repeat-
ing oxidation and reduction of impregnated metals[45,46] and the Engelhard
Transfer Method (ETM).[47] The artificially deactivated catalyst can be tested
on laboratory units either with fixed bed (MAT reactor type), fixed fluid bed,
such as Advanced Cracking Evaluation reactor (ACE)[48,49], the once through
or circulating pilot plant[21,50–53] or the CREC Riser Simulator.[54] The
summary of the protocols described above is illustrated in Figure 2.

Although the FCC technology is quite mature and the research scope is
not changed greatly, it is still facing a number of challenges nowadays from

Figure 2. General laboratory procedures for FCC catalyst testing.
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the wider diversity of feedstocks which generate demands for new FCC
catalysts, reaction conditions, and even production distribution.

It is found that most of the previous reviews in this research area
mainly focused on aspects such as assessment of FCC catalyst testing
units,[21] deactivation of FCC catalyst,[19] FCC catalyst deactivation
methods[55] and the FCC unit itself[56], and little or no attention was
paid to the feedstock contaminant effects, which are critical issues in FCC
process. Although various researchers have investigated the contaminant
effects on FCC catalysts; hitherto, there is still lack of a comprehensive
review on the literature results, and many studies were conducted under
different reaction conditions, increasing the difficulty to an overall and
comprehensive understanding of the effects of the different FCC catalyst
contaminants.

In this review, the effects of metal contaminants that deteriorate the
performance of FCC catalyst is presented and critically analyzed. In addition,
the effects of nitrogen and sulfur compounds that have been considered less
of poisons to the catalysts and as serious environmental pollution sources are
discussed. Moreover, the mechanisms of FCC catalyst deactivation by differ-
ent contaminants and the physiochemical properties-performance relation-
ship are summarized. In particular, the recent advances in the deactivation of
the FCC catalyst at a single particle level is presented. Putting together, these
findings, it is expected that this review will not only serve most of the
researchers for a fast and solid grasp of the status in the area, but also act
as a good reference for possible improvement in FCC catalyst technology for
future applications.

2. Recent developments in FCC technology

Since its inception in the early 1940s, the FCC process technology has
witnessed several stages of developments and revolutions. The FCC process
is generally improved by combining developments in catalyst, feedstock,
process technology, and hardware (reactor design). These advances are con-
tinuously improving efficiency, product selectivity, and environmental emis-
sions control. Optimum performance, reliability, and flexibility of the FCC
units are essentially desirable for the continued competitiveness of refineries
and their ability to meet market demands for refined products. FCC tradi-
tionally converts gas oil and heavier oil to mainly gasoline and diesel oils
range. However, high demand for transportation fuels globally and emerging
markets for other FCC products, such as propylene, an important petro-
chemicals feedstock, have created a paradigm shift in the operational strate-
gies with huge responses on the feedstock and catalyst selection as well as
reactor re-configuration.
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2.1. Changes in FCC feedstock

2.1.1. Conventional feedstock
(1) Crude oil

Conventional FCC feedstocks are high-molecular weight hydrocarbon
with various numbers of carbon atoms, mainly composed of paraffin, aro-
matics, and naphthenes.[20] They boil at high temperatures, usually 343 °C or
above and atmospheric pressure. This class of crude oil fraction is generally
referred to as “heavy oil”. Paraffin are straight or branched chained hydro-
carbons in the crude oil which consist of molecules containing between 20
and 40 carbon atoms. Aromatics are compounds that have at least one
benzene ring. Naphthenes are saturated cyclic compounds, such as substi-
tuted cyclopentanes and cyclohexanes. Heavy oil usually contains 50–60%
paraffin, 15–25% aromatics, and 15–25% naphthenes.[5] In addition to
hydrocarbons, crude oil fractions for FCC units contain non-negligible
amounts of sulfur, nitrogen, carbon residue, and metals such as nickel, iron
and vanadium.[19,27,57,58] The overall performance of the FCC process in the
production of liquid fuels is strongly affected by the feedstock properties
including the feedstock composition and contaminants. For example, the
vacuum and atmospheric residue cuts consist of mainly resins and asphal-
tenes. Resins are fused cyclic compounds with long aliphatic side chains,
while asphaltenes are polycyclic aromatic systems with short aliphatic side
chains, which are piled up on each other to form asphaltene molecules.
Asphaltene is believed to be the most complex, high molecular weight,
polar and highly aromatic molecule present in heavy crude oil. Interactions
exist between feed contaminants and asphaltene molecule, and the presence
of non-metallic elements (sulfur, oxygen, and nitrogen) in asphaltene mole-
cule accounts for its strong coordination with metallic contaminants.[59]

The FCC feedstock has evolved over the period of commercial application,
changing from gas oil feeds such as vacuum gas oils (VGOs) in the 1940s, to
the present day residues like atmospheric and vacuum residues and hydro-
treated feedstocks.[26,60] The residues differ in chemical composition from
VGOs and are characterized by high levels of contaminants. Recently, the
FCC unit has been tested in the processing of non-conventional petroleum
based feedstocks such as vegetable oils and pyrolysis oils.

(2) Tight (shale) Oil

Tight oil also known as shale oil is a light hydrocarbon liquid that is
entrapped in petroleum formations (low-permeability shale or sandstone). It
is extracted from oil shale by the fracking method and can be employed as an
alternative to conventional crude oil as FCC feed.[61,62] The extraction is
relatively costlier than conventional crude oil both from financial and
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environmental impact points of view.[63] The United States has the largest
and most concentrated oil shale resources in the world which constitute 62%
of the world’s known recoverable shale oil potential.[64] The tight oil has
recently emerged as a FCC feedstock and is successfully processed in the
North America refineries.[65] Raw shale oil like the conventional petroleum
consists of hydrocarbons, usually large quantities of olefinic and aromatic
hydrocarbons. It also contains trace amounts of oxygen (0.5–1%), basic
nitrogen (1.5–2%), organic sulfur (0.15–1%) and metals.[66] The levels of
sulfur and nitrogen, as well as vanadium and nickel are low, but with high
levels of iron and calcium although the amount of formed coke is low, and
this feed also gives low octane gasoline compared with mid-continent
VGO.[65,67] Even though these properties are generally desirable for FCC
operation, tight oils give high naphtha and LPG yields that are generally
paraffinic, which is problematic to distillation units and gas plants, thus
limiting FCC throughput. The low content of Conradson carbon residue
and aromatics makes it more difficult to control the coke deposition and
correspondingly the unit heat balance.[3] On a laboratory scale, Li et al.[68]

have recently reported successful cracking of shale oil on a fixed bed reactor
for heavy oil conversion under conventional FCC reaction conditions. The
conversion and yield of liquid products increased considerably after pretreat-
ment of the shale oil with HCl and furfural.

2.1.2. Non-conventional feedstock
Due to the increasing and stringent governmental policies on the production
of cleaner fuels and on environmental emissions around the globe and the
depletion of natural reserves of crude oil and the high cost of sweet crude,
alternative energy resources become essentially an attractive option for the
future. Fuel resources obtained outside the crude oil that can be processed in
the FCC units collectively form non-conventional FCC feedstocks.

Non-conventional FCC feedstocks are referred to as alternative feedstocks
that have the potentials to be processed in the FCC units to obtain its
primary products. Examples of non-conventional feedstocks include bio-
mass-derived feeds, (bio-oils -pyrolysis oil, vegetable oils and animal fats),
naphtha feeds, Fischer Tropsch waxes, and alcohols that can be processed
(normally blended with gasoil) in the FCC unit.

(1) Bio-oil

Recently, researchers have shown growing interest in renewable fuels, and
particularly bio-fuels resources have gained much attention. Biomass-derived
feedstocks include bio-oils, vegetable oils and animal fats. Bio-oils are
obtained from pyrolysis of biomass. They have high contents of oxygenated
compounds in addition to being highly viscous and corrosive.[69] Biomass-
derived liquid fuels have the potential to provide a low-cost and sustainable
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supply of energy, while meeting the greenhouse gases reduction targets.
Vegetable oils are oils exclusively of plant origin. Most vegetables oils are
edible and some can be of invaluable medicinal applications. However, in
recent years, researchers have considered the exploitation of vegetable oils as
a potential renewable energy resource and have experimented processing
them in the FCC process. Animal fats are obtained as byproducts from
meat processing. They have been less investigated as a potential FCC feed-
stock as bio-oils and vegetable oils. Biomass-derived feedstocks have been
extensively studied as FCC feedstock using conventional FCC reaction con-
ditions, catalysts and test facilities, either as solely pure feed[70–73] or co-fed
with gas oil to the FCC unit.[74–76] The results of recent studies employing
bio-oils as feedstocks are summarized in Table 1.

While the processing of bio-oils by refiners in the FCC unit has not gained
full prominence and implementation, an entirely vegetable oil (100% soybean
oil) feed has been tested as a case study for pilot Davison Circulating Riser
(DCR) work to understand the impact this type of feed would have on yields
and operation.[26] The results obtained showed that at a constant coke basis,
the soybean oil produced more light cycle oil (LCO), less gasoline, less C3s,
and less C4s than the VGO. The gasoline produced by cracking soybean oil
was highly aromatic. The heat drop during the reaction in comparison with
the heat of cracking a standard VGO resulted in the soybean oil running at
a much lower catalyst-to-oil (CTO) ratio than VGO under similar conditions
implying that running a 100% bio-feed has implication for riser operation.[26]

Generally, the catalytic cracking performance of pyrolysis and vegetable oils are
determined largely by a number of factors. For instance, the cracking of pure
pyrolysis oil is a function of operating conditions and catalyst type, whereas co-
processing it with a blend of conventional FCC feedstock such as VGO leads to
higher conversion than pure VGO.[74,76] High coke formation and irreversible
catalyst deactivation fueled by oxygen content in the biomass-derived oil consti-
tute challenges which require further research for upgrading. The higher catalytic
cracking conversion of pure vegetable oils than VGO is associated with low
thermal stability and high fatty acid contents of the former, which facilitate fast
mass transfer in the catalyst pores.[74] Co-processing of vegetable oil with con-
ventional gas oil in the FCC unit improves the conversion than obtained with pure
FCC gas oil. The product distribution and selectivity are influenced to an extent by
the amount of vegetable oil in the feed, while the yield is determined by properties
of the petroleum based feedstock component. For instance, in the co-processing of
10% bio-oil with VGO, similar yields of gasoline, LPG and LCO were obtained in
comparison with pure VGO, whereas increasing the amount of bio-oil to 20%
significantly deteriorated the product yields.[75]

Vegetable oils product distribution depends largely on the degree of satura-
tion. Gasoline selectivity is favored when vegetable oils are saturated. Compared
with VGO, aromatic contents are generally high for biomass-derived oils, and
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water remains an unavoidable product that must be separated from the desired
products. Modification of catalysts and co-feeding the bio-based feedstock with
VGO and/or H2 to the FCC units can augment and significantly enhance
selectivity to gasoline and light oil yields.[70] Besides, the adjustment of process
conditions, FCC reaction re-configuration and catalyst design seem promising
strategies for upgrading to boost production of transportation fuels and olefins.

(2) Naphtha feeds

The increasing demand for ethylene, propylene and other petrochemical feed-
stocks in large quantities has re-focused attention of the refiners to consider
naphtha cracking and to develop FCC-type processes to preferentially crack
naphtha range feedstocks to light olefins.[21,26,109–112] Naphtha can be used
primarily as a feedstock for the production of propylene using ZSM-5 as
additive with the conventional catalyst on the FCC unit and as a feedstock
for steam cracking and catalytic reforming. In the near future, the demand
growth for naphtha feeds will increase for Asia (China) and the Middle East as
a result of the new market demand for propylene as petrochemical feedstock
for various commodity chemicals such acrylonitrile and propylene oxide. The
cracking of FCC naphtha was tested over a commercial E-cat, and the results
indicated that the feedstock required severe operating conditions to crack.[110]

The conversion and yield of propylene increased with increasing reaction
temperature. Under high operating severities, shortening of residence time is
necessary to increase the yield of propylene and to reduce dry gas yield.

(3) Fischer-Tropsch synthesis waxes

The Fischer Tropsch synthesis (FTS) is employed in the production of large
quantities of long chain paraffin having wide range of boiling points from
renewable energy resources (e.g., biomass). This paraffin can be processed in
the FCC unit to high-valued fuels, such as gasoline and diesel. Therefore, FTS
paraffinic products have become an attractive feedstock for the FCC units.
FTS wax constitutes a future alternative feedstock resource for cleaner fuels,
as they are free from impurities such as sulfur and nitrogen. However,
selectivity to a particular product is a currently a challenge under the con-
ventional FCC operation but can be realized by adjusting the processing
conditions and appropriate catalyst selection. The potential of FTS wax as
a FCC feedstock has been demonstrated on a microriser reactor using E-cat
by Dupain et al.[72,73] Results revealed that high gasoline yield (up to 70 wt.
%), higher than that of most conventional feedstocks and having high MON
was obtained, thus making the FTS wax an alternative option to conventional
FCC feedstock for the production of motor fuels. Using ZSM-5 and/or
combination with zeolite Y-based catalyst, a high selectivity to propene and
other olefins have been obtained.[70]
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(4) Alcohols and model compounds

Catalytic processes such as methanol to olefins (MTO) can be used to convert
methanol into valuable products like ethylene and propylene. Several reactor
designs including fixed bed, fluidized bed and riser type reactors have been
proposed for MTO.[113–115] Since methanol is much lighter than conven-
tional FCC feedstocks, a modification of the position of feed system is
necessary to enable the processing of methanol.[116] Other model compounds
such as ketones, glycerol, aldehydes, sorbitol and phenols have been success-
fully evaluated on the conventional FCC units using zeolite catalyst.[74]

2.2. Changes in FCC catalyst and reactor

Conventional FCC (heavy oil) feedstocks contain high levels of contaminants
that require feed pretreatments or catalysts with high resistance to contami-
nants, in addition to excellent hydrothermal stability due to the harsh
regenerator conditions. In response, improved technologies have been devel-
oped to produce catalysts that can sustain their activities in the presence of
various contaminants for longer period and can ensure high conversions
possible. Moreover, the need to simultaneously optimizing other products of
the FCC process has birthed the selection of new catalysts either as stand-
alone catalyst or co-catalysts with the conventional FCC catalyst.
Furthermore, to address the changes in feedstock and new market demands,
FCC catalysts formulation and process have been continuously improved.

