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Abstract

Linear alkylbenzene (LAB) is the main raw material used to make biodegradable detergents,
and its production process is based on aromatic alkylation. HY zeolites that have undergone
controlled dealumination and desilication have led industrial standards amongst solid acid
catalysts because of their controllable acidity and hierarchical pore structure. Coke forma-
tion in such systems can assume a dual role, which is dependent on its condition. Though
the over-deposition is known to cause deactivation by blocking the micropores, Bronsted
acid-site masking, and diffusion collapse, the low-level deposition could also be done to
increase the monoalkylate selectivity by the pore mouth catalysis, steric modulation, and
selective suppression of secondary alkylation pathways. The critical review is done on the
structural-kinetic interaction that determines the coke evolution in HY-based catalysts. In
order to moderate the acid-site density and enhance hydrothermal stability, dealumination
(Si/ Al optimization of about 2.5 to 30-100) occurs, but to reduce deep-pore coke formation,
desilication (interconnected mesopores) is created. The bimodal porosity and regulated
acidity are found to be synergistic, as hierarchical HY zeolites produced through successive
cycles of steam and alkaline treatments not only show LAB selectivity in excess of 90%
but also exhibit much longer catalyst lifetimes. Quantitative research on the beneficial
coke regime revealed that it was composed of about 36 wt% hydrogen-rich species, which
were localized at the pore mouths, hence enhancing monoalkylation selectivity by 15-40%.
Beyond a critical transition window (e.g., 8-12 wt.%), coke formation to condensed pol-
yaromatic and graphitic products leads to fast deactivated coke formation, which is due to
percolation limits and transport-controlled kinetics. More advanced techniques of character-
ization of the coke, e.g., temperature-programmed oxidation (TPO), 27 Al MAAS NMR, and
UV-Raman spectroscopy, indicate how the coke is changed to highly structured graphitic
deposits of high oxidation activation energy. Activity recovery of 85-98% is obtained in
regeneration processes, including controlled oxidative calcination, microwave-based and
plasma-based processes, and thermal management protocols, and it would be determined
by the chemistry of the coke, its spatial distribution, and the regeneration protocols. This
paper has developed a mechanistic coke control system by cross-tuning the acidity and
development of an effective pore network, which led to a sustainable aromatic alkylation
reaction with minimal activity loss, high selectivity, and long life.
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1. Introduction

Aromatic alkylation is very vital in the petrochemical industry, especially in the
synthesis of LAB, which is a major intermediate in the manufacture of biodegradable sur-
factants [1,2]. The LAB market is expected to be worth billions, with a compound annual
growth rate (CAGR) of 3.8%, and it is set to grow to $14.2 billion by 2030 as the Asia-Pacific
region advances towards its own environmentally friendly detergents needs and grows
its share of the market, which currently comprises about 60% of the overall usage [3-5].
LAB is the precursor to the most commonly used surfactant in household and industrial
cleaning products, linear alkylbenzene sulfonate (LABS), which is a paradigm shift to
biodegradable alternatives to branched-chain alkylbenzenes, which are environmentally
persistent [6-9]. Conventional aromatic alkylation methods use homogeneous catalysts,
including hydrofluoric acid (HF) and aluminum chloride (AlCl3), which present a serious
environmental, safety, and operational problem [10,11]. These liquid-acid systems produce
dangerous waste, need corrosion-proof infrastructure and pose threats of disastrous acci-
dents. As a result, the design of heterogeneous catalysts using zeolites has become strategic,
and the benefits associated with this approach are simplicity of separation, reusability, less
corrosivity, and absence of liquid-acid risks (see Figure 1) [12-19].

Figure 1. Conceptual framework of market, catalytic, and environmental drivers in aromatic alkylation.

The Y-type zeolites based on faujasite (FAU) topology are one of the most appeal-
ing zeolitic materials, as they feature three-dimensional pore structures, large supercages
(12.4 A diameter), abundant Brensted acidity, and the capability to receive both aromatic
compounds and olefin reactants [20-22]. Dealumination and desilication are the best after-
synthesis reagents [23,24]. Dealumination is a process that selectively removes the atom
framework aluminum in the form of steaming, acid leaching or chemical extraction to
purify the Si/ Al ratio to 30-100, reducing the density of acid sites, enhancing hydrothermal
stability, and forming secondary porosity [25,26]. In desilication, alkaline treatment is used
to selectively remove silicon atoms to produce hierarchical mesoporosity, which increases
diffusion and decreases the mass transfer restrictions and the importance of internal active
sites [27,28]. In spite of such developments, the process of coke formation continues to be the
major deactivation process that restricts the life and productivity of industrial catalysts [23].
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Coke carbonaceous deposits that have been formed during the processes of olefin oligomer-
ization, alkylation-dealkylation, hydrogen transfer, and cyclization-dehydrogenation reac-
tions, which accumulate on catalyst surfaces and in the pore structures, increasingly cover
up the active sites and active diffusion pathways [29-31]. Notably, the responses of coke are
highly different between dealuminated HY zeolites and desilicated hierarchies [2,23], which
requires sophisticated characterization methods (TPO, NMR, UV-Raman spectroscopy) to
reveal structure-activity—deactivation correlations [32-35]. According to recent mechanis-
tic research, a paradigm shift has occurred where coke is no longer harmful but can be
dualistic with regard to quantity, chemical composition and spatial distribution [23,36]. The
accumulation of soft aliphatic coke at pore mouths in a controlled manner can be useful in
increasing shape selectivity, and reducing polyalkylation, but the too high deposition of the
graphitic coke in the micropores leads to permanent deactivation [23]. These two aspects
have significant implications for catalyst design and regeneration techniques.

This paper provides an in-depth analysis of coke manufacture in the case of dea-
luminated and desilicated HY zeolite-catalyzed aromatic alkylation. It is aimed to:
(1) systematically study the influence of dealumination and desilication on zeolite struc-
ture, acidity and porosity; (2) understand the mechanisms, pathways of evolution, and
space distributions of coke formation; (3) be critical about the dual role of coke as a de-
activating agent and characterization of selectivity; (4) assess advanced characterization
methods of coke analysis; and (5) to evaluate regeneration options of sustainable industrial
alkylation processes. The proposed study will enable the next generation of hierarchical
zeolites to be developed in terms of greater coke tolerance, more regenerable and greater
catalytic performance through the combination of reaction engineering, zeolite chemistry
and materials characterization.

2. Zeolite Catalysts: Structure and Properties
2.1. HY Zeolite Framework Characteristics

HY zeolite, which has the FAU (faujasite) topology, is one of the most studied and
commercially used catalysts in the aromatic alkylation processes [20,21]. It has a crystalline
structure made up of a three-dimensional network of huge supercages (12.4 internal diame-
ter) linked together by 12-membered ring (12-MR) windows and effective pore apertures of
about 7.4 A [37-41]. Such a clear microporous structure permits the efficient diffusion of
aromatic molecules, including benzene, toluene, and xylene, but provides steric hindrance,
essentially preventing the formation of bulky branched isomers in favor of linear (n-alkyl)
products [21,42—44]. This large cavity volume and size-discriminating pore entrance combi-
nation has made HY zeolite the catalyst of choice in the industrial synthesis of LAB and
other shape-selective aromatic reactions [45].

The framework Si/ Al ratio is the main determinant of the catalytic activity of HY
zeolites and directly regulates the Brensted acid site density, acid strength, hydrothermal
stability, and deactivation resistance [46,47]. Si/ Al ratios of 1.5-3.0 in parent HY materi-
als indicate a high level of framework aluminum and, therefore, a high level of acidity
(Brensted). As shown in Figure 2, each tetrahedrally connected complex structure alu-
minum atom ([AlO4] ™) provides a negative charge that is countered by a proton to create a
Brensted acid site (5i-OH-Al). This forms a nearly stoichiometric association between the
concentration of aluminum and an acid site, a correlation that has been comprehensively
confirmed by 2 Al MAS NMR, NH3-TPD, and pyridine adsorption data [48,49].

