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Zeolite catalysts, widely employed in petrochemical and refining processes, inevitably undergo gradual
deactivation. Among the various deactivation pathways, coke-induced deactivation is the most critical,
arising from the progressive deposition of carbonaceous species on acid sites and the subsequent block-
age of micropores. The characteristics, mechanisms, and kinetics of coke formation are strongly
influenced by the zeolite structure, acidity properties, and operating conditions, highlighting the need for
a molecular-level understanding to guide catalyst design and regeneration. This review summarizes the
recent advances in coke-induced deactivation of zeolite catalysts by covering the mechanisms and
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physicochemical characteristics of coke formation, strategies for enhancing coke resistance through
rational catalyst design, and state-of-the-art regeneration approaches. By bridging fundamental insights
and practical strategies, this work aims to support the development of durable zeolite catalysts and

rsc.li/dalton efficient regeneration schemes for sustainable industrial applications.
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Introduction

Zeolites are crystalline microporous materials characterized by
well-defined aluminosilicate frameworks and abundant active
sites, which make them archetypal solid acid catalysts in petro-
chemical and refining processes.' The combination of ordered
pore architectures, tunable acidity, high hydrothermal stabi-
lity, and molecular-level shape selectivity enables their exten-
sive use in key acid-catalyzed reactions, such as methanol-to-
hydrocarbons (MTH),” fluid catalytic cracking (FCC),” catalytic
pyrolysis of biomass,* and methane dehydroaromatization
(MDA).> The catalytic performance of zeolites originates from
the interplay between framework-confined active sites and the
spatial constraints imposed by their microporous networks.
These two factors jointly determine reaction pathways and
product selectivity. Nevertheless, under industrially relevant
conditions, zeolite catalysts inevitably experience gradual de-
activation, which shortens the catalyst lifetime, reduces the
process efficiency and increases operating costs.

Catalyst deactivation represents one of the most persistent
challenges in zeolite-based catalysis. It can be broadly defined
as the decline in catalytic performance caused by either a
reduction in the population of active sites or the loss of their
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intrinsic functionality during the reaction. From the perspec-
tive of reversibility, it is generally categorized as temporary de-
activation, exemplified by the coverage of active sites with car-
bonaceous deposits, and permanent deactivation, such as
framework collapse or dealumination. Many intrinsic mecha-
nisms are known to cause zeolite catalyst deactivation, includ-
ing coke-induced deactivation, poisoning deactivation,® hydro-
thermal degradation, and metal sintering.”® These mecha-
nisms have been reviewed in previous studies.'®™*

Among them, coke-induced deactivation, also known as
carbon deposition, has been identified as the primary cause of
zeolite catalyst deactivation in many hydrocarbon conversion
reactions.™* This phenomenon begins with the deposition of
carbonaceous species on active acid sites within the zeolite
micropores and at pore intersections, progressively covering
these active centers. As coke accumulates, it blocks micro-
porous channels, hindering reactant diffusion and ultimately
causing a significant decline in catalytic activity.">"'® However,
the mechanisms and kinetics of coke formation strongly
depend on the zeolite framework, reaction system, and operat-
ing conditions such as temperature, pressure, and feedstock
composition. Therefore, understanding the physicochemical
characteristics and formation pathways of coke is essential for
designing zeolites with enhanced coking resistance and opti-
mizing regeneration strategies for spent catalysts."”

Since coke-induced deactivation is typically unavoidable but
often reversible, two major strategies have been developed to

Dalton Trans., 2025, 54,17383-17399 | 17383


http://rsc.li/dalton
http://orcid.org/0000-0003-4277-8614
http://orcid.org/0000-0002-0676-1391
http://crossmark.crossref.org/dialog/?doi=10.1039/d5dt01936b&domain=pdf&date_stamp=2025-11-27
https://doi.org/10.1039/d5dt01936b
https://pubs.rsc.org/en/journals/journal/DT
https://pubs.rsc.org/en/journals/journal/DT?issueid=DT054047

Published on 15 October 2025. Downloaded on 6/16/2026 5:59:14 AM.