The FCC catalysts have evolved over the years of commercial applications.
The first generation catalysts were based on natural clay that were generally
of low activity and selectivity, poor thermal and structural stability, followed
by synthetic silica and alumina catalysts that were unstable and difficult to
regenerate despite having good activity.[25] Due to the catalyst attrition and
sintering problems in the commercial unit, the latter catalysts were formu-
lated as microspherical particles to enhance mechanical strength by Grace
Davison in 1948.[117] In 1962, the Y-type zeolite (FAU) based catalyst, having
high activity and selectivity to light oil fractions was developed by Mobil Oil
Corporation and Union Carbide. Soon after, various modified forms of
zeolite Y, for instance, rare earth exchanged Y (REY) and ultra-stable
Y (USY) were developed. Rare earth elements stabilize the zeolite framework
and increase its thermal and hydrothermal stabilities. USY is a form of zeolite
Y in which some of the framework aluminum has been selectively removed
to enhance thermal/hydrothermal stability. Later came another important
zeolite catalyst named ZSM-5. The ZSM-5 based catalyst is applied mainly as
additive to the conventional FCC catalyst to enhance selectivity to light
olefins, such as propylene and to increase gasoline octane rating. The zeolites
have constantly been improving till date. Improvements in FCC catalyst to
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enhance its performance is not limited to zeolite, it is common nowadays to
find a cracking catalyst that is made of stabilized or modified zeolite Y,
matrix and binder, and other catalyst additives. Figure 3 shows the genera-
tional evolution of FCC catalysts with time.

Recently, new zeolites have been tested in the FCC process in the place of
traditional zeolite Y as FCC catalysts.[3] Zeolites such as ITQ-21 and ZSM-
20 have pore structures and openings that resemble Y-type and in some aspects
their performance too. ZSM-20 compared to zeolite Y possesses higher ther-
mal stability, but compromised catalytic activity still renders it inferior. Other
new zeolites that have been tested as additives in FCC include ITQ-7, ITQ- 13,
ITQ-33 and ITQ-39.[118–121] These zeolites have mixed pores systems andmost
have not shown desired activity or product selectivity for cracking reaction.

The constant improvements in catalyst technology to achieve higher con-
version and selectivity toward the desirable products are a clear testament to
the radical development that has characterized the FCC process in recent years.
For example, the use of stabilized or modified and hierarchical/mesoporous
structured zeolites and highly accessible matrix catalysts not only improve
performance of the FCC unit, but also provide resistance against feedstock
metal contaminants during conversion of heavier feedstocks. Technological
advancements and development have also afforded deeper insight into under-
standing the fundamentals of FCC catalyst contamination and associated
challenges to the performance of the FCC process. The catalyst currently
employed in the FCC process contains zeolite Y-based active component
dispersed in silica-alumina and clay matrices previously described in section 1.

The catalytic cracking generally began with the fixed bed unit (Houdry
catalytic cracking unit) in the late 1930s.[25] This unit had two fundamental
problems: (i) rapid catalyst deactivation, and (ii) batch catalyst regeneration
configuration. Soon was a replacement with a more convenient processing

Figure 3. Evolutional trend of FCC catalysts.
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unit that allowed for continuous circulation of the catalyst from the reactor
and with the advantage of operational flexibility as heat transfer was greatly
improved. In 1942, the fluidized bed reactor introduced was based on the
fluidized characteristic of small particles of silica-alumina catalyst that form
mixed fluidized phases in both the reactor and the regenerator when gas oil
was passed through during the reaction and air during regeneration for
improved.[25] At the time of the zeolite catalyst emergence, the FCC unit
designs were modified to accommodate the catalyst change, but most of the
basic flow sheets remained the same and only minor changes required in the
processing equipment. The recent improvements in the FCC reactors have
been reviewed by Chen.[122] The newest riser in use has a technology for
minimizing the density and velocity variations and promotes ideal plug flow,
in addition to enhancing termination of cracking reaction after a desirable
cracking time. The regenerator incorporates a third stage to its conventional
two stages, which provides enhanced capacity for achieving low particulate
fines and flue gas. Also, improvement in catalyst circulation technology
enhances catalyst circulation rate. Recently, catalytic pyrolysis cracking unit
has been added to the file, in a quest to produce all petrochemical
feedstocks.[123] The Catalytic Pyrolysis Process (CPP) could substitute the
fundamental steam cracking process for ethylene production since it offers
the utilization of cheaper feedstock and allows to vary ethylene to propylene
ratio over a wide range

3. Contaminants in FCC feedstock and catalyst

FCC feedstocks (mainly residues) contain several types of contaminants
including different metal-organic compounds. During the operation of the
industrial FCC unit, these compounds are fed with the feedstock and once
cracked metals are deposited on the cracking catalyst.[124,125] Non-metallic
compounds such as organic sulfur and nitrogen compounds also present
themselves as feedstock contaminants. The introduction of these contami-
nant species into the cracking unit has presently become normal due to
heavier feedstocks becoming more common and affordable nowadays to
the refiners. Consequently, more coke is produced which causes the regen-
erator to operate at unacceptably high temperatures, changing FCC catalyst
activity and selectivity.

3.1. Non-metal contamination

3.1.1. Nitrogen and sulfur compounds
Organic sulfur and nitrogen compounds are regarded as petroleum feedstock
contaminants. The damage by sulfur and nitrogen compounds to FCC
catalyst is rather small but they affect the catalyst activity and selectivity.
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These types of contaminants can be eliminated from the FCC process in their
molecular and/or oxide forms. A significant proportion of the nitrogen is
burnt to nitrogen gas, while the other is converted to NOx species. Most of
the non-eliminated sulfur in the FCC feeds is transferred to the FCC gasoline
pool. Sulfur in the gasoline contributes to SOx emissions, and it also reduces
the activity of vehicle catalytic converters and accelerates corrosion of engine
parts.[126,127] Even as expected that sulfur and nitrogen impurities in the FCC
feedstock are oxidized in the regenerator, a better alternative is to remove
them by hydrotreating the feedstock before feeding to the FCC unit.

3.1.1.1. Nitrogen. Although less attention has been paid to the effects of
nitrogen compounds on the conversion of hydrocarbons under typical con-
ditions of the commercial catalytic cracking, the damage by nitrogen to the
FCC unit is as harmful as some metal poisons, and the effect on the cracking
catalyst are comparable to the latter. A typical VGO for FCC process contains
approximately 25–30%, whereas vacuum residue contains 70–75% of the
nitrogen in crude oil.[19,128] Most of the nitrogen exists as basic nitrogen
compounds, which may be aromatic or polyaromatic, branched or not,
having predominantly heterocyclic skeleton (pyridine, quinolones, acridine
and phenanthridine).[129,130] Others are non-basic compounds including
pyrroles, indoles and carbazoles. According to Cheng et al.[34], 50% of feed-
stock nitrogen ends up in the liquid products, and analysis has shown that
nitrogen concentrates in LCO and bottom. About 8% of the feed nitrogen is
converted to ammonia and the remaining 42% is found in coke. Most of the
nitrogen in coke is converted to molecular nitrogen in the regenerator; about
10–15% of the nitrogen in coke transforms to NO. In commercial FCC
regenerators, the fraction of nitrogen released as NO varies from about 3
to 25% depending on the regenerator design and operating conditions.[5,131]

Generally, basic nitrogen containing compounds adsorb on the active sites of
FCC catalyst and neutralize them. Consequently, activity of the catalyst
decreases and the product yields alter. However, the catalyst activity can be
restored after regeneration. Regeneration releases both molecular nitrogen
and associated oxides (NOx), which leave the regenerator as one of the flue
gases, and the NOx released contributes to environmental pollution and
health problems.[132] The adsorption of nitrogen compounds involves charge
transfer and causes blockage of the active sites.

The poisoning effects of nitrogen compounds on cracking catalysts have
been widely studied. It has been found that basic nitrogen compounds can
reversibly poison the acid sites of the FCC catalyst, resulting in a decrease in
acid centers or acting as coke precursor due to their big molecular size and
aromatic nature.[133] Li et al.[134] showed that non-basic nitrogen compounds
and condensed aromatics in coker gas oil (CGO) could easily adsorb on the
cracking catalyst, causing pore blockage and a decrease in conversion and
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light oil yields, and could also lead to higher coke yield during cracking
under conventional FCC conditions. Caeiro et al.[57] investigated the effects
of nitrogen poisoning on the catalytic cracking of gas oil. The catalytic
evaluation indicated that basic nitrogen reduced gasoil conversion by
5–10 wt.%, depending on the CTO.[57] Increasing the nitrogen concentration
resulted in a decrease in activity and a variation in product distribution. Coke
and hydrogen yields increased at the expense of gasoline. The reduced
catalytic performance was attributed to the poisoning effect of nitrogen
molecules adsorbed on the acid sites where cracking reactions take place.
In a related study by Bobkova et al.,[135] the rate constant of n-undecane
cracking over zeolite containing E-cats was found to decrease non-linearly as
the concentration of nitrogen in the feedstock increased, but yields of the
products were independent of the conversion. The poisoning of the catalyst
was attributed to the deactivation of the acid sites and to the pore blockage.
Basic nitrogen compounds were shown to cause a strong decrease in the
conversion of methylcyclohexane over H-MFI zeolite.[136] The decrease in
acidity was proportional to the amount of nitrogen retained in the zeolite,
and the intrinsic poisoning correlated with the proton affinity of the bases
located on the external surface. A study by Ho[137] on the effect of a series of
nitrogen compounds on the activity of a cracking catalyst indicated that these
compounds exhibited different poisoning tendencies, determined by their
physiochemical properties, which include basicity, type of heterocyclic nitro-
gen (pyridinic or pyrrolic), length and location of alkyl substituents in the
heterocyclic rings, number of attached benzene rings, hydrogenation of the
nitrogen compounds, and number of nitrogen atoms in the hetero-rings. Fu
and Schaffer[133] showed that a correlation exists between the nitrogen gas-
phase basicity and its poisoning effect on the cracking catalyst. For instance,
the proton affinity that determines the extent of poisoning is dependent on
the molecular structure of the particular nitrogen compound. Furthermore,
the effects of changing reaction conditions � cracking temperature, zeolite
content of the catalyst, and feed properties were explained in terms of the
basicity of the nitrogen compounds, which controlled conversion and selec-
tivity of the poisoned catalysts.

The reaction conditions could be controlled to ameliorate the deleterious
effects of nitrogen compounds during catalytic cracking. Running the reaction
at a high temperature has been shown to alleviate the undesirable effect of basic
nitrogen compounds on the cracking of CGO over an equilibrium FCC
catalyst. It was found that increasing the reaction temperature (500–580 °C)
raised the conversion by 20 wt.%, due to decreasing nitrogen compounds
adsorption on the catalyst active sites at higher temperatures.[138] The non-
basic nitrogen compounds also interact with the catalyst active site, but to
a lesser extent compared to basic nitrogen compounds, resulting in decreases
in gasoline and diesel yields. This is explained by the fact that non-basic
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nitrogen compounds have larger molecular sizes, which make it difficult to
access the active sites located in the zeolite.[134] Generally, when present in
FCC processing feedstock, nitrogen compounds tend to promote the deactiva-
tion of FCC catalyst through various routes as summarized in Table 2. The
high coking tendencies of basic nitrogen compounds are attributed to their
molecular sizes and aromatic nature, while poisoning of the acid sites is related
to their proton affinity.

3.1.1.2. Sulfur. Sulfur is the most abundant heteroatom in crude oil. The
atmospheric residue and vacuum distillate that constitute majority of the FCC
feedstocks contain significant amounts of sulfur, generally in the range of
0.5–1.5 wt.%[139], which causes SOx emission from the regenerator. The amount
of SOx emitted from an FCC regenerator is dependent on the quantity of sulfur
in the feed that is converted and coke yield. The sulfur balance of FCC unit
showed that about 50–60% of sulfur in the FCC feedstocks ends up in the liquid
products, about 35–40% is released as H2S while a small proportion of 2–5%
appears in the coke. Moreover, 2–5% of the sulfur exists in FCC gasoline[145,146],
which constitutes as much as 80–90% of the total gasoline sulfur emission
originating from FCC gasoline.[34] The species of sulfur in the FCC feedstocks
include mercaptans, sulfides, thiophene and its alkyl-derivatives, thiophenols,
benzothiophenes, dibenzothiophene and aromatic thiophenes.[34,147]

Thiophenes are the dominant sulfur species in FCC gasoline. These species
could originate from the cracking of heavy alkylthiophenes or other sulfur
containing molecules that are present in the feedstocks. A recombination reac-
tion can also result in the thiophene formation. Olefin-H2S recombination over
equilibrium FCC catalyst was responsible for all the produced thiophenic species
in FCCnaphtha.[148] However, thiophene or its alkyl derivatives can be saturated
to produce tetrahydrothiophenes, which can be easily cracked to produce H2

S and hydrocarbons.[149] Other routes include self-desulphurization, alkylation,
polymerization and condensation. Desulfurization occurs through saturation of
thiophene to tetrahydrothiophene, which subsequently decomposes to H2S and
hydrocarbons. The mechanism of polymerization and condensation is particu-
larly favored in the presence of contaminant metals in the feedstock, which

Table 2. Effects of sulfur and nitrogen compounds and coke on FCC catalyst.