The controlled dealumination, which is attained through steaming (500-800 °C in
controlled humidity), acid leaching with dilute mineral acids, or chelation with complex-
ing agents like EDTA, gradually raises the Si/Al ratio to an intermediate level (usually
30-100), which is known to be the most favorable level to be used in aromatic alkyla-
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tion [50-52]. The key impact of dealumination is the regulated decrease and rearrangement
of Brensted acid sites, which is accompanied by partial formation of extra-framework
aluminum (EFALI) species that bring in secondary Lewis acidity and focal defects of the
framework [52-54]. Notably, although extreme dealumination may produce defect-related
vacuoles or restricted secondary porosity, compositional and acidic modulation, as opposed
to deliberate mesopore formation, is the most common. On the contrary, desilication-based
treatments are also more effective at producing large and well-controlled mesoporosity,
and silicon is selectively removed to form hierarchical pore structures (see Section 3.1). This
difference is important to ensure that the relationships between structure and functions are
not misinterpreted in modified HY catalysts.

Dealuminated HY zeolites have an optimum balance between the density of the acid
and structural stability in the intermediate Si/ Al range (30-100). Low-Si/Al (Si/Al 10)
materials are too acidic and thus favor polyalkylation and coke formation; highly siliceous
material (Si/Al 150) has a low acid density that creates low catalytic activity [55,56]. The
experiments indicate benzene conversions and selectivity of LAB in this optimized composi-
tional regime up to more than 90% under industrially relevant conditions [12,57]. It is more
active because it has moderate acid-site density, desirable spatial positions of active sites in
supercages, steric control at 12-MR windows, which prevents secondary alkylation, and
higher resistance to hydrothermal decay and formation of coke [58-60]. This advantage has
resulted in the industrial standards of LAB production becoming the best dealuminated HY
zeolites, offering a good tradeoff between activity, selectivity, stability, and regenerability.
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Figure 2. The Si-O-Al bonds in the FAU (HY zeolite) framework were illustrated structurally,
reproduced from [61].

The hierarchical pore structure of HY zeolite, which consists of intrinsic micropores
formed in the crystalline aluminosilicate structure and secondary mesopores formed in the
process of dealumination, plays an important role in catalyzing alkylation of large aromatic
molecules [28,62-64]. Mesoporosity has a huge effect on the region of mass transport in the
fact that it increases diffusion pathways as well as decreases diffusion resistance [65]. This
bilateral pore network not only hastens the reaction of the reactions, but it also promotes
the outflow of products in addition to reducing the build-up of heavy intermediates that
are precursors of coke [23]. As a result, hierarchical structures have high catalytic activity
and extend catalyst lifetimes by minimizing the deactivation caused by diffusion [66].
Hierarchical zeolites have transport characteristics that are important in ensuring high
throughput and stability in operation in commercial alkylation [67].
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2.2. Comparative Analysis of Zeolite Types

Although HY zeolite is predominant in the industrial aromatic alkylation, knowledge
of other zeolite topologies gives valuable background to its greater performance, see
Figure 3. The structure of Beta zeolite (BEA) consists of a complex three-dimensional
pore network composed of two interconnected channel systems: straight 12-membered
ring (12-MR) channels (6.6 x 6.7 A) and sinusoidal channels (5.6 x 5.6 A) [68-70]. This
dual-channel structure is used to ease the passage of reactants and intermediates through
the zeolite structure. BEA zeolite has a range of Si/ Al ratios 10-100, which gives variable
acidity and good stability of the framework [71,72]. Such compositional ratios produce
moderate to high Brensted acid site densities that are correct enough to experience an
alkylation reaction. The blend of acidity and hydrothermal stability of BEA zeolite ensures
the material is very suitable in the industrial processes that need to be done in high
temperatures with the presence of water [73]. Recent reports show that the addition of
cerium (Ce) to BEA zeolite through the one-pot hydrothermal synthesis method has had
a tremendous boost on the catalytic activity [74-76]. BEA zeolite modified with Ce has
enhanced activity and stability in the alkylation of benzene with dodecyl alcohol, which
is commercially significant. The improved performance is attributed to the synergistic
interactions between cerium species and Brensted acid sites, where cerium species facilitate
electron transfer and the formation of reactive intermediates, while Bronsted acid sites
promote electrophilic aromatic substitution [77,78]. Ce-immobilized BEA zeolite has a
greater conversion rate, better selectivity and a longer lifespan than other BEA systems,
which is commercially feasible in industrial alkylation processes [79].

The ZSM-5 zeolite (MFI) structure has a special structure of straight channels
(5.3 x 5.6 A) and intersecting sinusoidal ones (5.1 x 5.5 A)ata right angle [80-82]. The
dual-channel system generates a shape-selective three-dimensional network that regulates
the transport of molecules and the stabilization of transition states in the zeolite structure.
Although this architecture gives an outstanding control over product distribution, the pore
apertures are relatively small and severely sterically restrict the applicability of ZSM-5 to
alkylation reactions with large-molecule aromatics [54,83]. Therefore, ZSM-5 can only be
used with smaller aromatic substrates. ZSM-5 has a characteristic physicochemical property,
which means a high Si/ Al ratio that is usually 20 to 200 [84-86]. This compositional range
offers medium and yet controlled Breonsted acidity as well as excellent hydrothermal and
thermal stability. The stability measured acidity and controlled pore geometry allow ZSM-5
to do well in selective catalytic tasks where strict shape selectivity, resistance to deactivation,
and performance under harsh conditions are needed [84,87]. The above properties render
ZSM-5 essential in reactions like methanol-to-hydrocarbons (MTH), methanol-to-olefins
(MTO), and selective hydrocarbon upgrading, whereby the discrimination of a particular
molecule and the ability of the structure are of prime significance [88].
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Figure 3. Zeolite framework topology and diffusion pathways in aromatic alkylation. (A) FAU (HY)
zeolite, (B) BEA zeolite, (C) Beta zeolite framework demonstrating medium pore accessibility and
diffusion pathways, (D) MFI (ZSM-5) zeolite, (E) MOR zeolite displaying one-dimensional channels
where diffusion limitations may occur and (F) MOR structure showing severe pore blockage as a
result of coke formation leading to rapid catalyst deactivation, reproduced from [89].

Zeolite topology is critical to the selection of topology to use in industrial applications
based on the measurements of reactant/product molecular dimensions, shape selectivity
that is required, and process severity [90]. Zeolites differ greatly in pore structure, acidity
distribution, diffusion and structural stability, as shown in Table 1. HY zeolite provides
an ideal ratio of physicochemical characteristics in the case of aromatic alkylation [91].
Having a hierarchical pore structure, which consists of intrinsic micropores and secondary
mesopores that are created by controlled dealumination, it offers channels of the right size
to take on large aromatic compounds yet permits efficient intracrystalline transport and
product desorption [92]. Architecture improves mass transfer, minimizes diffusion barriers,
and coke formation, and increases the catalyst lifetime. The effectiveness and selectivity of
electrophilic aromatic substitution reactions in HY zeolite is very high due to the strategic
location of Brensted and Lewis acid sites [93,94]. Together with the hydrothermal and
thermal stability of the framework, the combination facilitates the maintenance of the HY
zeolite to sustain harsh industrial treatments and high temperatures without structural
deterioration. All these benefits make HY zeolite the most dependable and industrially
favored catalyst to be used in aromatic alkylation reactions [2,20,21].

Table 1. Structural, acidic, and catalytic characteristics of representative zeolites used in aromatic
alkylation (compiled from [95] and the related literature under reported reaction conditions).

Parameter HY (FAU) HY-DA BEA BEA-Ce ZSM-5 MOR
Framework topology FAU FAU BEA BEA MFI MOR

Pore system 3D, 12-MR 3D + mesopores 3D, 12-MR 3D, 12-MR 3D, 10-MR 1D, 12-MR
Pore size (A) 74 7.4 6.6-6.7 6.6-6.7 5.1-5.6 6.5-7.0

Si/ Al ratio 2.5-6 30-100 10-100 15-80 20-200 10-20
Acidity

(mmol NH; g~1) 1.8-2.5 0.4-0.8 0.6-14 0.7-1.2 0.3-0.8 1.0-1.8
Mesoporosity Low High Low Low Very low Low
Typical 150-250 150-250 160-240 160-240 180-260 170-250

temperature (°C)
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Table 1. Cont.