Perspective

mitigate its effects. The first focuses on the development of
long-term coke-resistant catalysts through rational zeolite
design, including metal incorporation,'®*?° acidity modu-
lation,”* and structural modification, among other
approaches. By fine-tuning the pore topology, the spatial distri-
bution of active sites, and the physicochemical properties, this
approach optimizes the balance between catalytic performance
and stability. Complementarily, the second strategy empha-
sizes the implementation of regeneration technologies to
restore spent zeolite catalysts. Several methods are commonly
employed for coke removal, including oxidative regeneration
using air, molecular oxygen (O,), ozone (O;), or nitrogen
oxides (NO,),> gasification regeneration with carbon dioxide
(CO,) or steam,”®*” and non-oxidative regeneration approaches
under a hydrogen (H,) or nitrogen (N,) atmosphere.”®
However, these traditional thermal approaches are often
limited by high energy consumption, potential framework
degradation, and incomplete coke removal. In recent years,
novel techniques such as non-thermal plasma (NTP) regener-
ation have gained significant attention, as they enable rapid,
efficient, and low-temperature coke removal, offering a promis-
ing alternative to traditional methods.>®

While previous reviews have summarized zeolite de-
activation and/or regeneration within specific
applications,>”®10 14151739 this work provides an updated
and comprehensive overview of recent advances in coke-
induced deactivation of zeolite catalysts. It covers the mecha-
nisms and physicochemical characteristics of coke formation,
strategies for enhancing coke resistance through catalyst
design, and state-of-the-art regeneration approaches. Our
objective is to establish a deeper mechanistic understanding
of coke evolution within zeolite frameworks and its role in
catalytic deactivation, thereby guiding the development of
more durable zeolite catalysts and efficient regeneration
schemes for sustainable industrial applications.

21-24

Coke-induced deactivation

Coke-induced deactivation remains one of the most critical
challenges in zeolite-catalyzed hydrocarbon conversion. It
arises from the accumulation of carbonaceous deposits within
the zeolite framework, which block microporous channels and
cover active sites, leading to a rapid decline in catalytic per-
formance. A thorough understanding of the fundamental
mechanisms of coke formation, including its spatial distri-
bution, chemical evolution, and morphological characteristics,
is essential for the rational design of anti-coking zeolites and
the development of efficient regeneration strategies. A compre-
hensive analysis of coke-induced deactivation mechanisms in
zeolite catalysts is provided in this section.

Characteristics of coke deposition

The chemical composition and structure of coke are closely
linked to its formation mechanism and deactivation behavior
in zeolite catalysts. Coke is typically characterized as a high-
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molecular-weight, carbon-rich residue with low volatility and a
significantly lower hydrogen-to-carbon (H/C) ratio than the
original reactants. Based on their H/C ratio and structural fea-
tures, coke species are commonly classified into soft coke
(higher H/C, mainly aliphatic or olefinic) and hard coke (lower
H/C, predominantly aromatic or polyaromatic)."* These
species originate from a series of complex reaction pathways
during hydrocarbon processing over zeolites, predominantly
involving oligomerization, cyclization, hydrogen transfer, and
aromatization. Coke formation is strongly influenced by frame-
work acidity but also by topological confinement, and catalyst
deactivation primarily occurs via micropore blockage and
active site coverage.

In zeolite-catalyzed systems, Brensted (BAS) and Lewis
(LAS) acid sites act simultaneously as catalytic centers and as
nucleation sites for coke formation. The relative contributions
of these sites to coke formation differ significantly between
metal-free and metal-loaded catalysts. Consequently, coke
species are commonly classified according to their associated
acid sites, with aliphatic C,H,, deposits predominantly linked
to LAS and polycyclic aromatic hydrocarbons to BAS.**?' The
intrinsic coupling between catalytic activity and deactivation
ultimately governs catalyst stability and lifetime. When hydro-
carbons interact with these acid or metal sites at elevated
temperatures, progressive carbon deposition initially leads to
partial coverage of the active centers and, upon continued
growth, to their complete encapsulation. In parallel, the
accumulation of larger coke species within the microporous
network induces severe pore blockage, imposing mass-transfer
limitations and further accelerating catalyst deactivation.