Contaminant Effect on FCC catalyst Ref.

Nitrogen ● Poisons acid sites, reduces activity, increases coke formation, blocks
catalyst pores, decreases conversion, decreases reaction rate con-
stant, changes selectivity

[57,68,133–135]

Sulfur ● Decreases conversion, decreases activity, increases coke formation,
destroys acid sites

[139–141]

Coke ● Covers active sites, blocks pores, decreases acid sites, reduces surface
area and pore volume

[125,142–144]
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reduce thiophenes by converting them to coke.[149,150] The existence of con-
taminant metals (V and Ni) in a high sulfur feed is of beneficial effects. Myrstad
et al.[126] showed that when V and Ni were present in the feed, the level of sulfur
in the FCC naphtha was generally reduced.

Sulfur compounds in FCC feedstocks can affect the cracking activity of the
catalyst although to a lesser extent as compared with nitrogen. Leflaive
et al.[139] investigated the reactivity of thiophene derivatives and their pre-
cursors over commercial E-cat under FCC conditions. The results revealed
that the conversion of various sulfur containing compounds decreased with
time-on-stream over the catalysts. For example, in the transformation of
thiophene-based fuels, the conversion was extremely low (< 0.2%), and
only trace amounts of gases (C1, C2, C3 and C=) were obtained. The main
side reaction was the formation of coke on the catalyst, which was up to
2.5 wt.% after 20 h on stream.[139] The addition of H2S to olefins and
diolefins, resulting from cracking of hydrocarbon and thiophene derivatives
with long alkyl chains, and cracking over E-cats, produced compounds that
were composed of mainly thiophenes with short alkyl chains (1–3 carbon
atoms). It was found that thiophene-like poisons on FCC catalyst at indivi-
dual particle level interacted with the Bronsted acid sites (BASs) of the
catalytic materials, forming oligomeric carbocations and coke species.[140]

Only zeolite components of the catalysts was responsible for formation of
the oligomers, which were influenced by the zeolite pore structure, indicating
zeolite controlled the activity. Sulfur compounds were spatially entrapped in
the zeolite components of the FCC catalyst.[140] Non-thiophenic sulfur com-
pounds were presented to be responsible for decreasing activity of the
cracking catalysts and increasing coke formation. For example, Hernandez-
Beltran et al.[141] in their study spiked gas oil with a non-thiophenic sulfur
species (hexyl-2-thiol) and cracked over E-cats. The conversions were gen-
erally low, and increased sulfur content was detected in gasoline and cycle
oils. The hexyl-2-thiol mainly produced H2S and thiophenic compounds in
the gasoline range. The addition of Zn-Al2O3 sulfur reduction additive
mitigated the harmful effect of the sulfur species on activity of the catalyst
by selective adsorption of the sulfur species due to its Lewis acidity proper-
ties, and the cracking activity of the catalyst improved drastically. The main
effects of sulfur species on FCC catalyst are listed in Table 2.

3.1.2. Coke
In catalytic reactions, coke may be defined as any carbonaceous residue on
the catalyst which tends to cover the active sites. It could also be referred to
as the material that are obtained by the decomposition or condensation of
hydrocarbons and retained inside of the catalyst particles after reactions.[151]

In addition to the coke formed by cracking reactions on catalyst acid sites,
coking can result from thermal reactions and dehydrogenation reactions
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promoted by the presence of contaminant metals such as vanadium and
nickel and from entrained catalytic products due to partial stripping as
these entrained products will be burned in the regenerator and counted as
coke.[152] The coke that is formed during catalytic cracking in the FCC unit
can be beneficial and harmful. It is advantageous in the sense that the heat
provided by coke combustion in the regenerator maintains the heat balance
of the reactor.[29,153] The amount of coke on the catalyst is affected by metal
contamination, which is dependent as well on the metal type. Metal con-
taminants play an important role in the enhanced production of carbon
dioxide during the regeneration of the spent catalysts.[154] Direct conversion
from carbon to carbon dioxide in regenerator is catalyzed by nickel. In this
regard, high CO2/CO ratio during regeneration could be prevented by con-
trolling the nickel content in the feedstock.[154]

In the FCC unit, the amount of coke produced is proportional to the CTO and
catalyst properties.[155] Generally, coking results in reversible deactivation of the
catalyst in several ways including covering the active sites, limiting access to
active sites and blocking the pores[125,142–144,156] and causing surface area
reduction.[157] During cracking, the deactivation of the catalyst by coke starts
with coverage of the active site (initial coke formation stage) and later pore
blockage due to growth of coke layers[144]; in the micro-riser, the initial coke
deposition is the main cause of the deactivation of the catalyst.[155] Catalyst
deactivation is caused by the formation of coke on both catalyst’s external and
internal surfaces. Nitrogen adsorption results have shown that during gas oil
cracking, coke deposit distributes within the surface and the internal pores of the
catalyst. Only 32% of the total coke generated was located on the FCC catalyst
surface. The rest was distributed in a 60:40% ratio in the catalyst micropores and
mesopores, respectively. Both the acid sites strength and density of the coked
catalyst will be unavoidably decreased.[158] The uniform deposition of coke on
themicropore walls decreases the pore size and hence, limitsmolecular diffusion
to the active sites. Coke deposition will eventually block the accessibility to
catalyst active sites located in the zeolite micropores, affecting both primary
and secondary reactions. The extent of pore obstruction by coke correlates well
with the loss of specific surface area and pore volume.[125] Furthermore, the
effect of coke deactivation of FCC catalyst depends very much on the nature of
coke, its structure and morphology.[153]

Different types of coke have been identified (Figure 4). The coke formed
during catalytic cracking reactions can be classified as: catalytic coke
formed from condensation and dehydrogenation reactions, catalyst-to-oil
coke associated with hydrocarbons entrained in the pores, thermal coke
formed at high reaction temperatures by free radical mechanism, additive
coke (or Conradson coke) formed from heavy molecules presence in the
feed and contaminant coke from the dehydrogenation catalyzed by con-
taminant metals (Ni, Fe and V).[17,19] Thermal coke is less compared to
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catalytic coke, due to the low extent of thermal cracking under typical FCC
conditions. Recently, Wang et al.[159] studied the coking behavior of CGO
over commercial equilibrium FCC catalyst on a MAT unit and identified
other types of coke on the surface of FCC catalyst, including adsorption
coke (Cad), dehydrogenation coke (Cdh) and hydrogen transfer coke (Cht).
The Cad coke is derived from nitrogen compounds and adsorbed on acid
sites of the catalyst, accounting for 37 wt.% of the total coke under conven-
tional FCC reaction conditions. Cdh is produced from dehydrogenation and
condensation of polycyclic aromatic hydrocarbons and constitute 43 wt.%
of the total coke formed, while the Cht is determined by the extent of
secondary reaction inside the catalyst pores. Coke also exists in other
forms besides elemental carbon, like graphitic or polymeric carbons having
high molecular weights[160,161], and can be grouped structurally into amor-
phous, aromatic, filamentous or graphitic carbon.[162] The structure of coke
obtained from the refinery FCC operations is related to the nature of
feedstock, and is mostly aromatic in nature.[152,163,164] Aromatic coke
resides on the outside while the inside of the catalyst particles has concen-
trates of aliphatic coke that is produced during catalytic process.[165]

Figure 4. Types of coke formed during FCC reaction.
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Hydrotreated feedstocks show much lower coke formation tendencies than
the conventional heavy oil under the same operating conditions.[166] By
studying the composition of coke and its effects on the acidic properties of
USHY zeolite in the m-xylene transformation, Cerqueira et al.[167] found
aromatic form of coke having up to four rings were trapped in the zeolite
pores. The coke poisoned the protonic (Brönsted acid) sites while the Lewis
acid sites were unaffected. The formation of coke was monitored by the
decrease in the intensity of IR hydroxyl (acidic) band. The bridging hydro-
xyls in interaction with extra-framework aluminum species were most
affected by coke, whereas no interactions were observed between the non-
acidic hydroxyls and the coke molecules.[168] In another report that investi-
gated the influence of coke on the deactivation of FCC catalyst by
Wallenstein et al.[14], both coke-free and pre-coked FCC catalysts containing
ZSM-5 additive were evaluated by cracking a VGO on a MAT unit at a high
temperature in a short contact time. The selectivity of C6–C9 olefins was not
influenced by pre-coking of the catalyst in the absence of metal, but coking
generally lowered activity of the catalyst. Deactivation of the catalyst by coke
was similar in the absence of contaminant metals (V and Ni), but when the
metals existed, the catalyst without additive deactivated faster than that the
one with additive. Although coke is regarded as a contaminant of FCC
catalyst due to its effects on the accessibility of catalyst active sites, deactiva-
tion by coking is reversible as coke is burnt off in the regenerator. Coke, like
the non-metallic contaminants, deactivates the cracking catalysts as summar-
ized in Table 2; but, its deactivation mechanisms are different from those of
sulfur and nitrogen compounds.

3.2. Metal contamination

Supplying feedstocks to the FCC unit free from metal contaminants is desirable
for the petroleum refiners. However, most available feedstocks (heavy fractions)
come with certain amounts of metals. The organo-metallic compounds, in the
form of porphyrins, decompose in the FCC unit and leave metals on the catalyst.
Unlike nitrogen, sulfur, and coke, metals cannot be removed by oxidation, they
remain and accumulate on the catalyst after regeneration as poisons, causing
irreversible deactivation of FCC catalyst.[19,41,169,170] Depending on the metals
level, the conversion drops with the increased production of hydrogen, dry gas,
and coke formation at the expense of gasoline and/or fuel oil. As a matter of fact,
the presence of metals in FCC feedstock affects the efficiency of catalytic cracking
process and increases the cost of running the FCC unit. Various petroleum
feedstocks around the world are known to contain at least trace amounts of
many metals (V, Ni, Na, Ca, Fe, Zn, Pb, Cu, Cd, Cr, Co, Sb, Te, Hg, Au, and
Ag.[19,171–177] Tables 3 and 4 show typical concentrations of metals in petroleum
feedstocks and in different types of crude oils around the globe, respectively. It can
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be seen from Table 4 that the levels of metals vary depending on the origin of the
crude oil. Generally, crude oils from Africa have lower contents of poison metals
than those from the other parts of the world. The principal metal contaminants in
crude oil are nickel and vanadium. Crude oils contain from about a few to over
250 ppm nickel[188] and from about 5 to 1500 ppm vanadium.[123,188] Recently,
Doyle et al.[124] have determined the levels of V, Ni, Fe, and Ca up to 168.2, 44.6,
26.9, and 11.4 ppm, respectively, in ASTM proficiency fuels. In addition to the
metals naturally present in crude oil, petroleum stocks have a tendency to pick up
tramp iron from transportation, storage and processing equipment. Most of these
tramp irons remain in the FCC unit in the form of large particles and is usually
harmless.[190] It is an established fact that the higher the metal level in the feed is,
the more enhanced the deactivation/poisoning of the catalyst will be, and conse-
quently, the more often fresh catalyst is added to the regenerator, partially repla-
cing the E-cat withdrawn (and the catalyst fine losses). The different metals found
in the petroleum feedstock correspond to different catalyst deactivation behavior.
Metals (such as iron, nickel, vanadium, and copper) significantly alter the selec-
tivity and activity of cracking reactions if accumulated on the catalyst.[191] Over the

Table 4. Levels of metals in various crudes around the world[188,189].

Crude oil V (ppm) Ni (ppm) Fe (ppm)

Arabian light 94 22 –

Arabian heavy 171 53 –

Iranian light 188 70 –

Iranian heavy (Gach saran) 404 138 –

Iraq (Kirkuk) 58 < 3 –

Kuwait 59 18 –

Algerian (Hassi Messaoud) < 5 < 5 –

Libyan (Brega) 24 32 –

Nigerian (Bonny medium) 7 52 –

North sea (Ekofisk) 1.95 5.04 –

South American (Bachequero) 437 75 –

Arabian light (Middle East) 6 10 –

Kuwait (Middle East) 30 8 –

Kern River (Bakersfield) 35 63 28

South Belridge (California) 57 60 35

Hondo (Santa Barbara) 220 68 < 3

Beta (Los Angeles Beach) 135 104 60

Morichal (Venezuela) 282 75 19

Maya (Mexico) 243 46 3

Arabian heavy (Middle East) 55 17 < 3

Boscan (Venezuela) 1180 90 7

Cerro negro (Venezuela) 560 118 –

Wilmington (Los Angeles) 49 60 –

Prudhoe bay (Alaska) 19 9 –
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years, researchers described the extent of poisoning effects ofmetals by referring to
themetals content (so calledmetals factor) of feedstock in several ways[20,191,192] as
given below.