Parameter HY (FAU) HY-DA BEA BEA—Ce ZSM-5 MOR

WHSV (h~1) 1-3 1-3 1-2 1-2 1-3 1-2
Iie(ﬁifr;zt/igleﬁ“ 5-10 5-10 48 48 3-6 48

Pressure (MPa) 1-3 1-3 1-3 1-3 1-3 1-3

Benzene conversion (%)  75-85 90-98 82-92 88-95 65-78 70-82

LAB selectivity (%) 70-80 88-96 82-90 86-93 60-75 75-85

Catalyst lifetime (h) 8-12 24-48 12-18 18-28 6-10 10-15

Coke tolerance Low High Moderate High Low Moderate

Main application Sle(;;ztion Industrial LAB LAB production =~ Advanced LAB Light aromatics Linear alkylation

Relative cost

1.0x

1.3-1.5x 14-1.6x 2.0-2.5x% 1.2-1.4x 1.1-1.3x

3. Structural Modifications: Dealumination and Desilication
3.1. Dealumination Processes and Mechanisms

The most widely used post-synthesis modification strategy to tune the structure of HY
zeolites to be used in aromatic alkylation is dealumination [51,96]. Dealumination makes it
easy to control the density of acid sites, hydrothermal stability, and pore structure, reducing
coke formation and improving catalyst life. As illustration in Table 2, the main delamination
pathways are included in the steam treatment, acid leaching, extraction by chelation using
EDTA, and treatment by ammonium hexafluorosilicate (AHFS) [12,23,25,53,97]. Steam
dealumination is still the industrial technique of choice, as it is simple and scalable. When
HY zeolites are exposed to water vapor at high temperatures (500-800 °C), hydrolytic
cleavage of Al-O-5i bonds occurs, causing the extraction of framework aluminum and
the migration of some species of aluminum [25,98]. The rate of dealumination is strongly
temperature-sensitive; little dealumination happens below 200 °C, dealumination is initi-
ated by controlled aluminum migration at 300-400 °C, and poorly controlled dealumination
at temperatures higher than 500-400 °C. Although EFAL species generate Lewis acid sites
that promote alkylation reactions, excessive EFAL deposition can block zeolite pores. There-
fore, acid washing is often applied after EFAL formation to remove excess species and
create secondary mesoporosity [96,99,100].

Moderate temperatures (60-100 °C) of acid leaching with mineral acids (HCI or HNO3,
0.1-6 M) selectively remove the EFAL species but do not substantially destroy the zeolite
framework [51,96,101]. This method offers excellent crystalline retention, yet produces
minimal mesoporosity, resulting in only limited enhancement of mass transport. Another
method that is highly selective, using multidentate complexation to remove aluminum
under the conditions of controlled pH and temperature (pH 4-7, 80-100 °C), is EDTA
chelation [101-103]. Although this method offers high preservation of structure and the
dealuminations are under control, the high cost of reagents and the complexity of the opera-
tions limit the application of this method to only laboratory-scale use. The AHFS treatment
has been found to be a promising new advanced method that can form HY zeolites with
extremely high Si/ Al ratios (>50) and effective EFAL removal [53,97]. Aluminum-silicon
reinsertion into the aluminum framework vacancies with the aid of fluoride results in
well-defined mesoporosity and optimal acidity. Nonetheless, related environmental issues
associated with the waste of fluoride are currently restricting mass industrial applications.
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Table 2. Comparison of dealumination methods for HY zeolite modification in aromatic alkylation.

Parameter Steam Acid Leaching EDTA AHFS
Typical conditions 500-800 °C, H,O 23_‘&3{?“’ 0.1-0.5M, pH 4-7 2‘01_‘915'(1 gl
Si/ Al ratio 15-50 1040 20-80 30-100
Framework Al removal (%) 40-70 30-60 50-80 60-85
EFAL formation High Moderate Low Very low
Mesoporosity (cm® g™ 1) 0.10-0.18 0.05-0.12 0.12-0.20 0.15-0.25
Crystallinity retention (%) 75-90 85-95 90-98 80-92
Benzene conversion (%) 90-96 85-92 88-94 92-98
LAB selectivity (%) 88-94 84-90 86-93 90-96
Catalyst lifetime (h) 24-36 18-28 20-32 3048
Scalability Excellent Excellent Good Moderate
Cost (relative) Low Low High Moderate
Industrial status Widely applied Common Research-scale Emerging
Key references [25,59,98,104-106] [51,96,101] [101,103,107] [53,97]

Experimental results indicate that temperature significantly influences the dealumi-
nation process, while the zeolite framework type determines its thermal stability and
response to temperature. Zeolite structures are condensed and dealumination is re-
duced at 200 °C [108,109]. The majority of aluminum atoms are structural; the structure
does not lose much metal. The change of framework aluminum species is ordered at
300 °C [105,106,110]. The heat totally eliminates the atoms of aluminum in the structure.
The migration of the aluminum of tetrahedral coordination to an extra-framework causes
the chemical composition and geometry of the zeolite to be altered as shown in Figure 4.
This temperature-sensitive transformation needs stringent testing of the thermal conditions
for essential adjustment [111].

Commercial ZSM-5
Si0,/Al,05=27.4

Dealumination
Si0,/Al;03=19.9

Desilication

Si0,/A1,0,=19.6

Figure 4. Sequential structural modification of ZSM-5 zeolite via desilication and dealumination,
reproduced from [112].

The catalyst can be altered by extra-framework aluminum species defects during
dealumination [96,99,113]. Mesopores could be produced by acid rinsing or Lewis acid
sites. The residual acid site strength and concentration are affected by dealumination.
Dealumination increases high-quality, rare acid sites [100]. Steam treatment does not
remove aluminum as well as chemical dealumination using complexing agents such as
ethylenediaminetetraacetic acid [101,102]. These compounds will tend to bind to aluminum
atoms to extract them easily and cause minimal structural damage, complexing solution
pH, temperature, and concentration to optimize dealumination [103].
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3.2. Desilication Processes and Structural Modifications

Desilication is one post-synthetic step where framework silicon is selectively removed
to produce hierarchical zeolite crystallization, which is a combination of microporous shape
selectivity and mesoporous diffusion catalysis [114-117]. Desilication facilitates access
to secondary mesopore networks, which could previously not be alkylated with large
aromatic substrates, and increases the accessibility, activity, and catalyst lifetime [27,28].
Ordinary desilication agents include sodium hydroxide (NaOH), potassium hydroxide
(KOH) and organic bases, e.g., tetra-propylammonium hydroxide (TPAOH), of which the
selection determines the silicon extraction intensity, silicon extraction location and silicon
extraction selectivity [117,118]. The key parameters that are worth regulating include the
concentration of alkali, temperature, treatment time and, above all, the Si/Al ratio that
makes the frameworks resistant to attack by alkali [119-121]. When the conditions are
favorable, silicon-rich zeolites (Si/ Al > 15) are selectively desilicated at the crystal surfaces
yet with minimal loss of internal structure order, allowing one to regulate the production
of uniform mesopores without appreciably losing crystallinity [20,122-125]. It is suggested
that reintroduction of post-desilication of aluminum in mesopore walls can regenerate the
available Br3nsted acidity in the newly formed porosity that further enhances catalytic
performance [54,114,126]. However, when over-alkaline or over-treated for a long time,
hyper desilication takes place, leading to framework dissolution, amorphization and loss
of performance [28,127]. Such risks will be minimized through the use of pore-directing
agents, e.g., tetrabutylammonium hydroxide (TBAOH), to spatially concentrate on silicon
extraction and preserve long-range order by selectively inhibiting alkaline attack [128-130].