The strength, density, and spatial distribution of acid sites
critically influence the pathways and extent of coke formation.
In general, strong Brensted and Lewis acid sites simul-
taneously function as catalytic centers and preferential loci for
coke nucleation. Diaz et al.>*> demonstrated that during the oli-
gomerization of 1-butene, the HZ-30 zeolite (HZSM-5, SiO,/
Al O3 = 30), possessing the highest Bronsted acid site density
among the tested samples, generated 6.21 wt% of hard coke.
In contrast, the high-silica samples HZ-80 and HZ-280 (SiO,/
Al,O; = 80 and 280, respectively) mainly formed loosely bound
soft coke near Lewis acid sites, with a significantly reduced
amount of hard coke compared to HZ-30. However, when the
acid strength and density exceed the optimal range, coke for-
mation is greatly accelerated. For example, Wan et al.** demon-
strated that decreasing the SiO,/Al,O; ratio from 217 to 23 in
nanocrystal ZSM-5 catalysts increased the acid site density,
leading to markedly higher coke formation and faster catalyst
deactivation, while the moderate acid density sample main-
tained sustained activity with minimal coke deposition.
Moreover, extending beyond total acidity, the strong/weak acid
site ratio is more critical than the total acid amount. Moreover,
Bedenko et al.’>* demonstrated that H-MFI (ZSM-5, MFI frame-
work), despite possessing 60% higher total acidity than H-BEA
(Beta zeolite), exhibited a strong/weak acid site ratio of 0.60
versus 0.25, resulting in a fourfold faster deactivation rate and
significantly shorter catalyst lifetime. Collectively, these find-
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ings highlight that rational zeolite catalyst design requires
precise acidity tuning, particularly optimizing the strong/weak
acid site ratio, to balance activity, selectivity, and stability.

In addition to acidity, the structural characteristics of zeo-
lites, including pore size, channel topology, and void geome-
try, play a critical role in governing coke formation, distri-
bution, and catalyst deactivation. While acidity determines the
chemical nature and nucleation of coke species, the physical
framework controls their spatial confinement, diffusion, and
preferred accumulation sites.

Zeolite pore size is a fundamental determinant of the coke
molecular structure, primarily through spatial confinement
effects that sterically control which coke precursors can form
and grow within the microporous framework. Castafo et al.>’
demonstrated that during high-density polyethylene cracking,
HZSM-5 with medium-pore MFI topology (10-MR) accumulated
the lowest coke content dominated by branched aliphatic frag-
ments and short alkyl aromatics, whereas the larger-pore Hp
and HY (12 ~ MR) facilitated extensive hydrogen transfer and
aromatic condensation, yielding highly polycondensed aro-
matic coke that rapidly blocked micropores, as shown in
Fig. 1a. This pore size-dependent selectivity arises because
medium pores sterically restrict the growth of bulky polyaro-
matic species, while large pores provide sufficient space for
progressive aromatic condensation and multiple hydrogen
transfer reactions that lead to highly condensed coke
structures.

Beyond pore size, framework topology governs the spatial
distribution and speciation of coke through its control over
void geometry and preferential coking sites within micropore
networks. Recent powder neutron diffraction and spectro-
scopic analysis by Rzepka et al.>*® demonstrated that the largest
void zones act as preferential coking sites, and topology-depen-
dent void geometry governs where coke accumulates: in MFI,
coke is confined at 10 MR intersections as tricyclic anthracene-
like species; in FER, alkyl-substituted benzenes concentrate at
8 x 10 MR junctions; while in CHA (SSZ-13), naphthalene- and
pyrene-type aromatics populate large cages and even bridge
across 8 MR windows, as shown in Fig. 1b. These distinct
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microenvironments selectively stabilize coke species based on
the shape-selective fit between molecular geometry and void
architecture, illustrating that topology effects extend beyond
simple pore size considerations.