Metals factor Fmð Þ¼ ppm Feþ ppm Vþ 10 ppm Niþ ppm Cuð Þ (1)

ppm Niþ ppm 0:25V Mobil indexð Þ (2)

ppm Niþ ppm Cuþ 0:25V Davison indexð Þ (3)

ppm 1000 14Niþ 14Cuþ 4Vþ Feð Þ Shell indexð Þ (4)

ppm 1000 Niþ 0:2Vþ 0:1Feð Þ Jersey Nickel equivalent indexð Þ (5)

From the relationships given above, a feedstock with a “metals factor” greater
than 2.5 is considered to be poisonous to FCC catalyst.[191] For example,
Mobil index, the most commonly used metals factor: Ni + 0.25V or 4Ni + V,
indicates that nickel is four times as active in hydrogen production as
vanadium present in equal concentrations. Since metals induce high coke
formation and promote dehydrogenation reactions, these metal indices cor-
relate with metals activity (i.e., hydrogen and coke yields). Generally, the
deposition of metal contaminants from crude oil causes an irreversible
deactivation of the FCC catalyst. Therefore, it is imperative to understand
the associated changes in the physicochemical properties of the cracking
catalyst and how these changes affect the catalytic behavior.

4. Influence of feedstock metal contaminants on the properties of
FCC catalyst

Studies have shown that the metal contaminants in FCC (petroleum) feedstocks
affect the cracking catalyst in various ways including [1] loss of textural properties
(surface area and pore volume), [2] loss of crystallinity, [3] structure collapse, [4]
dealumination, [5] mesoporosity induction, [6] acid sites destruction, [7] activity
loss and [8] selectivity modification.[193–199] These losses or alterations result in
degenerative effects of decrease in conversion and valuable product yields.

4.1. Effect of different metals deposited on FCC catalyst

Metal contaminants are usually present in the petroleum feedstocks � VGO
and atmospheric residue. Under cracking conditions metal contaminants are
mobile and the mobility of different contaminant metals can vary signifi-
cantly. Another important behavior of metals such as vanadium and sodium
in the regenerator is their reactions with steam from the coke burning,
forming intermediates that accelerate catalyst deactivation. Several
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researchers have studied the effects of different contaminant metals on FCC
catalysts, which are either the standard commercial catalyst composed of
zeolite, matrix and binders or pure zeolites. In the following section, the
effects of different metals (Table 5) on both types of catalysts will be
discussed.

4.1.1. Vanadium
Vanadium is the most significant and common petroleum feedstock metallic
impurity. It is widely and abundantly distributed in the earth crust.[200] The
vanadium porphyrins or other organic vanadium complexes present in the
crude oil are broken down and oxidized in the FCC regenerator, and the
released vanadium deposits on the outer surface of the cracking catalyst and
migrates to the interior of the catalyst particles.[201,202] Under FCC unit
conditions, vanadium may exist as different species, in + 5 or + 4 oxidation
states, depending on the environment of the unit or the regeneration mode.
The predominant vanadium oxidation state depends largely on how evenly
catalyst is distributed in the regenerator and on its operational mode: full or
partial combustion.[49] In the full burn mode, vanadium stays for a longer

Table 5. State, location and effect of FCC catalyst metal poisons on FCC catalyst.

Metal
State & location

of metals Main effect Supplementary effect FCC performance

V V4+, V5+

Zeolite
● Surface area loss,
● Acid sites destruction,
● Dealumination

● UCS shrinkage,
● Large pores

● Severe activity loss

Ni Ni°, Ni2+

Matrix (Alumina)
● Catalyzes

dehydrogenation
● Increases coke

formation

● Poisons acid sites on
matrix

● Non-selective cracking

● Dehydrogenation
reactions

● Increases coke
formation

Na Na+

zeolite
● De-protonates active

sites
● Inhibits

dealumination

● Causes hydrothermal
instability

● Neutralizes acid sites
● Enlarges zeolite

supercage
● Loss of micropores
● Sintering

● Activity loss

Fe Fe2+, Fe3+

Matrix
● Pore plugging
● Destroys surface

morphology
● Causes fluidization

problems

● Poisons acid sites ● Reduces catalyst
activity,

● Loss of bottom
conversion

● Increases coke
formation,

● Increases coke
formation

Ca Ca2+

Matrix
● Deprotonation ● Neutralizes acid sites

● Causes hydrothermal
instability

● Collapses pore network

● Increases coke
formation
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time in the + 5 state, whereas in the partial burn mode this oxidation state is
difficult to reach. Several studies[201,203–206] have identified the different
species of vanadium in FCC catalyst. For instance, vanadium in the spent
catalyst after regeneration existed as a highly dispersed but isolated oxyca-
tionic (VOx) units, where the value of ‘x’ is close to 4.[204] Tangstad et al.[206]

found in their study by analyzing equilibrium FCC catalysts with electron
spin resonance (ESR) and electron spectroscopy for chemical analysis
(ESCA) that vanadium also existed in a + 4 (V4+) state, which was converted
considerably to a + 3 (V3+) state after treatment with 5% H2 in N2 at
temperatures between 650 and 750 °C. The reduced catalyst gave higher
gasoline and lower coke yields on a MAT unit when processing atmospheric
residue, implying that vanadium in lower oxidation states is not or less
harmful to the FCC catalysts as a result of its lower mobility and less zeolite
destruction. Similarly, vanadium in lower oxidation states has been shown to
increase olefin selectivity on the FCC test unit[207] and to improve desul-
phurization performance.[208] These results combined with a molecular mod-
eling study showed that vanadium with a lower oxidation number could
affect the chemical conversion of high molecular weight hydrocarbon
molecules.[209] From these results, it is apparent that the effects of vanadium
poison are dependent on its oxidation state. V3+ is harmless, V4+ is less
harmful and V5+ has amarked destructive influence on zeolites. This is
because V5+ can form vanadic acid in the presence of steam during regen-
eration. This acid is volatile under this condition and its mobility causes
vanadium distribution throughout the entire catalyst particle, resulting in the
destruction of zeolite framework by hydrolysis of the lattice.[210] Upon
incorporation into FCC catalysts (USHY and composite catalyst), vanadium
was dispersed better in the composite catalyst than in the zeolite.[198] The
hydrothermal treatment caused a decrease in vanadium concentration on the
surface due to the mobility of vanadium into the interior of the catalysts.[201]

Vanadium significantly alters the physiochemical and catalytic properties
of zeolites and FCC catalysts. The textural properties (such as surface areas
and pore volumes) of a catalyst before and after deactivation can provide
reliable information for predicting its performance. Changes associated with
these properties after reaction are generally related to the deactivation of the
catalyst. The effects of vanadium on the physiochemical properties of FCC
catalyst have been widely studied. Wallenstein et al.[49] used changes in the
physiochemical properties of FCC catalysts to evaluate effectiveness of the
different methods of introducing contaminant metals to the catalyst. The
surface area of the catalyst, and more specifically the surface area of the
zeolite decreased with increasing vanadium content. Catalysts metallated by
the spray impregnation method showed similar response to vanadium con-
tent, but that metallated using Mitchell method showed much weaker
response compared to the equilibrium catalyst in terms of the zeolite surface
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area (Figure 5a). In a study on nickel and vanadium on zeolites (USHY and
REHY) as monitored by measuring the extent of the surface area degradation
under hydrothermal conditions.[194] Results indicated that vanadium caused
far greater loss of the catalyst surface area in USHY than REHY. The TPR
profile of the zeolite containing both nickel and vanadium showed prefer-
ential interaction of nickel with the rare earth in REHY, inducing higher
vanadium mobility and reducing its ability to passivate vanadium. However,
results of this study contradict the observations of Yang et al.[211] in which
the presence of nickel in REHY was found to have rather a protective effect
on vanadium destruction. A surface area retention of about 62.5% was
realized when nickel was incorporated into vanadium-REHY. Generally,
surface area measurement of the zeolites after hydrothermal treatment
showed this trend of surface area retention: REY-Ni > REY-V-Ni > REY-V.
The disagreement with the results of these two authors may be explained by
the difference in the contents (3,000 ppm and 10,000 ppm for the former and
latter, respectively) of the contaminant metals introduced to the catalyst[194]

and the fact that zeolite Y is stable to low than high vanadium contents in
them.[193]
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Figure 5. Effect of vanadium on physiochemical properties of FCC catalyst: (a) zeolite surface area, (b)
unit cell size and (c) conversion.[49] Redrawn with permission from Elsevier, Copyright 2013.
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Textural characterization results of zeolites after hydrothermal treatment
indicated that ZSM-5 zeolite was structurally more stable to vanadium
deactivation compared to Y-type at higher vanadium loadings due to the
crystalline framework stability as a result of smaller pore opening of the
former, and more importantly the lower Al content.[212] The micropore
volume of both catalysts (ZSM-5 and Y-zeolite) decreased with vanadium
concentration in the catalysts (Figure 6).

Etim et al.[195] have shown that in the presence of steam, vanadium is
capable of causing loss of micropores in USY with the evolution of meso-
pores due to its mobile nature (Figure 7). The formation of non-
intracrystalline mesopores, with average pore width greater than 25 nm is
caused by accelerated dealumination. The mobility of vanadium was clearly
demonstrated by using a vanadium trap, which decreased the mobility of
vanadic acid into the zeolite channels, and consequently some micropores
were retained. The micropore volume was most unaffected by vanadium in
the absence of steam, but the cracking ability of the zeolite decreased and the
product distribution in the catalytic reaction modified. In general, unlike
coke and nitrogen, vanadium deactivation leads to a permanent deactivation.

Besides textural properties, other features of FCC catalysts are greatly
impaired by the deleterious effects of vanadium. Cristiano-Torres et al.[213]

reported that in dry atmosphere, vanadium is able to move onto the surface of
the catalyst and neutralize strong acid sites. The apparent Brönsted acid sites
(BAS) density measured by the isopropylamine decomposition decreased with
increasing vanadium loading.[214] It was concluded that acid site neutralization
is probably the first step in zeolite destruction under the regenerator conditions
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of FCC unit. Pimenta et al.[212] investigated the effects of vanadium contamina-
tion on zeolites deactivation over a model cracking reaction using n-hexane as
a probe molecule. The decrease in n-hexane conversion suggested that vana-
dium species poisoned acid sites and also assisted dealumination of the zeolite
framework. Another significant effect of vanadium is the shift in the Braggs’
angle on the X-ray diffraction (XRD) patterns of vanadium deactivated catalyst
which leads to smaller d-spacing and unit cell parameters of the catalyst.[215]

Severe deactivation of FCC catalyst by vanadium is also characterized by the
decrease in unit cell size (UCS).[49,55] This decrease matches the reduction in the
diffraction intensity of the zeolite Y (hkl = 533) peak[49], implying reduced
crystallinity (Figure 7d), which is a fallout of excessive dealumination and
structure damage. The UCS of a zeolite is a direct reflection of its framework
aluminum content. A higher framework aluminum content per unit cell results
in a higher UCS because Al-O bond is longer than Si-O bond. As the vanadium

(a)
(b)

(c)
(d)

10 20 30 40 50
2Theta (deg)

Increasing vanadium loading

Fresh catalyst

Figure 7. Non intracrystalline mesoporosity formation in USY by vanadium. (a) Parent USY, (b)
0.3 wt.% V/USY, (c) 0.5 wt.% V/USY.[195] Reprinted with permission from Elsevier, Copyright 2016.
(d) Zeolite crystal structure destruction by vanadium.
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content increases, bond scission takes place with subsequent dealumination,
which proceeds via hydrolysis of the framework aluminum atom or through
a direct attack of Si-O-Al bonds. Though steaming alone can cause dealumina-
tion of a zeolite catalyst, the extent is quite lower than when vanadium exists.

4.1.1.1. Vanadium effects on FCC products. The effect of metals poisoning
on FCC product yields – gasoline, coke and hydrogen was studied by Lappas
et al.[216] in an FCC pilot plant at a short contact time (SCT). The results
showed that metals (V and Ni) greatly influenced the product yields (Figure 8).
At a constant conversion of 65 wt.%, the yields of coke and hydrogen increased
by about 80% and 250%, respectively, while the gasoline yield decreased by 7%
when 4,000 ppm (Ni + V) existed in the catalyst. The metal contamination
effect is proportional to the metal concentration only up to a critical level,
beyond which the effect is not severe. In the FCC unit, excessive coke increase
is undesirable since the unit operates on a heat balance and thus, it is necessary
to limit the coke yield to a narrow range. Similarly, the substantial increase in
dry gases has a considerable effect on the performance of the wet gas com-
pressors in the refinery.[216] Besides, increasing vanadium concentration slows
down the hydrogen transfer reactions, which increases naphtha octane num-
ber and enhances dehydrogenation of paraffin,[217] resulting in higher olefinic
products, like higher gasoline RON, and higher LPG olefins.[55]

4.1.1.2. Destruction mechanism of FCC catalyst by vanadium.
Understanding the mechanism by which vanadium deactivates the FCC
catalyst is of utmost importance for the improvement in the catalyst design
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Figure 8. Effect of metals on gasoline, hydrogen and coke yields.[216] Re-drawn with permission
from Elsevier, Copyright 2001.
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technology, including the design of efficient vanadium scavenger for con-
trolling vanadium deleterious effects.