Figure 5 schematically shows that interconnected mesopores are formed during con-
trolled alkaline desilication, but the microporous structure remains, which is used in shape
selectivity [131-134]. The resultant bimodal pore structure synergistically integrates molec-
ular separations with improved mass transportation, an element that is of great importance
in aromatic alkylation of large molecules, which are severely diffusion-limited in pure
microporous zeolites [28,114,135]. Through rational parameter control, typically with rein-
sertion of aluminum, ordered hierarchical zeolites with optimized acidity and diffusion
pathways can be designed [136-139]. Table 3 gives a comparison of desilication routes that
can easily be applied to aromatic alkylation.

Supplement of caustic

Ag,

==\ q';"':'a
i g
YMOH e
]

Alkali-silicate solution

L. ~

Desilication

Caustic solution

Roasted bauxite

.

Silicate products

Alumina concentrate

Figure 5. Schematic illustration of the desilication process modeled on alkaline leaching of roasted
bauxite, reproduced from [131].

https:/ /doi.org/10.3390/reactions7010020


https://doi.org/10.3390/reactions7010020

Reactions 2026, 7, 20

10 of 33

Table 3. Desilication strategies for hierarchical HY zeolites in aromatic alkylation.

Method NaOH KOH TPAOH Sequential (NaOH — Steam)
Typical conditions 201—_805502/[/ 0.1-04 M, 70-90 °C 0.05-0.2 M, 80-95 °C 0.2 M NaOH + 600 °C steam
Si/ Al ratio 8-15 10-18 12-20 25-45
?f;%"g?f;’ volume 0.15-0.25 0.12-0.22 0.10-0.18 0.18-0.30
Crystallinity (%) 70-85 75-88 80-92 75-90
Broensted sites (mmol g’]) 0.8-1.2 0.9-1.3 1.0-14 0.5-0.9
Conversion (%) 88-94 90-95 85-92 93-99
LAB selectivity (%) 85-92 87-94 83-90 91-98
Lifetime (h) 28-42 32-48 24-38 40-60
Coke (wt.%) 5.8-7.5 5.2-6.8 6.5-8.2 3.8-5.5
Scalability /Cost Excellent/Low Excellent/Low Moderate/High Good/Moderate
Industrial status Widely used Common Limited Emerging
Key refs [114-118,140] [117-121] [128-130] [28,105,141,142]

3.3. Combined Dealumination—Desilication Strategies

Sequential dealumination—desilication is a complicated framework-engineering
methodology of forming hierarchical zeolites with enhanced structural, textural and cat-
alytic capability than isolated post-synthesis additions [140,143,144]. The sequence of
treatments is conclusive: dealumination proceeds to desilication, which is always more
homogeneous in mesoporosity, retains its crystallinity, and has higher catalytic activity than
the reverse sequence [118]. This is due to the mechanistic interaction between the defect
formation of the framework and selective silicon mining. The first step of dealumination
forms structures vacations and silanol sites or defects, which serve as favorable nucleation
sites in the second step of alkaline desilication [145]. These locations facilitate the creation of
spatially regulated silicon elimination and generate interlinked mesopores of optimal size
and connectivity [90,146]. In this regard, dealumination is a successful way of preparing
the zeolite structure to undergo hierarchical pore formation.

Steam pretreatment is also linked to the improvement of sequential modification
protocols [28,105,141]. Through thermal treatment, other framework defects are introduced,
hydrolytic susceptibility is enhanced, and any residual organics or water that might cause
the inhibition of further chemical treatments are removed [90,109]. Steam-dealumination-
desilication routes thus produce clear bimodal pore structures, where conserved micropores
guarantee molecular selection, and newly created mesopores, to allow quick diffusion
and product desorption [147-150]. These hierarchical architectures offer transformational
benefits to aromatic alkylation of large molecules [28,151,152]. The purely microporous
zeolites pose a strong diffusion constraint on long-chain olefins and alkylated products,
and hence low conversion and rapid deactivation by pore blockage. Decoupling selectivity
and transport operations in hierarchical zeolites addresses such limitations: micropores are
selective to linear monoalkylated, and mesopores are highly permeable to diffusion and
coke formation [54,98,153,154].

Sequential modification also allows a specific control of structural evolution of
the parent HY zeolite to the ultimate hierarchical catalyst, as schematically shown in
Figure 6 [155-160]. Framework Al-O-Si bonds are controlled to be dealuminated forming
silanol nests which direct further alkaline desilication (see Figure 6) [156,157]. The sec-
ondary mesopores thus formed are linked to the remaining microporous network to form
a synergistic micro-mesoporous architecture that gives rise to molecular selectivity and
increased mass transport [159]. More complex designs in advanced designs, silanol nests
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formed in the dealumination step, can be further functionalized with metal species (e.g., Ti
added in Cp,TiCl,), creating extra Lewis acidic centers and expanding the catalytic range
beyond Brensted acids [155,158]. These hierarchical systems of zeolites are multifunctional
with low diffusion barriers, increased access to operational sites and improved resistance
to deactivation in troublesome reactions of alkylation [159,160].
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Figure 6. Schematic representation of structural evolution in HY zeolite during dealumination and
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desilication processes, reproduced from [155].

4. Dual Role of Coke: Detrimental Versus Functional Effects

The formation of coke during the aromatic alkylation on HY zeolites has long been
considered a major reason for catalyst deactivation expressed through the blockage of
the micropores, masking of the Br-acid sites, and extreme restriction of intracrystalline
diffusion [23,114,161]. Nevertheless, its effect is not necessarily harmful, but it highly
depends on the coke loading, molecular structure, and spatial distribution of the zeolite
structure. Figure 7 shows that the light aliphatic or weakly aromatic species with the rela-
tively high H/C ratios that predominantly form during low coke coverages (usually around
350,500 wt.% H in FAU-type HY zeolites) are present at low coverages and are localized at
the pore mouths and exterior surfaces [23,36,162,163]. The secondary alkylation and bulky
transition states are suppressed, and the internal micropore is retained, which increases
the selectivity of the monoalkylate product, with pore mouth catalysis being a geometric
modulator when a partial pore mouth constriction is used in this regime [91,164]. Exper-
imental investigations on FAU-, BEA-, and MOR-type zeolites support the fact that this
controlled coke deposition enhances selectivity without causing considerable diffusional
breakdown [164,165]. As time-on-stream or conditions of more adverse reactions increase,
successive dehydrogenation and condensation produce polyaromatic and graphitic species
of coke with low H/C ratios and higher structural rigidity [166-169]. These condensed
species move into intracrystalline micropores and fill up more and more, covering Bronsted
acid sites and causing nonlinear decreases in effective diffusivity and catalytic activity.
When coke loading toward a critical transition zone, the coke loading is usually on the
order of 8-12 wt.%; in the case of standard HY catalysts, micropore occupancy reaches a
percolation threshold at which there are no interconnected diffusion pathways anymore
and rapid deactivation ensues [23,170].

Notably, the frequently used and commonly cited 10 wt.% value is not universal in
nature, as it is dictated by the inherent volume and connectivity of FAU structures; in other
words, the functional-to-detrimental transition is a percolation phenomenon of structure
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and is not merely a concentration value. Sequential dealumination-desilication can make
hierarchical HY zeolites that improve mass transport, slow the coke deposition in the
deep pores, and push the deactivation point to higher coke loadings, thereby stabilizing
functional coke species and increasing catalyst life [28,63,96,171]. As a result, coke is not
only to be considered as a catalyst poison but rather as a dynamic structural modifier, the
formation of which can be controlled to be optimally exploited with regard to selectivity,
stability, and overall efficiency in industrial aromatic alkylation.
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Figure 7. Dual role of coke in HY zeolite-catalyzed aromatic alkylation: from pore mouth selectivity

to micropore deactivation.