Channel dimensionality and connectivity represent
additional critical aspects of framework topology that pro-
foundly influence coke distribution patterns and deactivation
kinetics. Migliori et al.®” reported that in methanol-to-DME
conversion FER and MFI frameworks with 2-D or 3-D intersect-
ing channels predominantly formed light monocyclic aro-
matics confined within micropores, while MOR with one-
dimensional 12-ring channels promoted the condensation of
bulky polycyclic aromatic clusters on the external surface,
leading to the fastest deactivation and complete acid site cover-
age (Fig. 2a). Similarly, Chen et al'® showed that in one-
dimensional MOR, toluene-derived species accumulate mainly
at pore mouths and external surfaces rather than within micro-
pores, causing rapid blockage and poor regenerability.
Wennmacher et al.*® revealed that in ZSM-5 during methanol-
to-hydrocarbon conversion coke nucleation initiates at
channel intersections and progressively condenses through
straight micropores, which retain nearly twice the coke
content of sinusoidal channels at advanced deactivation
stages, as shown in Fig. 2b. Collectively, these observations
indicate that multi-dimensional, well-connected channel
systems provide multiple diffusion pathways and more
uniform coke distribution, whereas one-dimensional frame-
works are highly susceptible to rapid deactivation once pore
mouth coking occurs.

Hierarchical modification, achieved by introducing second-
ary mesopores and macropores, fundamentally reshapes coke
formation and catalyst deactivation by alleviating pore size and
connectivity constraints imposed by conventional microporous
frameworks.>* This architecture improves the accessibility of
bulky hydrocarbons to internal acid sites and facilitates trans-
port and combustion of coke species during regeneration. In a
series of studies, Fals et al.>**** showed that hierarchical Y zeo-
lites with enhanced mesoporosity, such as Y-0.20-S (Y zeolite
treated with 0.20 mol L' NaOH and subsequently steamed),

ZSM-35

Fig. 1 (a) Representative coke molecule formed on HZSM-5, Hp, and HY zeolite catalysts during polyethylene cracking, reproduced from ref. 35
with permission from Elsevier, copyright 2011. (b) Visualization of the coke distribution in ZSM 5 (MFI), ZSM 35 (FER), and SSZ 13 (CHA) during metha-
nol-to-hydrocarbon conversion, reproduced from ref. 36 with permission from American Chemical Society, copyright 2024.
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Fig. 2 (a) Coke deposition patterns in the methanol-to-DME reaction over MOR, MFI, and FER zeolites, reproduced from ref. 37 with permission
from Elsevier, copyright 2018. (b) Distribution of the coke-associated signal in the zeolite unit cell as extracted from the direct electron diffraction
maps of the severely-coked ZSM-5 catalyst, reproduced from ref. 38 with permission from Wiley, copyright 2022.

exhibited higher coke selectivity but maintained superior cata-
lytic stability over multiple cracking and regeneration cycles.
This was attributed to the preferential accumulation of highly
condensed aromatic coke in mesopores, which facilitated its
removal during regeneration and preserved access to active
sites. The anti-coking advantages of such structural modifi-
cations are discussed later in detail in this review.

Deactivation mechanism and kinetics

Coke formation on zeolite catalysts is a complex, system-
specific process that varies significantly with reaction environ-
ment conditions and catalyst composition. Typically, the coke-
induced deactivation of zeolites proceeds through two sequen-
tial steps,”® as illustrated in Fig. 3. In the initial stage, carbon-
aceous species deposit on the catalyst surface and progress-
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ively cover the active sites. At elevated temperatures, hydro-
carbon molecules are adsorbed onto Brgnsted acid sites, Lewis
acid sites, or supported metal sites through either monolayer
chemisorption or multilayer physisorption. These adsorbed
species undergo stepwise oligomerization, generating carbon-
rich intermediates (C,H, fragments). As coke continues to
accumulate, it encapsulates active sites, resulting in a loss of
catalytic function. In the subsequent stage, coke deposits
build up within micropores, which hinders molecular
diffusion and further accelerates deactivation by restricting
reactant access and product transport.