Different mechanisms for the deactivation of FCC catalyst by vanadium
have been proposed. Wormsbecher et al.[196] proposed that vanadium could
form a poison precursor, vanadic acid (H3VO4), by reacting with steam
under the FCC regeneration conditions capable of hydrolyzing the zeolite
framework, thereby destroying the catalyst. An equilibrium concentration of
H3VO4 in the range of 1–10 ppm was determined for vanadium deposited on
a cracking catalyst, and this result indicated that vanadic acid is a strong acid,
analogous to H3PO4 that can attack the Si-O-Al bond removing Al from the
lattice and collapsing the structure. Occelli[203] showed that when vanadium-
contaminated FCC catalysts were exposed to steam, anionic products �H2

VO4
- and HVO4

2-, condensation products such as H2V2O7
2- and HV2O7

3-

and polyanions such as H2V10O28
4- were formed depending on several

factors including contact time, catalyst composition, vanadium loading, and
pH of the vanadium precursor solution. The author explained that zeolite
destruction was initiated by H4V2O7, which can be produced in the stripping
section of the FCC unit. In the presence of high temperature steam, oxyca-
tions of vanadium (VO2

+ and VO2+) or hydroxyvanadyl cations and their
protonated species could cause scission of Si-O-Al bond in HY, leading to the
structure collapse. Under the harsh FCC conditions, vanadium (≥ 1 wt.% or
10,000 ppm) has the capability of converting HY/USY zeolite to mullite and
tridymite.[195,197,203]

Pine[218] studied the kinetics of interaction between vanadium and water
on USY to avail understanding of the dynamics of zeolite destruction in the
FCC unit. Experimental results showed that steam was the main agent for
zeolite destruction catalyzed by vanadium. The introduction of REs failed to
increase vanadium tolerance, but was found to decrease hydrolysis and
improve thermal stability of the zeolite. In another kinetic study of zeolite
destruction in the presence of contaminant metals (V and Na), Du et al.[219]

found that the formation of NaOH, which was the rate determining step,
accelerated the zeolite framework decay in the presence of vanadium.
Vanadium and its interaction with REs destroyed the zeolite structure by
rupturing the stabilizing bridges in the sodalite cages. In a study that inves-
tigated the interaction of vanadium with various silica-aluminas using spec-
troscopy techniques, Altomare et al.[201] found that vanadium migrated into
the particles interior; the presence of magnesium or rare earth oxides
decreased mobility of vanadium even under steam-aging conditions. Once
FCC catalyst particle interior is reached, vanadium could destroy zeolite even
in the absence of steam and stabilizes in the form VO2

+/VO2+ in the zeolite
channels near acid sites after heating in oxidizing environment. Extra-
framework alumina species competed with the zeolite for vanadium and
reduced its migration to the acid sites.[205] In this study, the destruction
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FCC catalyst was attributed to the mobility of vanadium caused by the low
melting point of V2O5 (690 °C), but not to the widely accepted vanadium
vapor precursor.

In studies on physically mixed catalyst or catalyst components with vana-
dium pentoxide powder (V2O5) employing Raman spectroscopy, X-ray
photoelectron spectroscopy (XPS) and XRD, vanadates of rare earths or
aluminum were detected as the major phases present in the deactivated
catalysts from the destroyed zeolite phases. Calcined rare earth exchanged
Y (CREY) collapsed with the formation of cerium orthovanadate (CeVO4),
while HY formed mullite and silicate (tridymite) phases.[220]

Wormsbecher et al.[196] and Occelli[203] have clearly shown that zeolite
destruction proceeds via attack of zeolite by vanadic acids, H3VO4 and/or H4

V2O7, respectively. However, Pine[218] demonstrated that vanadium acts as
a catalyst for steam destruction of the zeolite. In all cases, these mechanisms
require both steam and vanadium for the occurrence of the deleterious effect
which infers that vanadium intermediate certainly exists. Sanchez and
Hager[221] showed experimental evidence that H3VO4 was the acid species
formed at high temperature according the reaction below, which validated
the proposals of Wormsbercher et al.[196]

V2O5ðsÞþ3H2OðgÞ ! 2H3VO4ðgÞ (6)

Recent studies[195,205] have also confirmed the fact that H3VO4 is the vana-
dium poison precursor responsible for the destruction of zeolites and FCC
catalysts.

Pompe et al.[222] showed that vanadium can destroy REY by attacking the
RE component of the zeolite Y, forming a low melting point RE vanadate in
which RE ions are incorporated in various proportions depending on the
chemical stability. These authors further explained that the vanadate forma-
tion required more oxygen than what could be supplied by V2O5, and this
oxygen has to be therefore taken from the zeolite structure, thereby disrupt-
ing the zeolite structure.

4.1.2. Nickel
The impact of nickel on the overall utilization of petroleum for fuel produc-
tion is significant. Nickel accumulates overtime in the FCC unit to unbear-
able destructive dosages on the cracking catalyst, resulting in several severe
effects on cracking reactions. Nickel interferes with many upgrading pro-
cesses, severely deactivating FCC catalyst and catalyzing undesirable side
reactions, such as dehydrogenation and coke formation. In commercial
spent catalysts, nickel has been found to exist in different states.[202,223–225]

Petti et al.[224] studied the state of nickel in a commercial FCC E-cat by using
XPS and observed that nickel existed mainly as NiAl2O4 or Ni2SiO4 with
a small portion as NiO. The amount of coke formed was found to correlate
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well with the surface Ni concentrations on the catalysts. Busca et al.[223]

found that nickel existed as crystalline NiO on the modeled spent catalyst
in an amount as low as 1,000 ppmw Ni on the catalyst, while the remaining
existed in a highly reduced state (metallic Ni) in alumina matrix. The
alumina matrix acts as a trap for this species of nickel, which is unwanted
in the FCC riser due to its high dehydrogenation activity, leading to the
formation of alumina spinel-like solid solution (NixAl3+x). Stöcker et al.

[226]

showed the presence of NiO in a FCC equilibrium catalyst, and the reaction
of NiO with steam leads to the increased acidity, whereas further reaction
with protons lowers the strength of acid sites on the zeolite. Nickel was found
to enrich on the external surface of zeolite crystallites and hardly migrated
into the interior of the particles in the presence of non-framework aluminum
and other cations (Na+ and La3+).[227] On a commercial FCC catalyst nickel
covered the zeolite surface uniformly, and steam aging caused migration of
nickel from the zeolite particle into the matrix particles.[228]

The interaction of nickel with FCC catalyst matrix materials was studied
employing the temperature-programmed reduction (TPR) technique.[229,230]

The extent of reduction of nickel on alumina catalyst increased with an
increase in nickel loading and reduction temperature. The reduction of 0.5
and 9.0 wt.% Ni on alumina catalyst at 450 °C reduced total nickel content by
29% and 75%, respectively. For nickel on silica catalysts, a higher nickel
reduction was found at a much lower temperature than that on alumina due
to the weaker interaction with the silica support.[229] There was also the
evidence of correlation between the reducibility of nickel present on the
cracking catalyst and their activity for coke formation and dehydrogenation,
increasing with easiness of nickel reduction.[230] The extent of dehydrogena-
tion is dependent on nickel concentration, nickel oxidation state, cracking
catalyst type and age. A simple mechanism of coke formation by nickel is
that the dehydrogenation reaction produces reactive paraffin (unsaturated
hydrocarbons), which undergo rapid beta-scission or cyclo-condensations
reactions, leading to formation of coke. Although nickel is
a dehydrogenation catalyst and negligibly impact cracking catalyst activity,
studies have shown that nickel-containing catalysts produced more heavy
cycle oil/bottom or decreased bottom conversions[231], indicating a reduced
ability to crack heavier feed components. Moreover, the activity of nickel in
the regenerator has been shown to be catalytically unfavorable for high CO2

concentration production; hence, processing high nickel feed can result in
a low throughput.[232]

4.1.3. Iron
Iron in equilibrium FCC catalyst may come from sources including the feed-
stock to the FCC unit, the product of corrosion or from storage equipment
degradation.[233] Contamination of cracking catalyst by iron has destructive
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effects on the performance of the catalyst, obstructing reactants’ access to
active sites with associated loss of bottom conversions.[234] Unlike vanadium
and sodium, iron is least mobile. XPS and SEM-EDS results have shown that
surface iron concentration was highly enriched as compared to sodium,
indicating that most of the deposited iron remained on the surface of the
catalyst particle.[190,233] XPS data also proved that iron on the FCC E-cat
existed in the form of Fe3+; however, this oxidation state was not the state in
the riser or regenerator. Any reduced form of iron in the E-cat sampled from
the FCC unit will be likely oxidized to Fe3+ in air.[190] Iron decreases the
catalyst activity by two different mechanisms. At low concentrations, deactiva-
tion is caused by poisoning of acid sites, while at higher concentrations,
deactivation proceeds through the pore blockage.[235] The loss of activity of
a cracking catalyst by iron is not only due to the decrease in the accessibility
and acid site poisoning, there also a direct ion exchange with catalyst active
sites. Iron forms clusters on FCC catalyst particles that could cause catalyst
fluidization problems in the FCC unit and catalyzes dehydrogenation reac-
tions, which lead to a higher coke selectivity.[236] These clusters are made up of
small crystals of magnetite (iron oxides) that can readily react with hydrogen
sulfide in the riser forming iron sulfide, which re-oxidizes in the reactor to
magnetite, releasing S and SO2. This reaction proceeds at a very fast rate with
the release of enormous amount of heat that melts the surrounding layer of
silica-alumina matrix at the particles surface up to several microns deep. This
results in the formation of a dense layer of iron oxide which acts as a barrier at
the surface to the diffusion of oil molecules.[190] Figure 9a shows the effect of
iron on MAT conversions at different CTOs. It reveals that iron causes
a quantifiable decrease in the catalyst activity, which is in good agreement
with the decrease in acidity as the iron concentration on the catalyst increases,
indicating that the significant reduction in catalyst activity is attributed to the
direct poisoning of the catalyst active sites.[235]
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[235] Reprinted with permission from Elsevier, Copyright 2014.
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Furthermore, it is shown in Figure 9b that iron poisoning of the catalyst
decreases the selectivity to LPG, while coke increases in an exponential
manner with the rise in the iron content. Increasing coke formation by
iron may be caused by high dehydrogenation reactions since they are pro-
portionally related. Also, increase in the iron content on the catalyst causes
a monotonous and continuous decrease in gasoline, but an increase in the
LCO selectivity.[235] Although this illustration indicates that iron alters the
activity and selectivity of the FCC catalyst, the harmful effects on the overall
catalytic behavior is approximately a half that of vanadium.[237]

The incipient wetness impregnation technique of introducing metals to the
FCC catalyst for laboratory evaluation gives rather a uniform distribution of
iron throughout the catalyst surface, which poorly simulates the real FCC
situation. To simulate more closely the effect of iron in the real FCC unit,
Rainer et al.[234] subjected catalyst to alternating cracking and regeneration
cycles with VGO spiked with organic iron. Results indicated that iron formed
nodulated structures on the FCC catalyst surface (Figure 10d), destroying the
surface morphology. Increasing iron levels promoted catalyst sintering,
blocked active sites, and imposed diffusional limitations to access of the
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active sites. This behavior was directly reflected by the decrease in AAI. The
obstruction of the surface pore structure by the iron-enriched rings protected
the interior of the catalyst prepared by using silica-based binders, but caused
loss of the activity and bottom conversion. The catalysts containing alumina
binder showed high resistance to iron deactivation and maintained high
activity and high bottom cracking performance even at high iron loadings.-
[190] Iron precursors constitute an important factor for the distribution of
iron artificially deposited on the catalyst surface. The poisoning of the
cracking catalyst by iron was mainly caused by bigger molecular compounds
such as iron naphthenate, which formed iron-enriched nodules on the
catalyst surface. Small iron species such as iron chloride had little influence
on the catalytic performance due to the uniform distribution of iron.
Reduced catalytic performance was also associated with changes in the
physiochemical properties, such as variation in crystallinity, surface area
and pore volume (Figure 10a-c).[238] The hydrothermal treatment of catalyst
contaminated with iron has no significant influences on the textural proper-
ties, indicating that iron contamination does not cause additional hydrother-
mal instability as observed in the case of vanadium.[235]

4.1.4. Calcium
Elemental mapping of E-cats has shown calcium deposited as one of the
contaminants[240], but its distribution was not as uniform as nickel on
alumina and vanadium in zeolite.[241] Calcium contamination causes the
deactivation of FCC catalyst by neutralizing acidic sites, similar to sodium,
and by lowering the hydrothermal stability, which leads to significant
collapse of the zeolite structure.[235] When present together with iron,
the resulting large coke formation raised the catalyst temperature in the
regenerator, intensifying the destructive actions of calcium. The compro-
mised hydrothermal stability resulted in the decreased accessibility to
active sites. As a result, the contamination of FCC catalyst by calcium
caused a continuous degradation of surface area as the calcium content on
the catalyst increased. Other important parameters that are used to mea-
sure the stability of a catalyst, such as crystallinity and acidity also
decreased. The degradation of textural properties of FCC catalysts con-
taminated with calcium is mainly attributed to the collapse of the porous
network, differing from the pore blockage mechanism of iron contamina-
tion. This effect is suggested to be due to the interaction and ion exchange
between USY-H+ and Ca2+, and is known to lower the hydrothermal
stability of FCC catalyst.[235] At low level, most Ca does not exchanged
with zeolite. It synergistically combines with Fe to form low eutectic
melting points on the E-cat surface resulting in pore blockage.[190]

However, at very high calcium concentrations, great losses of catalyst
activity become likely (Figure 11a), and the effects on product distribution
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are obvious (Figure 11b). A decreasing effect can be observed for LPG and
coke selectivity, whereas dry gas, gasoline, and LCO selectivities
increased.[235] Similarly, Kumar et al.[242] found that the feed conversion
decreased to a marginal extent, while gasoline, LCO, and coke generally
increased. On the other hand, both LPG and dry gas decreased. The
decrease in the dry gas was attributed to lower mono and bi-molecular
reactions, which correlated with acid sites distribution on the FCC cata-
lyst. Unlike vanadium and nickel, calcium shows a very low tendency
toward dehydrogenation reactions. However, these two case studies do not
seems to portray calcium as problematic in the FCC unit as would be
anticipated of a contaminant metal, thus further studies are required on
this metal actions under different unit severities for proper elucidation
and understanding of dynamics of its undesirable effects on the cracking
catalyst.