5. Previous Studies

The zeolites are considered to be the best catalysts in aromatic alkylation due to their
adjustment to acidity, thermal stability, and shape-selective microporous structures [152].
Specifically, HY zeolite (FAU) containing 12-membered-ring supercages easily accepts
benzene, toluene, as well as higher aromatics in the industrial environment [114,161]. How-
ever, coke formation is still the predominant deactivation mechanism, which gradually
blocks Brensted acid sites, impedes intracrystalline diffusion and reduces catalyst life when
operating under extended high temperature conditions [172]. In an effort to overcome this
deactivation caused by coke, extensive research has been done on framework engineering.
The most successful single modification has been found to be dealumination, which en-
hances the Si/ Al ratio, reduces undue acidity and improves hydrothermal stability [103].
This strategy is supported by desilication, which selectively removes silicon in alkaline me-
dia to add mesoporosity without affecting the inherent shape selectivity of the microporous
framework [12]. The pioneering studies of Verboekend and Perez-Ramirez have shown
that with the use of controlled alkalinity, temperature and pore-directing agents, diffusion
is greatly enhanced because mesopores are formed in the presence of crystallinity without
loss of crystallinity [152,173].

Subsequently, narrower sequential dealumination-desilication methods have been
justified, with hierarchical micro-mesoporous HY zeolites having better catalytic proper-
ties [12]. Multi-scale pore structure hybrid steam-alkaline treatments decouple the opera-
tions of selectivity and transport: micropores retain molecular selectivity, mesopores are
high-accessibility active sites and achieve rapid product removal [143]. Li et al. have shown
a 140% lifetime increase in the catalysts in difficult hydrocarbon conversions because of
the shortened diffusion routes and equal Brensted /Lewis acidity distribution [63]. These
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hierarchical structures suppress condensation reactions, leading to refractory polyaromatic
coke [174]. The design of rational catalysts is founded on a mechanistic theory of the way
in which coke is generated. The coke formation on acid zeolites is a sequential process of
olefin oligomerization, cyclization, aromatization and condensation to polycyclic aromat-
ics, predominantly on Brensted sites [166,167]. Coke has always been viewed as an evil
substance but lately it has been established that it has dual importance. Al-Shathr et al.
demonstrated that the selectivity of monoalkylated could be increased during controlled
deposition of coke through the mouths of the micropores due to geometric inhibition
of over-alkylation, commonly denoted as pore mouth selectivity, that occurred in both
beta and mordenite zeolites [23]. These findings lead to the opposite of the traditional
paradigm and suggest that it is strategic coke management that would generate the optimal
performance of catalysts and not the complete inhibition of it.

There are still important knowledge gaps, even with the massive progress made.
The existing literature (as summarized in Table 4) indicates that (i) quantitative corre-
lations of hierarchical pore architecture with topology of coke deposition are necessary,
(ii) the switch between the beneficial and detrimental coke has to be explained, (iii) and
that strong structure-activity relationships under industrially relevant conditions, and
(iv) the spatial distributions of coke between micro-, meso-, and mesopores have to be
solved [11,173,175,176]. By filling these gaps, it will be possible to rationally design next-
generation HY-based catalysts with superior coke tolerance, regenerability and long-term
stability to support sustainable processes of aromatic alkylation.

Table 4. Selected studies on modified HY zeolites and coke formation in aromatic alkylation.

Zeolite/ . . Coke k Conv. LAB Lifetime Key
Authors (Year) 1 gigication  Reaction Si/Al wt%) () (%) Sel (%) (h) Outcome  R¢f
Zhang et al. M'etal
(2024) Beta—Ce Benzene + C, 18 5.8 0.024 93 91 32-45 acid [74]
synergy
. Kinetic
é&s;“am etal gy Toluene +Cg 38 65 0028 91 89 28-38 valida-  [21]
tion
Beta and Pore
ég;;athr ctal. - mordenite Toluene +C; 25 38 0015 95 9 40-55 mouth  [23]
coke catalysis
HY, steam 140%
. dealumina- Heavy e
Lietal. (2017) tion and aromatics 45 52 0.022 94 - 3648 lifetime [63]
desilication nerease
Verboekend HY, dealumi- Lowest
etal. (2013) nation and Hydrocarbons 48 4.8 0.019 96 - 42-58 deactiva- [171]
’ desilication tion rate
Verboekend and Mesopores
Pérez-Ramirez ?;’ilication Zﬂf‘llzlﬁon 12 75 0038 90 86 22-30 improved  [114]
(2011) Y diffusion
. . High
gg{gfcek etal erD; dnealuml' Benzene + Cpp 42 6.8 0032 92 88 24-32 regenera-  [177]
ano bility
HY. steam 35% coke
Daetal. (2001)  dealumina- Toluene + Cp; 35 8.2 0.045 89 85 18-24 f}i‘j;‘:s“on [91]
tion parent
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6. Aromatic Alkylation Reaction Mechanisms
6.1. Eley-Rideal Mechanism and Reaction Pathways

Aromatic alkylation with zeolite catalysts uses a proton-mediated electrophilic substi-
tution reaction that is not mechanistically related to classical homogeneous Friedel-Crafts
chemistry (see Figure 8) [12,178]. In conventional systems using AlCl3, the coordination
reaction of the alkylating agent with the Lewis acid yields a relatively free carbocation in the
bulk liquid phase, which then reacts with the aromatic ring without steric constraints. No
pore blockage enables the free movement of carbocations, but also facilitates uncontrolled
polyalkylation and side reactions [21].
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Figure 8. The classical homogeneous Friedel-Crafts alkylation mechanism, with AICl3 as a Lewis
acid catalyst, demonstrates the formation of carbocation in bulk-phase and electrophilic aromatic
substitution [179].

In the alkylation of zeolites in the opposite direction, the Bronsted acid sites (Si-OH-Al)
(protonated olefin) are prototransformed in a closed micropore; the olefin is protonated
by zeolite channels to form a carbenium ion anchored to the zeolite structure [21,178,180].
This is the protonation step, more generally known as the rate-limiting step, which is
governed by the strength of the acid, proton affinity, framework polarization, and local
electrostatic stabilization. Unlike homogeneous systems, reactive intermediates in zeolites
are spatially confined, and their reactivity is strongly influenced by the pore topology and
steric constraints.

An Eley-Rideal (ER) mechanism is frequent in the reaction, where the protonated olefin
(adsorbed species) reacts with an aromatic molecule entering the liquid phase [181]. It is
not a definite but a conditional description. When such a situation as increased aromatic
adsorption intensity or improved surface coverage occurs, a Langmuir-Hinshelwood (LH)-
type of mechanism, i.e., the momentary co-adsorption of the reactants within the pore
network, can become dominant [182]. As such, the ER and LH pathways cannot be
considered mutually exclusive but instead as competing or complementary pathways,
the relative abundance of which is determined by adsorption energies, concentrations of
reactants, pore structure, and diffusion rates [183]. In LAB it is customary that weakly
adsorbed benzene and strongly adsorbed olefin protons in large-pore FAU-type zeolites,
which are actually desired in large-scale LAB production, preferentially adsorb onto ER-like
surfaces, yet medium-pore or diffusion-limiting situations can also have a beneficial impact
on LH contributions [12].
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Figure 9 shows the electrophilic attack by the protonated carbenium ion on the surface
is accompanied by the protonated carbenium ion attacking the aromatic m-system of the
protonated carbenium ion to form a o-complex (Wheland intermediate), which, although
not a permanent breaking of aromaticity, occurs temporarily [21,44,181]. Aromatic structure
deprotonation is later recovered and the Brensted acid site is regenerated, which completes
the catalytic process. The stability of carboxylations and regioselectivity of acids in the
presence of acids are certain determinants of carboxylations’ stability and regioselectivity,
which ultimately determine the distribution of the product. The stability of the intermediate
is highly affected by the pattern of substitution, the effect of hyperconjugation, and the
affixation of the intermediate in the zeolite pore.

H—A
R R
N
C=C_
R R
H,SO,
:Ae

o) ! '
e G — O
R’ R R

Figure 9. Proposed zeolite-mediated aromatic alkylation mechanism on Brensted acid sites, illustrat-
ing olefin protonation, formation of a surface-stabilized carbenium ion, o-complex generation, and
regeneration of the acid site within a confined microporous environment [179].

Notably, mass transport within the zeolite structure is important for controlling the
expression of mechanistic properties. The effect of intracrystalline diffusion constraints on
adsorption equilibria, effective concentrations of reactants at active sites, and transition-
state stabilization [12,21]. As the coke gradually fills pore mouths and intracrystalline
micropores, adsorption of geometries and steric constraints are altered, potentially shifting
the relative contribution of ER-type surface interactions versus diffusion-limited LH-type
interactions. Accordingly, aromatic alkylation on the HY zeolites must not be considered as
one or the other mechanistic pathway but as a confinement-controlled, proton-mediated,
electrophilic substitution network, wherein the strength of the acid, the topology of the pore,
the resistance to diffusion, and the coke evolution are all-determining catalytic performance,
selectivity, and coke evolution.

6.2. Selectivity Control and Product Distribution

The aromatic alkylation of numerous different compounds with zeolite catalysts re-
sults in mono- or di-alkylated products based on the reaction and catalyst conditions [162].
Mono-alkylation is carried out under moderate conditions of reaction, such as low tem-
perature and concentration of olefins, due to less electrophilic substitution of aromatic
rings. The combination of higher temperatures and increased olefin concentration facili-
tates di-alkylation since the number of reactive carbenium ions that can be substituted will
increase [184]. Larger di-alkylated molecules are synthesized and diffused more selectively
by steric constraints, whereas mono-alkylation is elevated when the aperture of the pore
is small [170]. HY zeolite strikes a balance between molecular accessibility and shape
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selectivity of the catalyst to maximise mass-transport rates and steric control [21,165]. Dea-
lumination improves electrophilic aromatic substitution on its hierarchical pore structure.
Recent studies indicate that dealuminated HY zeolites can be expected to have a long
industrial catalytic lifetime and LAB selectivity of more than 90% [177]. Molar ratios of
aromatic to olefin (5:1 to 10:1) are known to enhance mono-alkylation selectivity and have
no effect on the rates of the reaction in the high-purity LAB [162].

The efficiency, selectivity, and stability of aromatic alkylation reactions between hydro-
carbons rely on temperature compared to acidic zeolite catalysts [2,12]. The temperature
range is 90-250 °C, which is the best range of temperatures, balancing between catalyst
stability and reaction kinetics. The elevation of temperature produces and reacts to car-
bocation intermediates required in electrophilic aromatic substitution, accelerating the
reaction. Olefin oligomerization, cracking and heavy polyalkylated species can occur with
high temperatures [169,185]. Byproducts directly modify the deposition of coke on the
zeolites on the pore networks and block the active sites, diffusion pathways, and catalysts.
The rate of alkylation versus temperature is Arrhenius, as with the acid-catalyzed reaction
pathways [21]. Because of the low energy barrier of olefin protonation and carbocation
generation, the rate-limiting step of most alkylation systems, an appropriate temperature
control in the temperature interval of 40-80 kJ /mol has also been observed to preserve the
energy barrier in reactions. The catalyst has to be shielded because of the lower temperature,
the reaction has to be selective, and the production of coke has to be reduced [186].

7. Coke Formation: Mechanisms and Characterization

The actual process of coke formation in aromatic alkylation on HY zeolite can be
considered mechanistically, as Figure 10 demonstrates, right-to-left, starting with the final
graphitic lamellae of carbon and progressing to the sources of the carbon atoms within
their molecules [187]. At the extreme right-hand of the sequence with low H/C ratios,
extended polyaromatic stacking and adsorption on the interior walls of the pore or external
catalyst surfaces, very condensed graphitic domains are observed [23]. These reserves are
the thermodynamic limit of converting hydrocarbons into acidic conditions. These are
very structured domains with lower hydrogen content, making it hard to deprotonate by
oxidation. This organization drastically limits access to micropores, exposes Bronsted acid
locations and influences transport.

As these graphitic structures develop to the left, they are formed out of progressively
condensed polycyclic aromatic hydrocarbons (PAHs) [168,188,189]. PAHs are formed
by repeated electrophilic substitution, dehydrogenation, and intermolecular cross-linking
reactions that take place under high temperature and high Brensted acidity. Planarization, 7-
7 stacking, and stabilization of aromatic intermediates are facilitated by confinement effects
in the supercages of FAU-type HY zeolites, and this process enhances the rate at which the
intermediates of these interfaces undergo transformation into larger, less hydrogenated
carbon frameworks. At this point, there is a reduction in molecular mobility, growth
in diffusional resistance, and the catalyst starts to shift away from reaction-controlled
performance to transport-limited deactivation.

Further left in the series, PAHs are synthesized based on monocyclic and oligocyclic
aromatic intermediates, which are synthesized by cyclization of unsaturated hydrocarbon
oligomers [57,170]. These intermediates are a derived product of surface-bound carbenium
ions that are due to the protonation of olefins at Brensted acid sites. Aromatic species
of increasing stability are produced by oligomerization, followed by an intramolecular
ring closing and aromatization. This chemistry is not completely decoupled from selective
alkylation in optimal conditions, but high temperature, high olefin partial pressure, or high
density of acid sites switches the reaction network to condensation-dominated reactions.
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Figure 10. Reverse mechanistic interpretation of coke evolution in HY zeolite during aromatic alkyla-
tion, illustrating the transformation from graphitic coke (right) to polyaromatic intermediates and
light hydrocarbon precursors (left) within a confined microporous framework. Adapted from [187].

The protonation and activation of light hydrocarbons (olefins, paraffins, alkyl interme-
diates) in the zeolite micropore system occur at the leftmost point of origin of the scheme.
This initial step controls the desirable electrophilic aromatic substitution, and it is linked
with moderate intrinsic activation energies (usually 4080 k] mol~!), which represent the
barrier to the energy necessary for olefin protonation and the formation of 3-complex [162].
These intermediates undergo productive alkylation preferentially with control of the reac-
tion conditions. Nevertheless, stronger thermal or acidic conditions trigger the identical
reactive carbocation species to act as a site of nucleation in oligomer growth and later
evolution of coke.

Kinetically, the right-to-left reconstruction is able to account for this apparent variabil-
ity of the experimentally determined activation energies as time-on-stream increased. To
begin with, the activation energies that are observed are predominantly chemical barriers
that are inherent [190]. As polyaromatic intermediates accumulate and the number of
micropores filled increase, the resistance of mass transfer becomes more significant, and
the apparent activation energy measured by an experiment is the product of the intrin-
sic reaction and diffusion rate-limiting factors. Lastly, in high coke loads, the system is
transport-controlled, and the nonlinear tendency in catalytic behavior is observed, which
does away with the previously incompatible kinetic interpretations [31].

In general, the coke formation process must not be regarded as a discrete side reaction
but rather as a thermodynamically preferred endpoint of a continuum of acid-catalyzed hy-
drocarbon reactions, the course of which is controlled by temperature, acidity, confinement
effects, and residence time.

7.1. Coke Types and Characterization

Aromatic alkylation of coke can take place over zeolitic catalysts, and it is possible
to classify coke based on its chemical composition, spatial location and thermal stability,
which is highly dependent on the performance and regenerability of the catalysts (see
Table 5) [166]. In gentle circumstances, the aliphatic coke, which is made of lightly un-
saturated hydrocarbons, is initially formed and it is eliminated with a lot of ease during
regeneration, and it usually burns at low temperatures (300-400 °C) owing to its high level
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of hydrogen and low level of condensation [191,192]. This coke transforms into aromatic
coke made of polyaromatic hydrocarbons of higher thermal stability as the severity of the
reaction increases and more extreme oxidation temperatures (450-550 °C) are needed to
remove it [23]. Additional condensation produces the most refractory coke, graphitic coke,
which consists of highly fused aromatic structures, has low H/C ratios, and cannot be
regenerated oxidatively, even in harsh operating conditions [193,194]. The spatial distribu-
tion of coke in the zeolite is also of crucial interest. Internal coke that is deposited inside of
micropores directly obstructs Brensted acid sites and diffusion pathways, resulting in a
rapid deactivation of coke even in low concentration levels [169]. It is a coke that is usually
polymeric, condensed partially and contains hydrogen [195]. Conversely, external coke
builds up on crystal surfaces and pore mouths and has highly condensed polyaromatic
structures with low H/C ratios and increased densities, which become increasingly limiting
to mass transport and also lead to cumulative catalyst deactivation [196,197]. Taken to-
gether, coke type, the degree of condensation and the spatial location of the catalysts define
the extent of catalyst deactivation, the difficulty of regenerating the catalyst and the stability
of long-term operation during the zeolite-catalyzed aromatic alkylation processes [198,199].