4.1.5. Sodium
Sodium is another metal that presents highly undesirable effects to the
cracking catalyst. It originates from several sources including natural content
in feedstocks, residual materials from the catalyst preparation or as remains
from oil extraction due to faulty desalter.[243] Sodium from these sources
deposits on the FCC catalyst and accumulates on zeolite particles. The effects
of sodium poisoning of FCC catalyst have been studied by several research-
ers. In one aspect, the framework destruction of USY is prompted by ion
exchange of Na+ with the protons of the acid sites, resulting in the neutra-
lization of BASs.[214,244,245] The specific surface area of the FCC catalyst
decreased with an increase in the amount of deposited sodium (independent
of the precursor), and most of the surface area loss was due to the reduction
in zeolite surface area.[246,247]
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The destruction mechanism of hydrothermally treated zeolite Y by sodium
was investigated in detail by Xu et al.[248] It was found that at a low Na+

concentration, the steam dominates hydrolysis of framework aluminum. At
a high Na+ concentration, the hydrothermal instability is promoted by the
metal, leading to the collapse of zeolite structure. Sodium reacts with steam
forming surface NaOH, which causes the destruction of zeolite. In the absence
of steam, Sandoval-Diaz et al.[244] have shown that at temperatures similar to
those prominent in the FCC regenerator, the destruction of the structure of
zeolite Y by sodium is not caused by dealumination as in the case of vanadium,
which involves the framework aluminum hydrolysis, but by the scission of
≡ Si-O-Si≡ bridges. Dealumination is inhibited because the balancing protons
required for this reaction are readily exchanged with Na+ and are not available
for bond rupture. By increasing sodium loading, the activity of n-butane
cracking decreased monotonically without affecting the selectivity. This beha-
vior was explained by the inability of sodium to be selectively poisonous to
a particular acidic site. Sodium reduces the crystallinity of zeolite which can
lead to amorphous materials.[214,244] USY was found to amorphized irrever-
sibly with increasing Na+ level, accompanied by a remarkable loss of micro-
porosiy, but without significant depletion of framework aluminum.[249]

A Combined XRD and Raman scattering experiments revealed that the
destruction of zeolite by Na+ (as NaCl) occurred selectively on the six mem-
bered rings of the FAU zeolite. It is revealed in this study that the action of Na+

over zeolite catalyst is precursor dependent. For example, most Na+ enters the
FCC unit as NaCl, a stable compound of sodium, which is difficult to form
NaOH by steaming alone, differing from the claim of Xu et al.[248] that the
formation of NaOH was the origin of zeolite collapse. Hagiwara et al.[243]

found that sodium, in the absence of steam, created defects (Si-OH) on USY
and increased the mean void volume of the supercage. In the presence of
steam, zeolite was stable with respect to the crystal structure when a small
amount of sodium ions were present. Tangstad et al.[246] showed that the effect
of sodium on commercial FCC catalyst was dependent on the source. Sodium
emanating from the production of the catalyst affects the catalytic behavior
differently from that deposited during operation. The former significantly
lowers the gasoline octane number than the latter. These existing arguments
render the exact mechanism of sodium actions over zeolites and zeolite
catalysts inconclusive. Unlike vanadium, sodium contamination only slightly
increased or less reduced the UCS of USY zeolite with increasing sodium
loadings after steam-aging. The same trend was observed for the number of
framework aluminum atoms, which was ascribed to inhibition of
dealumination.[249] An increment in the abundance of framework aluminum
atoms results in the expansion of the unit cell due to the longer length of Al-O
bond than Si-O bond. Another finding also showed that FCC catalysts contain-
ing zeolite Y with increasing sodium content as Na2O or Na+ retained a higher
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UCS, with a decreased surface area after hydrothermal treatment, collaborat-
ing with the above assertion.[248] Correspondingly, the activity and selectivity
to the main product decreased.[246,250] A similar dealumination inhibition
mechanism by RE holds for sodium for stabilization of the zeolite framework,
resulting in the elongation of the coordinating bond between Al and O, which
leads to the expansion of UCS of RE-exchanged zeolites. It appears that an
interesting study will become of the effect of RE on Na/Y. Generally, sodium
inhibits dealumination during steam-ageing and its presence affects product
selectivity due to its influence on UCS and Brönsted acid density of zeolite.
Sintering of catalysts can also be promoted in the presence of sodium ions.[251]

In summary, the ability of sodium to exert undesirable effects on the cracking
catalyst originates from its tendency to exchange with the protonic sites in the
zeolite, resulting in neutralization of acidic sites and framework instability in
the regenerator. Sodium presence even in a low level causes profound loss of
catalytic activity and modifies physiochemical properties of the FCC catalyst.

4.2. Effect of simultaneous deposition of contaminant metals

Deposition of more than one contaminant metal on FCC catalysts can
alleviate or exacerbate the destruction of catalyst activity because of the
intrinsic interaction existing between the deposited metals. For example,
the coexistence of iron and calcium in FCC catalysts leads to a harmful
synergism (Table 6). In combination with iron, calcium exhibited an indirect
destructive synergy, increasing the regenerator temperature and at the same
time promoting the hydrothermal instability of the catalyst.[235]

Escobar et al.[171] investigated the effects of iron and calcium on the
formation of coke on USY. In their experiments, iron and calcium
exchanged USY zeolites were impregnated with vanadium and nickel and
tested in modeled catalytic reactions to elucidate the roles of metals (Fe and
Ca) in coking, acidity and nickel particle formation. Results indicated that

Table 6. Coexistence of metals in FCC catalyst.

Coexistence of metals Synergy Interactive effect

V+ Na ● Negative ● Accelerates zeolite dealumination
● Destroys zeolite structure

V+ Ni ● Positive/negative ● Lowers coke formation,
● Protects zeolite structure
● Increases catalyst activity

Ni+ Fe ● Negative ● Decreases dehydrogenation reaction

Fe+ Ca ● Negative ● Increases regeneration temperature,
● Causes hydrothermal instability

V+ Ni+ Fe ● Negative ● Increases dehydrogenation reaction
● Lowers hydrothermal stability
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the bimetallic catalyst (NiVUSY) formed relatively lower coke in compar-
ison with the monometallic (NiUSY and VUSY) ones, and the products had
higher olefin-to-paraffin ratios. The amounts of coke on FeUSY and CaUSY
were far less than those on NiUSY and VUSY. Generally, coke formation
on metal impregnated catalyst would be increased since it is promoted by
the active sites of the metals. In a related study, the coke formation by
nickel and vanadium coexisting in USY and RE-USY was much lower than
that by the individual metals. Rare earths strongly suppressed coke forma-
tion on vanadium sites in USY, but promoted it on nickel sites[252], which
suggested the coking behavior of bimetals in zeolite Y is controlled by the
bimetallic interaction. In another systematic study similar to the bimetallic
(Ni and V) USY, Pinto et al.[38] found that the presence of nickel and
vanadium in a catalyst formulated of USY significantly decreased the
catalyst activity for the cyclohexane transformation. Four catalysts, namely
Cat2, NiCat2, VCat2 and NiVCat2 were compared for the investigated
metal effects. The cyclohexane activity decreased from 193 for Cat2 to
120, 107 and 113 for NiCat2, VCat2, and NiVCat2, respectively, indicating
deactivation of the catalysts by the metals. As a result, coke formation
increased due to dehydrogenation reaction, resulting in a higher olefin-to-
paraffin ratio. The kind of feedstock appears to influence the interactive
effect of metals in a catalyst. Heavy oils such as VGO exhibit positive, while
short chain hydrocarbons such as cyclohexane show negative synergetic
effects on the catalytic activity.

The oxidation states of the contaminant metals influence the dehydrogena-
tion activity and coke formation of contaminated catalysts in some manner.
Tangstad et al.[237] studied the catalytic effects of nickel and iron on the FCC
catalyst. The dehydrogenation activity of nickel was observed to be proximate
to that of vanadium in an oxidizing environment. Conversely, in a reducing
environment, the dehydrogenation activity of nickel was significantly higher at
the same temperature. Iron only had a significant dehydrogenation activity
after steam aging followed by the reduction in a CO/N2 environment at 760 °C.
The co-impregnation of equal loadings of nickel, iron, and vanadium on the
catalyst resulted in a relatively higher dehydrogenation activity than those of
single elements. In the reducing environment, the dehydrogenation activity of
the co-deposited contaminant metals decreased due to the reduction of the
valence state of vanadium from V5+ to V3+. The significantly reduced dehy-
drogenation activity of vanadium in V3+ state compensated for the increased
dehydrogenation activities of nickel and iron. Besides, the addition of vana-
dium deteriorated the hydrothermal stability, synergistically deleterious to the
zeolite catalyst.

For pure zeolites with a large number of sodium ions, the presence of
vanadium causes a synergetic destructive effect. However, for composite FCC
catalysts, vanadium had no significant effect coexisting with sodium on the
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hydrothermal stability due to the trapping role of the matrix of the catalyst.
A mechanism of zeolite destruction by vanadium in the presence of Na+ has
revealed that vanadium (as vanadic acid) acts as a catalyst for the removal of
sodium ions from the zeolite in the form of NaOH. Thus, the increase in the
concentration of NaOH, being the destructive species, promotes the dissolu-
tion of the zeolite crystals.[243,248] The combined pathways can be summar-
ized according to the reactions below.

V2O5þ3H2O ! 2H3VO4 (7)

3Na� YþH3VO4 ! Na3VO4þ3H� Y (8)

Na3VO4þ3H2O ! 3NaOHþH3VO4 (9)

The initial step in this mechanism is the formation of vanadic acid, the
poisonous and highly mobile species that is well established to exist in the
vanadium poisoned E-cats. This acid then reacts with sodium, which has
exchanged with the proton from BASs of H-Y in the form of Na-Y.
The second step yields H-Y, regenerating exchanged BASs. The produced
sodium vanadate is then converted into NaOH by the action of steam. Under
such conditions, the vanadic acid behaves like a catalyst, as it is not con-
sumed. However, this mechanism seems not to be absolutely accurate.
Sandoval-Diaz et al.[214] argued that since H-Y is a strong acid and NaOH
is a strong base, the reaction should actually occur in the opposite direction.
The net reaction would consist of the hydrolysis of a stable salt (Na-Y), which
is difficult to occur even in the presence of a catalyst.

3Na� Yþ 3H2O ! 3NaOHþ 3H� Y (10)

The only ground for this to happen would be through the immediate con-
sumption of the produced NaOH and/or HY to shift the equilibrium for-
ward, but as they are produced on the same BASs, it is much more likely that
they are consumed by reacting with each other, which is the opposite
reaction. Based on this study, the authors have faulted this mechanism
leading to formation of sodium-vanadate, which shows that at the tempera-
ture prevalent of the FCC regenerator, vanadium must be present as anion to
react with Na+. However, this sodium is consumed in a previous reaction
with the zeolite framework or matrix and is unavailable to react with
vanadium oxide.

The effect of simultaneous deposition of nickel and vanadium on
a commercial FCC catalyst under hydrothermal conditions was investigated
by Tatterson and Mieville.[230] The results indicated that nickel can occupy
several sites on the surface of the catalyst. An indirect interaction between
vanadium and nickel was found to exist that reduced nickel coking activity
during cracking, resulting in the reduced coke formation. Similarly, Etim et al.-
[253] showed that when nickel and vanadium are deposited concomitantly onto
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FCC catalyst the mutual interaction between the metals can prevent the crystal
structure of the catalyst from total collapse. Nickel acts as a vanadium scavenger,
consuming part of the vanadium poison precursor (vanadic acid) available for
contact with the catalyst, forming nickel vanadate. In this way, the absolute
destruction of the catalyst structure was reduced. In another study, Chester[199]

showed that nickel and vanadium did not interact synergistically to destroy the
catalyst structure. Nickel produced 3 to 4 times as much hydrogen as did an
equivalent of vanadium, while the metals were almost equally active for the
contaminant coke yield. The lack of the destructive synergism between vana-
dium and nickel was demonstrated. Although the study did not clearly reveal
any harmful synergism for the nickel and vanadium co-impregnated catalyst at
low metals level, Jaras[254] observed the activity loss due to the saddling of high
metal levels (5000–10 000 ppm).