Table 5. Characteristics of different coke types in zeolite catalysts [191].

CokeType  Chemical Composition H/C Ratio Density (g/cm?) ;;’:n“l‘;tr‘:;re ¢y TPO Peak Q) gff“f‘l‘c’l‘:ftly
Aliphatic Saturated hydrocarbons 1.8-2.0 0.8-1.0 150250 300400 Easy
Aromatic Unsaturated aromatics 0.8-1.2 1.0-1.3 200-350 450-550 Moderate
Graphitic Highly condensed PAHs 0.2-0.6 1.5-2.0 300-500 550-700 Difficult

7.2. Advanced Characterization Techniques

Advanced characterization techniques play a critical role in elucidating the chemical
nature, structural evolution, and spatial distribution of coke deposits formed during aro-
matic alkylation over zeolitic catalysts [31]. Temperature-programmed oxidation (TPO)
is one of the most widely applied methods in which spent catalysts are heated under
controlled oxidative conditions while monitoring CO and CO, evolution [200,201]. Dis-
tinct oxidation peaks in TPO profiles provide valuable information on coke quantity,
composition, and thermal stability, with hydrogen-rich, less condensed coke oxidizing at
lower temperatures and highly condensed graphitic coke appearing at higher tempera-
tures [35,202]. Furthermore, coke located within zeolite micropores typically combusts at
higher temperatures due to diffusion limitations, enabling differentiation between internal
and external coke deposits [203].

Solid-state nuclear magnetic resonance (NMR) spectroscopy offers complementary
atomic-level insight into catalyst structure. In particular, ? Al MAS NMR effectively dis-
tinguishes framework aluminum from extra-framework species formed during dealu-
mination [204,205]. Framework Al appears as sharp resonances near 60 ppm, whereas
extra-framework Al exhibits broader signals at lower chemical shifts, allowing quantitative
assessment of dealumination and acid-site modification that influence coke formation and
catalyst stability [113]. Ultraviolet Raman spectroscopy further enhances molecular-level
characterization by selectively probing m-conjugated aromatic structures, enabling discrim-
ination between oligomeric species, polycyclic aromatic hydrocarbons, and pre-graphitic
coke domains [206]. Recent studies have demonstrated its ability to identify cyclopen-
tadienyl cations, polyolefins, and aromatic intermediates trapped within zeolite pores
during hydrocarbon conversion reactions [5,207]. Together, TPO, solid-state NMR, and UV
Raman spectroscopy provide a powerful, complementary toolkit for understanding coke
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chemistry, catalyst degradation, and structure—activity relationships in zeolite-catalyzed
alkylation processes.

8. Catalyst Deactivation and Regeneration
8.1. Deactivation Mechanisms and Kinetic Consequences

The catalyst deactivation of aromatic alkylation on the zeolitic materials is mainly
controlled by the gradual build-up of carbonaceous deposits that are formed by oligomer-
ization, cyclization, and aromatization, as well as condensing reactions of the confined
hydrocarbon intermediates [168]. Deactivation is not due to a single phenomenon but a
case of three main mechanisms acting in a synergistic way, which are (i) micropore blockage,
(ii) active-site masking, and (iii) framework destabilization [208].

Micropore blockage is the accumulation of carbonaceous species in channel crosses
and in the inside of supercages, which progressively limits molecular diffusion to Bren-
sted acid sites and causes transport limitations, especially in materials with smaller pore
apertures [90,209]. Active-site masking is caused by either adsorption or encapsulation
of coke precursors on Brensted and Lewis acid sites, which inhibit the protonation and
curious carbonation-mediated routes to electrophilic aromatic substitution [45,210]. In long-
term, high-temperature, or high-partial-pressure olefin environments, highly condensed
polyaromatic coke species can impose localized mechanical and chemical demands on the
framework, sometimes with incumbent partial dealumination, diminished crystallinity, or
irreversible loss of acidity [32,211].

Kinetically speaking, coke is usually split into soft and firm forms. Soft coke is made
of hydrogen-rich, less-condensed species, which are relatively reactive to oxidation. Hard
coke, on the other hand, consists of hydrogen-deficient, highly aromatic, or graphitic
domains that are more highly structured and possess much higher oxidation activation
energies [60,210,212]. The oxidation barrier of graphitic coke is much greater than that of
less condensed graphitic coke species, which exhibit stronger 7t-7t interactions and greater
confinement in micropores [213]. As a result, the rate of deactivation as well as the difficulty
of regeneration are affected by the coke structure, the ratio of H/C, spatial distribution, and
pore confinement. Such observations underline the critical role of acidity, pore structure,
and diffusion channels in reducing deep-pore coke formation and slowing the shift in
the behavior of the reaction in industrial aromatic alkylation to that of diffusion-limited
behavior [214,215].

8.2. Regeneration Strategies and Process Optimization

The most common method of industrial zeolitic catalyst regeneration is oxidative
regeneration because it is simple to perform and can be scaled [210]. Controlled oxidation
of coke is normally performed in air or diluted oxygen in the range of 400-600 °C to
transform carbonaceous compounds to CO; and H,O to reveal once more the Brensted
and Lewis acid sites [175].

The catalytic activity recovery in conventional air calcination is normally reported to
be between 85 and 90, which is a successful elimination of moderately condensed and soft
coke species (see Figure 11). With optimization of regeneration regimes in terms of gradual
temperature increments, progressive oxidation, controlled O, partial pressure, and careful
observation of heat loss recovery, rates of 95-98% can be achieved. The most significant
determinants of activity recovery are coke chemistry and spatial distribution: aliphatic and
weakly aromatic coke deposits are easily oxidized, and even highly condensed graphitic
deposits require even higher temperatures and longer exposure times, which threaten the
framework dealumination, pore collapse, or partial acid sites loss [216-218].
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Industrial regeneration strategies therefore employ controlled heating—cooling cycles,
diluted oxidant streams, and in situ temperature feedback systems to minimize thermal
runaway and structural degradation. Such approaches preserve crystallinity, maintain
acid-site integrity, and enable multiple reaction-regeneration cycles without catastrophic
loss of performance.

Recent developments in regeneration technology aim to enhance coke removal effi-
ciency while reducing thermal stress. Microwave-assisted regeneration selectively heats
carbonaceous deposits, promoting localized oxidation while limiting bulk lattice overheat-
ing [219,220]. Plasma-assisted regeneration generates reactive oxygen species capable of
oxidizing coke at substantially lower temperatures, demonstrating particular effective-
ness in removing soft and moderately condensed coke without imposing severe thermal
penalties [221,222].
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Figure 11. Schematic representation of catalyst deactivation and regeneration cycle during aromatic
alkylation over HY zeolite (adapted from [45]).

Ultimately, optimal regeneration strategies must balance oxidation efficiency with
structural preservation. Effective regeneration restores pore accessibility, maintains acid-site
distribution, and sustains catalytic performance across repeated industrial cycles, thereby
enhancing economic viability and operational stability.

9. Industrial Applications and Economic Analysis
9.1. Linear Alkylbenzene Production

Modern industrial processes of aromatic alkylation are based on modified HY zeolite
catalysts, especially in the synthesis of linear alkylbenzene (LAB), a key chemical in the
synthesis of biodegradable surfactants (see Figure 12) [2]. The world LAB market is
projected to reach up to around 6.2 million tons in 2033, with a growth rate of 3.37 percent
annually, as the demand for eco-friendly surfactants, particularly in the Asia-Pacific region,
which contributes almost 60 percent of the world demand [4,223]. Dealuminated HY
zeolites have good industrial performance, with a LAB selectivity of about 90%, and
are highly stable and exhibit high diffusion properties, as demonstrated by the use of
these catalysts in commercial solid-acid alkylation processes, including the UOP Detal
process [224]. Solid zeolite catalysts have enormous benefits over the traditional liquid-acid
systems, which rely on hydrofluoric acid, such as enhanced safety, minimized corrosive
waste, enhanced product linearity and purity, simplified plant design, and lower operating
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costs [12]. Considering the growing challenges in the environmental performance of
chemicals, and the worldwide transition to sustainable chemical operations, LAB alkylation
using dealuminated HY zeolites is likely to continue to be the primary focus of the global

surfactant supply chain [2,225].

8
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Figure 12. Key drivers and benefits of zeolite-catalyzed LAB production using UOP Detal technology.

The recent industrial case studies and techno-economic reports have clearly stated the
high economic and environmental benefits of alkylation technologies based on zeolite [7].
Units of LAB production using modified HY zeolite catalysts have recorded excellent
performance, with conversions of naphthalene of about 96% and mono-alkylnaphthalene
selectivity of about 97.5, with comparisons showing this to be much higher than conven-
tional liquid—acid catalytic systems [226]. The efficiencies are highly valued as they provide
higher yields and throughput of the products and reduce the formation of by-products;
therefore, the use of corrosive liquid acids like HF or AlICl; is eliminated, making the
process of zeolite-catalyzed processes safer and easier to regulate [16,227]. The original
capital cost of high-performance modified zeolite catalysts might be very expensive, but
due to good regenerability and a long lifespan, the catalysts can be regenerated multiple
times with minimum deactivation, therefore, saving a lot of money in the long term [190].
Together with better quality of products, less environmental liability, and a lower cost of
waste-treatment, these aspects altogether emphasize the high economic rationale of using
zeolite-based LAB production technologies in the contemporary industrial practice [91].

9.2. Process Integration and Optimization

In order to achieve maximum utilization of the modified HY zeolite catalysts in the
industrial alkylation processes, one must pay close attention to operating conditions, reactor
design and operating strategy. Close control of temperature, pressure and feed constituents
is necessary to ensure the integrity of the catalyst and its activity and to avoid the early
deactivation and loss of selectivity [21]. Increasingly, modern plants are using continuous
reaction-regeneration systems, where catalysts in the reactor are replenished on-site, so the
reactor is not shut down, which enhances operational reliability and minimizes production
interruptions [166].

The process of catalyst performance is constantly checked on the basis of real-time
conversion, selectivity, pressure drop, and temperature gradient measurements. In case
of any early indications of deactivation, which are usually categorized by coke buildup,
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catalysts are bypassed to a regeneration zone where they are processed under controlled
oxidative conditions and then sent back into the reactor without interrupting the process
(see Figure 13) [216]. This computerized cyclic process provides a uniform quality of
products, a long catalyst life, high plant throughputs, and better overall economic output.
The altered HY zeolite catalysts, through the intelligent process integration and design,
permit the use of the catalysts to achieve increased efficiency, stability, and sustainability in
modern aromatic alkylation reactors [12].

Reaction
Temperature
Integration Continuous Arenatiot-
of Modified Reaction-. Drau_:ess  —3 Olefin Molar
HY Zeolite Regeneration Optimization Ratio
Catalysts Systems . Microreactor
Orocess Technology
Intensification ;
Continuous
Flow
Processes

Figure 13. Key elements of process integration and optimization for zeolite-catalyzed aromatic alkylation.

Table 6 illustrates the optimization of the process in aromatic alkylation is designed
to equalize the major operating variables: reaction temperature, pressure, residence time
and catalyst-to-feed ratio to maximize conversion, selectivity, and catalyst life [2]. Zeolite-
mediated alkylation is usually optimally catalyzed at a temperature range of 90-250 °C,
at which reaction kinetics are maximized with no damage done to the catalyst structure
and acidity [95]. Even though an increase in temperature will enhance olefin activation
and product formation, it will also increase the rate of undesired side reactions, such
as oligomerization, cracking, and coke formation, causing catalyst deactivation to occur
more rapidly [228]. The use of the aromatic-to-olefin molar ratio is very sensitive to
product distribution, and in LAB production, ratios of 5:1 to 10:1 are widely used to
minimize polyalkylation, enhance product linearity, and facilitate selectivity towards the
mono-alkylated aromatics [21]. In addition to traditional optimization, other process
intensification methods are becoming popular, like the implementation of microreactors
and continuous-flow systems. Their large surface-to-volume ratios allow them to conduct
efficient heat and mass transfer, maintain strict control over temperature and reduce
diffusion constraints, which is especially useful in acid-catalyzed alkylation reactions [229].
In comparison to traditional batch or fixed-bed reactors, continuous-flow microreactors
have better homogeneity of reactions, increased safety, lower catalyst inventory, reduced
environmental impact, and easier scale-up, and can thus greatly enhance the efficiency and
sustainability of a process [165].

Table 6. Economic comparison of alkylation technologies [230].

Technology Initial Investment Operating Cost Catalyst Life Environmental Impact Product Quality
HF-based Low High Continuous High Excellent
AlCl3-based Low High Continuous High Good
Zeolite-based Medium Low 6-12 months Low Excellent
Modified Zeolite Medium-High Low 12-24 months Very Low Excellent
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10. Future Directions and Emerging Technologies

The upcoming generation of zeolite-based catalysts is increasingly defining contem-
porary industrial alkylation reactions because of their improved coke resistance, greater
regenerability, and structural flexibility [231]. A key area of study is the synthesis of hi-
erarchical zeolites having customized pore structures, integrating the shape selectivity
of micro-pores with enhanced mass-transfer characteristics of mesopores [90,232]. These
systems substantially reduce diffusion constraints, reduce coke build-ups and increase the
lifetime of catalysts in harsh working environments. Simultaneously, metal-modified zeo-
lites are becoming a subject of significant interest because the introduction or encapsulation
of metal species provides extra-functionalities and enhances catalytic activities [75,233].
Interestingly, the cerium-modified zeolites have been found to show significantly improved
activity, stability and coke resistance, as well as acid modulation and proton transfer ef-
ficiency, which are attributed to the synergistic interaction between Brunsten acid sites
and metal centers [234-236]. In addition to the continued development of experimental
methods, computational methods are increasingly becoming significant in the develop-
ment of catalysts. Density functional theory (DFT) allows one to study reaction energetics,
coke-formation pathways, diffusion barriers, and structure-activity relationships in great
detail [221]. Machine-learning and data-based models also help speed up catalyst screening
and performance prediction by a considerable margin of experimental effort and time to
develop [222,237]. Hierarchical design, metal engineering and computation-guided catalyst
engineering are therefore a potent approach to designing zeolite catalysts with activity,
selectivity, stability, and sustainability never before seen in aromatic alkylation technology
in the future [114,148].

11. Conclusions

This review has examined the importance of coke formation during aromatic alkylation
reactions over dealuminated and desilicated HY zeolite catalysts. Zeolite catalysts repre-
sent superior alternatives to conventional homogeneous acid catalysts, offering significant
advantages in terms of environmental impact, safety, and process economics. The evidence
clearly shows that structural modifications through dealumination and desilication are
powerful strategies for optimizing catalyst properties. Adjusting the strength and concen-
tration of acid sites via dealumination, combined with the introduction of mesoporosity
through desilication, enhances mass transfer and reduces diffusion limitations.

Such integrated treatments yield hierarchical zeolites with optimized activity—
selectivity—stability profiles, achieving a LAB selectivity above 90% and enabling long-lived
catalytic systems. Future research should focus on developing the next generation of hi-
erarchical zeolites with improved coke tolerance, implementing sustainable regeneration
technologies, and applying advanced digital tools to optimize catalytic processes. These
innovations will remain essential for creating environmentally benign chemical processes
capable of meeting the increasing industrial demands while maintaining economic viability
and high product quality.
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