The extent of the metal effect on FCC catalysts may be dependent on
other factors besides the catalyst itself. For example, catalyst formula-
tions with metals traps or passivators, or catalyst containing a high-
activity component would be less deactivated than those without these
materials. This inherent variation in the FCC catalyst formulation could
cause remarkable changes in the metal contaminant effect on product
yields, including the undesirable coke formation and dry gas production.
Figure 12 shows the responses of four catalysts (W, X, Y and Z, having
different resistance to metal poison), to the increasing levels of metal
poison. The different slopes of the curves are related to different metal
resistance of the catalysts. Catalyst Wwas the most selective with the
highest metal resistance and gave the lowest response to metal deactiva-
tion. Catalyst X had a high metal resistance at low metal levels, but

Y>Z>X
Y>X>Z

ytivitcele
S

Metal content

W

X

Y

Z

X>Y>Z

Figure 12. Effect of metal content on the catalyst selectivity. Re-drawn from.[199].
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decreased fast with increasing metal contents. On the other hand, cata-
lyst Y was more selective at high metal levels than catalysts X and Z. The
interaction between two or more contaminant metals could promote or
reduce the destructive ability of a single contaminant. As mentioned
above, sodium and vanadium can combine to exacerbate the destruction
of zeolite structure. Similarly, iron and calcium coexisting in FCC cat-
alyst can combine to increase the regenerator temperature and deterio-
rate the hydrothermal stability of catalyst as well. However, the
interaction between nickel and vanadium is beneficial to the catalyst
structure and coke formation with respect to laboratory scale studies.
In fact, nickel reduced the destruction of zeolite Y by vanadium, whereas
vanadium can suppress coke formation tendencies of nickel.[211,252,255]

4.3. Localization and distribution of FCC catalyst contaminants

Metal contaminants distribute differently when deposited on FCC catalysts.
Several studies have revealed the characteristics of metal deposited cracking
catalyst from the regenerator and in the laboratory.[234,256] Figure 13 shows
the distribution of metal contaminants and their spatial location in the FCC
catalyst particle. Electron probe microanalyses (EPMA) have shown that
iron deposits on the external surface of FCC E-cat particles, forming iron
rings around the particles. Also, Hui et al.[257] using TEM found nodulated
structures on the surface, which consist of Fe-bearing nanoparticles
imbedded in an amorphous matrix. Increase in the content of iron
increases the surface concentration, but not the depth of penetration inside

Figure 13. Contaminant metals distribution in a deactivated FCC catalyst (laboratory scale).[190]

Reprinted with permission from Elsevier, Copyright 2004.
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of the particle.[53,190] In zeolites, nickel is preferentially located on the
surface layer of the zeolite crystallite.[227,228] However, for a composite
FCC catalyst particle, nickel was detected in a very high concentration in
alumina particles[223,224,258], where deposited nickel formed a hard layer
difficult to reduce mainly in the form of nickel aluminate spinel �
NiAl2O4

[224] and NixAl2O3+x.
[223] Psarras et al.[53] observed that the local

areas of nickel enrichment in FCC catalyst particle are also those of
aluminum enrichment, and they attributed this to the formation of Ni-Al
mixed phases such as nickel aluminate. The metal distribution profile of an
E-cat from the real FCC unit showed that nickel concentrates mostly on the
surface, but its distribution can also be observed in some interior areas of
the particles in extreme cases, similar to the deposition profiles of vana-
dium and sodium.[216] Vanadium first deposits on the surface of the FCC
catalyst in the regenerator and later migrates to the interior of the particles.
Hence, vanadium could homogeneously distribute throughout the entire
catalyst particle due to its mobility.[53,190] Recently, Etim et al.[258], using
a chemisorption technique (TPR) suggested the existence of vanadium as
AlVO4 in commercial FCC catalyst. Although sodium and calcium can
preferentially exchange with the protons sites in the zeolite, electro-
microscope imaging revealed that calcium concentrates preferentially on
the surface of the FCC catalyst (Figure 13).

4.4. Control of cracking catalyst contamination

In spite of the undesirable effects of feedstock contaminants on the
performance of the cracking catalyst as discussed above, the processing
of heavy oil fractions is ongoing. This is driven by the fact that there are
existing technologies for controlling the activities of the contaminants,
allowing upgrading and optimization of heavy oil feedstocks. Several
strategies for controlling the deleterious effects of the contaminants in
the cracking units have been practiced for years. The initial technique was
the formulation of the zeolite-based catalyst with matrices, binders and
fillers to act as traps for metals and basic nitrogen compounds, in addition
to supplying the catalyst mechanical reinforcement.[42,259] Although there
was great benefit incorporating the matrix to zeolite catalyst for FCC, the
overall performance was generally low in terms of metals trapping. This
led to the search for more effective methods to keep the contaminants at
bay for improved conversion of heavy feedstocks and residues. The use of
contaminant traps that are different from the base catalyst components
and can be added to the FCC processing unit boosts the overall perfor-
mance and increases the unit profit. Introduction of a foreign substance
for the purpose of deactivating the catalytic effects of contaminants
(metals) may take different forms, including charging to either the
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feedstock or the catalyst itself or as a co-catalyst to the reactor (Figure 14).
Nonetheless, feedstocks can be pretreated to reduce the burden of
a particular contaminant, by processes such as demetallization and
hydrotreatment.[260] The unit operational changes to alter the oxidation
state of the metals also affords a practical method for controlling the
harmful effects of metal contaminants.

Demetallization, peculiar to metal contaminants, selectively extracts metals in
crude oil from its organic moiety. It is a chemical process that uses different
chemicals including inorganic acids (H2SO4, HCl, HNO3, H3PO4, etc.) and bases
and chloride salts. The acid treatment can successfully remove high loads of
metals, but there are exceptions in some cases where the acids reduce to their
corresponding oxides, which are detrimental to the FCC unit. For instance, H2SO4

and HNO3, reduce to SOx and NOx, respectively, which are dangerous environ-
mental pollutants that contribute to acid rain. Therefore, HCl is the most effec-
tively and widely used demetallization agent. Hydrotreatment is mostly effective
for the removal of non-metallic contaminants such as sulfur and nitrogen, and is
applicable to metals as well. Hydrotreating consists of the hydrogenolysis of the
contaminant heteroatom molecules (containing nitrogen, sulfur, and metals) in
the crude oil with hydrogen in the presence of a catalyst. This process is of high
importance in the refinery because of its ability to minimize the flue gas emission
that contributes to environmental pollution. Hydrotreatment for removal of
metals is generally referred to as hydrodemetallization (HDM), whereas those of
sulfur and nitrogen are commonly referred to as hydrodesulfurization (HDS) and
hydrodenitrogenation (HDN), respectively.

Figure 14. Methods for passivation of metals with destructive effects on FCC catalysts.
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Operational changes involves certain practices that prolong and maintain
the activity of the cracking catalyst, such as flushing, alteration of oxidation
state of the metals, short contact time (SCT) cracking reactions, etc.; how-
ever, the applicability of metal oxidation change and reaction at short contact
time will require changes in FCC unit design. The reduction of vanadium to
lower oxidation states decreases the active sites thereby reducing dehydro-
genation reaction and coke formation, thus maintaining the overall catalyst
activity. This can be realized by passing the regenerated catalyst through
a reducing atmosphere prior to returning to the cracking zone.[206,261,262]

Flushing involves the withdrawal of metal laden catalyst from the circulating
inventory, and fresh/low metal equilibrium make-up catalyst introduced to
maintain the activity.[232,263]

As previously mentioned, passivating contaminant metals to render their
activities harmless under conditions prevalent in FCC units provides a more
practical and an effective method for controlling catalyst deactivation. This
can be achieved by introducing feed additives into the unit along with the
catalysts or the FCC catalyst particle can be formulated with special anti-
contaminant agents in the bulk of the catalyst particles during preparation.
These additives combine with the metals so that the active component is
protected.[7] Passivating agents can be best referred to as “passivators” or
“metal traps”. A passivator is any additive to the catalytic cracker capable of
reducing the deleterious effects of contaminant metals to improve the catalyst
activity and/or selectivity toward more desirable products. The two most
commonly used passivators are antimony and tin based compounds for
passivation of nickel and vanadium, respectively. Antimony-based passiva-
tors have been successfully used to passivate nickel at the commercial scale
since 1976. They are usually in liquid or semi-liquid form and injected into
the feedstock to react with nickel. However, antimony based passivators in
solid forms are also available. Other widely used passivators for nickel are
based on cerium and bismuth.[264] Incidentally, cerium is also an effective
vanadium passivator. Generally antimony based passivators function by
reducing gas and contaminant coke caused by nickel catalyzed dehydrogena-
tion reactions through an interaction between the nickel and antimony,
forming Ni-Sb alloy that is hard and unreactive on the surface of the
catalyst.[231,265,266] Tin and tin-based compounds have been in use since
1982 on industrial scale to effectively mitigate the harmful effects of
vanadium.[232] However, in recent days, tin-based passivators, are no longer
gaining commercial applications. Vanadium which is mobile under FCC
conditions combines with passivating agents to yield vanadate species that
is generally inert and thermally stable under FCC unit conditions, preventing
the severe catalyst activity decay. While the use of antimony for nickel
control has proven a commercial success, significantly decreasing the nickel
induced dehydrogenation activity, vanadium contamination management is
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still facing serious drawbacks that need further improvements. In this regard,
several improvements in the passivation technology have been continuously
explored by many researchers. A handful of some technologies are summar-
ized below.

A catalyst containing alumino-sepiolite as binder was shown to maintain
a higher conversion/high selectivity due to its ability to trap nitrogen present in
the feed.[267] Ammoxidation catalyst as an additive to the FCC unit has been
found to reduce NOx precursors in emissions from the FCC regenerator. This
additive consists of mixed metal oxides of Fe, Sb and additional metal such
as Mg, Mn, Mo, Ni, Sn, V, or Cu, and can function effectively under both full
and partial burn regeneration conditions.[268] The nitrogen control ability is
through the conversion of NH3, HCN or NOx to N2 when in contact with the
gas phase in the FCC regenerator.

Vanadium could be passivated by interaction with metallic oxides such as
REs and alkaline earth, forming stable REVO4 and alkaline earth metal
vanadate, respectively, for example, as revealed by a variety of techniques-
[193,269,270], hence most passivators are based on rare earths[232,271–273] and
alkali earth oxides.[196,274,275] Some other effective vanadium passivators are
perovskites such as CaTiO3 and BaTiO3.

[276–278] The use of special formula-
tions, including mixed metal oxides[279,280], the oxides, salts and/or the
organometallic compounds of the metals Mg, Ca, Sr, Sc, Y, La, Ti, Zr, Hf,
Nb, Ta, Mn, Fe, In, Tl, Bi, Te, and the lanthanide series elements[281],
phosphorus compounds of bi-valent (Be, Mg, Ca, Sr, Ba, Zn, Cd, and Pb)
and tri-valent (Al, Ga, In, As, Sb, Bi, La, Ce, Pr, Nd, Pm, Sm, Eu, and Gd)
metals[282] have been demonstrated to effectively deactivate vanadium effects.

Catana et al.[283] proposed a method of catalyst coating for the passivation
of vanadium destructive effects, involving the deposition of [Al13] or [Al13O4

(OH)24(H2O)12]
7+ complex generally known as keggin ions from aqueous

solution. In this way, the surface of the catalyst is coated with a layer of
aluminum oxide, which is capable of trapping about 80% of vanadium
species. However, this process of vanadium passivation is unlikely to be
effective under severe FCC operating conditions.

A process of upgrading feed stream containing residue fractions with high
concentration of nickel up to 150 ppm by using a catalyst comprising large
pore rare earth FAU zeolite component, pentasil zeolite (MFI type), and
pseudoboehemite is described in the U.S. Pat. 2014/0235429.[284]

Modified FCC catalysts with various types of aluminas are known to exhibit
improved resistance to the adverse effects of contaminant metals present in the
petroleum feedstock. For example, high surface area alumina may serve to trap
vanadium and protect the zeolite. However, the alumina is ineffective for
nickel passivation as the levels of hydrogen and coke remain high, due to the
high dispersion of nickel on the alumina.[284,285] The use of high metal tolerant
catalysts, where the inherent catalytic properties are modified, can effectively
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manage metal contamination. Recently, modification of the pore structure of
the inherent catalyst particle components has shown promise as a control
method for metal poisons.[286,287] The improved porous binder increased the
conversion and decreased the heavy oil yield by 3.50 and 2.86%,
respectively.[287]

5. Understanding of catalyst deactivation at a single FCC particle
level using advanced characterizations

In the last few years, attention of researchers in the field of FCC catalysts has
been directed to the deactivation of the FCC catalyst at the individual (or
single) particle level, and deeper understanding of the deactivation mechan-
isms has been reached with the use of state-of-the-art characterization tools.
Specifically, all stages of the life cycle of a catalyst including deactivation and
regeneration have been explored using powerful micro-spectroscopic meth-
ods that are able to provide spatial and temporal information similar to those
prevalent in the industries. Some studies within the last five years have
obtained interesting results, which serve as an extension to the wealth of
knowledge in this field and have also provided important insights for further
development in FCC catalyst technology.

Through an integrated set-up comprising micro (μ)-XRF, μ-XANES and
μ-XRD, with a micrometer spatial resolution in 2D or 3D,[288] it is possible to
determine the presence of Ni, V, and the crystalline phases (e.g. zeolite and
kaolinite) on FCC catalyst particle after deactivation in the commercial unit.
The μ-XRF revealed an egg-shell profile for Ni with a shell thickness in the
order of 10–15 μm. Vanadium distributed evenly across the entire FCC
catalyst particle which mapped its possible locations. The artificially deacti-
vated catalyst by Mitchell impregnation method gave a false representation of
Ni deactivation, indicating inaccurate simulation of the industrial E-cat. The
K-edge spectra of Ni and V of the E-cat indicated the presence of Ni2+

(8343 eV) and an oxide-type phase, NiAl2O4 and/or NiO in which Ni2+ is
six coordinated (8330.5 eV). The bands at 5480.4 eV and 5469.4 eV corre-
spond to a mixture of V4+ and V5+. From the μ-XRD-CT patterns, the
reflections defining zeolite Y in the E-cat diminished, implying the destruc-
tion and dealumination of the zeolite in the catalyst, leading to a decreased
Si/Al ratio with associated decreased activity. In addition, the kaolinite
component was observed to transform into mullite.

Kalirai et al.[256] investigated industrial E-cats deposited with substantial
amounts of poison metals (Fe, Ni, V, and Ca) at an individual particle level by
using a micro-XRF Tomography. A 3D imaging with sensitivity at the submi-
cron resolution was achieved with the use of a large-array Maia detector. Results
indicated that Fe, Ni, and Ca had significant concentrations co-localized at the
external layer, while V penetrated the interior of the FCC catalyst particle. The
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metal deposition profile did not change significantly with age of the catalyst. It
was also found that no spatial correlation existed betweenV and La (amarker for
the zeolite domain), suggesting that although V is a known zeolite destroyer of
the FCC catalyst, no preferential interaction existed between them. However,
V localized near the Al2O3 based components of the matrix. The lack of
correlation between V and La in this study may seem to still throw wide open
the unresolved mechanism of RE-V interaction in REY, needing further
research. Figure 15 shows the distribution of poison metals – Fe, Ni, V, and
Ca (green) over FCC catalyst particles, which are represented by the florescence
channels (Red). It is clearly observed that V exhibited both homogenous dis-
tribution and rings of V on the exterior of the catalyst particles, as opposed to the
rich ring-like distributions of Fe, Ni, and Ca around the exterior parts with little
or no concentrations in the interior of particles. The localization of one metal
has an observed effect on the distribution of others. For example, the observed
differences in the distribution of mobile V in FCC catalyst particle may results
from the effect of the non-moblie Fe.[256] Similarly, when V exhibited uniform
distribution over the catalyst particle, the distribution of Fe was not uniform on
the surface.[28]

Wise at al.[289] at the nanoscale level studied the chemical state and the
deposition profile of Fe in an industrial deactivated FCC catalyst particle. It
was found that Fe can penetrate the matrix component of catalyst particles
containing zeolite as a result of pre-cracking of iron-containing organic

Figure 15. 2D XRF mapping of the poisonous metals, Ca, Fe, Ni and V (green) on Al (red) for 500 nm
thin sections of an e-cat particle. Reprinted from.[256] Copyright Wiley Online Library, 2015.
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molecules. In a further detailed study, the authors found Fe species in the catalyst
particle included the “tramp Fe”, “fine dust Fe” and “colloidal Fe”, from the
deposition of inorganic particulate iron, and the accumulation of Fe through
pre-cracking of porphyrinic molecular Fe in the matrix. Figure 16 shows
a distribution of Fe phases – a more reduced state in the matrix (dark & light
blue) and a more oxidized state (from green to purple to yellow) sandwich
structure. The results of this study confirmed a previous one[190] that showed the
existence of Fe as Fe2O3 (Fe

3+) and also provided a proof of Fe as FeO (Fe2+) in
the matrix. Therefore, the accumulation of Fe on the surface of the catalyst
particles is related to the chemical nature of Fe that is deposited.

The distribution of Fe and Ni on the surface of an individual catalyst particle
has been studied using X-ray nanotomography.[290] Figure 17 shows an undu-
lating surface of a catalyst particle having a mottled shape caused by deposition
of Fe and Ni. The distribution of elements is indicated by the color scale (Fe: red
to yellow andNi: blue to green). The nodulated areas were found to contain high
concentrations of Fe, as verified by the high color (yellow) density. The forma-
tion of nodules on the surface of the catalyst is a result of interaction between
iron and other components of FCC catalyst particles (except zeolite), which
lowers the melting point of the Si-rich phase, causing vitrification. In the high
temperature FCC unit, vitrification occurs because of the temperature gradient
and this causes the collapse of low melting point silica-rich phases around the
high melting alumina-phase.[190,290] Deposited metals caused pore clogging. By
calculating the permeability through the pores of the particles, the clogging of
macropores by Fe andNi was revealed. The 3D distributionmap showed that for
a representative sub-volume (16.6 � 16.6 � 10.0 μm3), which covers near-
surface regions and more central parts, Fe exists in a lower concentration in
deeper region of the particle (> ~ 2 μm) as part of the matrix, while Ni was found
predominantly at the top of the subvolume (closer to the surface). By analyzing

Figure 16. La (red) and Fe (green) distribution map (a) and cluster map (b) generated from principal
component analysis and clustering per pixel NEXAFS data. The arrow in (b) highlights the crack visible
in the surface layer. Reprinted from.[289] Copyright American Chemical Society, 2016.
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the fluid flow through the subvolume, it was found that the flowwas restricted in
areas of high Ni contents due to the complete blocking of the macropores.[8,290]

From the information presented herein, it is apparent that in the lifetime of
a FCC catalyst, Ni and Fe accumulated quite early and concentrated in near-
surface layers of the particle.[8] The surface deposition profile of Ni and Fe,
however, showed a slight but remarkable difference due to the stronger pore
narrowing effect by Ni than Fe, particularly at the early stage of the catalyst
testing. This could be explained by the temporal fluctuation in the contents of Ni
and Fe in the feedstock or the presence of tramp Fe, which preferentially deposits
on the outer surface (< 5 μmÞ; or because of the higher diffusion ability of the Ni
molecules than the Fe complex. As a result, more Ni would be deposited in pore
channels.[8]

Not only can these powerful microscopic tools examine the deactivation of
a single E-cat particle, but also can reliably dissect a fresh catalyst particle,
revealing the most fundamental structural information, e.g., the quantitative
size distribution, external shape, and the internal porosity at both micro- and
nanometer scales.[28] It has been shown at ensemble level that a large propor-
tion of well over 1200 individual catalyst particles contained internal voids of
about 5–8 μm in diameter, which is thought to provide accessibility to large

Figure 17. 3D representation of an FCC particle based on TXM mosaic computed tomography:
(a) Optical density (OD) as recorded at 7060 eV, and (b−d) Visualization of Fe (orange) and Ni
(blue) 3D relative distributions obtained from differences of tomography data. (d) Cut-through of
the tomography data showing the inner structure of the particle. Reprinted from.[290] Copyright
American Chemical Society, 2015.
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hydrocarbon molecules, determining catalytic performance, whereas a much
smaller sized voids (~ 100 nm-12 μm in diameter) were observed for the single
catalyst particle.[28] Moreover, the local phases of the components present in
the catalyst (for e.g. zeolite, TiO2, La, and clay particles) are clearly discrimi-
nated, in addition to the localization of contaminant elements as previously
discussed. In a detailed study, the 3D pore structure and inter-particle pores
connectivity were elucidated with sufficient spatial resolution in single FCC
catalyst particle by using X-ray synchrotron techniques. The high resolution
imaging technique enables the visualization of the pore structure of the
different components of the catalyst.[291] Recently, using unusual probe mole-
cules combined with microscopic X-ray techniques with three dimensional
resolution, the detailed localization of Brönsted acidity and the different FCC
catalyst particle domains and their correlation with deactivation (catalytic age)
at single particle level have availed important insights into the future FCC
catalyst formulation improvements.[292–295] For example, Buurmans et al.[292],
by combining fluorescence microscopy with a staining method, (using thio-
phene and Nile Blue A) found that thiophene molecules were responsive to the
Brönsted acid sites located in the zeolite component; the Nile Blue A, due to its
larger size only stained the matrix component of the FCC catalyst, revealing
the intra-particle heterogeneities (the differences in the position and size of
zeolite domain) at the single particle level. The fluorescence intensity, which
correlated with the Brönsted acidity showed a direct relationship with the
catalytic activity that offered a possibility of determining the age of catalyst
particles in the real FCC unit. A most recent study has revealed the possibility
of visualizing the dealumination of a single zeolite domain in the real-life
catalytic cracking catalyst. The method relies on mapping the loss in the
tetrahedral Al atoms within the zeolite domain, with La as the zeolite marker.
It was found that the loss of Al atoms from the zeolite lattices significantly
correlated with the changes in the zeolite domain[296], which has made possible
to monitor zeolite deactivation in a catalyst particle, where matrix and binder
are key components. Some advanced characterization tools and the specific
information derived for a catalyst at individual particle levels are summarized
in Table 7.

6. Conclusions and future perspectives

In this review, we have revisited important developments in FCC process in
recent years. Although the FCC process is an old and a very mature technol-
ogy, it is still one of the cornerstones of the whole petrochemical industry
and will continue to play essential roles in the modern industry with high
significance. A number of changes have taken place in the FCC process
technology. The feedstock range has been broadened to include tight oil as
traditional FCC feedstock, and attempts have been made to use bio-oil either
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as pure or blended with gas oil as FCC feed, although not yet commercia-
lized; the new catalysts used for FCC are those of zeolite Y dispersed in
amorphous silica/alumina and clay matrices. New zeolites and/or combined
with the traditional zeolite Y have also been tested as the active catalyst
component. The realization of the current FCC technology shift is fully
accomplished by implementing operational changes in the processing condi-
tions, catalyst design and/or reactors re-configuration.

The various contaminants in FCC process, including their origin and
effects on the FCC catalysts and the detailed interaction mechanisms with
the catalysts have been reviewed. Effects of metal poisons on FCC catalysts
are widely studied and most of the research were conducted within the last
three decades. Nonetheless, research in this particular area is still very active.
The main findings are summarized as follows:

-It has been shown that vanadium is the most deleterious metal in
petroleum feedstock to the FCC catalyst. It decreases the activity of FCC
catalyst by destroying the crystalline structure of the zeolite via dealumina-
tion, leading to the collapse of catalyst structure and elimination of some acid
sites where cracking reactions take place.

Nickel, also a recognized FCC catalyst poison, acts as a dehydrogenation
catalyst, and consequently increases the formation of coke. Its effects on the
structure of cracking catalyst and on the catalytic performance have not been
investigated to the same extent as vanadium, and are merely limited to
dehydrogenation reaction and coke production tendencies.

Iron severely reduces the accessibility of reactant molecules to the active
sites in the catalyst by blocking the catalyst pores.

Table 7. Deactivation and structural composition of FCC catalysts derived at single particle level.

Catalyst deactivation at a single FCC
particle: observations Characterization method Ref.

Particle agglutination, pore structure X-ray nanotomography [8,297]

Pore structure, individual catalyst
components

Micro-X-ray imaging [291,298]

Catalytic activity, acid sites, sulfur
location, individual catalyst
components

Confocal fluorescence, dye staining [140,292–294,299]

Metal contaminants, elemental and
zeolite distribution, zeolite
crystallinity and Si/Al ratio

X-ray micro-spectroscopies (μ-
tomography, μ� XRF, μ� XRD)

[8,28,256,288,290,298]

Chemical states and distribution of
iron

X-ray ptychography [289]

Structural defects Integrated Laser and Electron Microscopy
(iLEM)

[298]

Dealumination, inter- and intra-
particle heterogeneities

Scanning transmission X-ray microscopy
(STXM), X-ray adsorption near edge
spectroscopy (XANES)

[296]
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Sodium neutralizes the strong acid sites and inhibits framework aluminum
hydrolysis at high concentrations. It seems that research on sodium effects
has attracted much attention in recent years. However, it remains contro-
versial on the most appropriate deactivation mechanism of the zeolite cata-
lysts by sodium. In general, the effects of the FCC feedstock contaminants on
the cracking catalyst include neutralization of the acidic sites, surface area
degradation, dealumination of the framework aluminum, structure collapse
and clogging of catalyst pores.

Clearly, greater attention should be given to organic nitrogen and sulfur
contaminants in FCC feedstock due to their remarkable effects on the
cracking catalyst as described in this review paper. Also, synergism resulting
from the deposition onto the FCC catalyst of more than one metal poison
can be harmful or beneficial depending on the specific deposited metals. The
co-deposition of vanadium and sodium is synergistically deleterious, whereas
the presence of vanadium and nickel concomitantly on a cracking catalyst
affords mutual benefits to the catalyst catalytic and physiochemical proper-
ties, although most of these findings are limited to laboratory scale studies. It
is important to comment that although many tests have been carried out
using different FCC catalysts and/or feedstocks, discrepancies on the general
behavior of the contaminants are rarely reported. In general, the metallic
contaminants cause irreversible deactivation, whereas the non-metallic
(coke) contamination is reversible.

In recent years, the use of advanced characterization tools that are able to
provide spatial and temporal information similar to those prevalent in the
commercial units have been exploited to study all stages of the lifecycle of
a catalyst including deactivation and regeneration; this has deepened under-
standing of the deactivation mechanisms of FCC catalysts by contaminant
metals. Most recent studies using a single FCC catalyst particle from the
refineries have provided insights into the distribution and localization of the
metal poisons in the catalyst particle, which could help the formulation of the
next generation catalysts with optimized matrix and porosity to provide
maximum resistance to metal poisoning.

A large proportion of previous studies have been focused on pure
zeolites, which is far from the real catalyst used in FCC units.
Therefore, the use of composite catalysts that comprise matrix and binder
in addition to the active zeolite component are required for further
studies, particularly in the case with presence of nickel. The interactions
between the different components of the FCC catalysts particles deserve
further studies to understand the roles of the individual components in
cracking reactions. Theoretical studies on the mechanisms of FCC catalyst
deactivation by contaminant metals are recommended to complement
experimental results. This could afford comprehension of catalyst deacti-
vation at molecular levels.
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