The kinetics of coke formation also exhibit distinct patterns
that strongly depend on the reaction type, operating con-
ditions, and zeolite characteristics. Typically, the coking rate
shows a rapid initial increase followed by a gradual decline as
active sites become progressively blocked. For instance, in a
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<
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Fig. 3 Schematic illustration of coke-induced deactivation pathways occurring at the active sites (metals) and within the porous structures of sup-
ported catalysts, reproduced from ref. 43 with permission from Elsevier, copyright 2019.
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kinetics study of coke formation in the dimethyl ether-to-
olefin process over SAPO-34, Gao et al.** revealed a three-stage
autocatalytic pathway in which the coking rate initially
increases with coke content, reaches a maximum when autoca-
talytic promotion counterbalances active site consumption,
and subsequently declines rapidly as catalyst deactivation
dominates. During catalytic cracking over p-zeolites, Zhou
et al.*® reported a similar kinetic behavior but without the
autocatalytic feature. These kinetic profiles reflect the coupling
between coke chemistry, active site accessibility, and diffu-
sional constraints in the porous framework. Building on these
insights, the development of accurate deactivation models is
indispensable for translating these complex mechanistic and
kinetic understandings into predictive tools for process design
and control, with the aim of maximizing catalyst utilization
and sustaining the catalytic performance. This has been well
established in recent specialized literature.*®™*®

In addition, temperature plays a critical role by modifying
the kinetics and thermodynamics of coke-forming reactions
through interactions with catalyst properties and other process
conditions. It exhibits distinct threshold and non-linear effects
where increasing temperature not only accelerates coke for-
mation, but also alters its nature and spatial distribution. In
MTH, the catalyst lifetime declines sharply above 673 K as
coke evolves from surface-dispersed species to micropore-con-
fined polycyclic aromatics.”® In biomass fast pyrolysis, the
coke content reaches 52.3% at 400 °C and decreases at higher
temperatures, accompanied by a shift from surface to micro-
pore deposition.”® Pressure also affects the evolution of carbon
deposits. Diaz et al.** demonstrated that during 1-butene oli-
gomerization over HZSM-5, higher pressure markedly pro-
motes the formation and accumulation of soft coke while sup-
pressing the development of hard coke. This behavior was
attributed to the reduced concentration of light reactants
under high-pressure conditions and the physical hindrance
exerted by the soft coke layer on the subsequent growth of
hard coke.

Anti-coking modifications

Catalyst deactivation through coke formation represents a fun-
damental challenge in zeolite-catalyzed industrial processes,
directly impacting both process economics and operational
efficiency. While regeneration technologies can restore catalytic
activity after deactivation, preventive anti-coking strategies
provide greater economic benefits by extending the catalyst life-
span and reducing the regeneration frequency. Recent
advances in the rational design of anti-coking zeolite catalysts
are reviewed herein, focusing on three major approaches: metal
incorporation, acidity modulation, and structure engineering.

Metal incorporation

In recent years, metal-in-zeolite catalysts have experienced
rapid development and gained widespread application in
heterogeneous catalysis, particularly through the incorporation

This journal is © The Royal Society of Chemistry 2025
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of metal species at various structural positions. While certain
metals (e.g., Ti, Sn, Ga) can occupy framework tetrahedral sites
as isolated atoms, most transition and noble metals are intro-
duced as extra-framework species, including isolated cations,
single atoms, subnanometric clusters, and nanoparticles con-
fined within zeolite channels and cages.”"® Such strategic
metal incorporation has been demonstrated to substantially
enhance the catalytic activity and selectivity, while simul-
taneously improving the structural stability and resistance to
deactivation.****

A wide range of metal species have been successfully incor-
porated into zeolites at these various positions, including tran-
sition metals (Mo, Fe, Co, Ni), noble metals (Pt, Au, Ag), and
main-group metals (Ga, Zn, In), with the majority occupying
extra-framework sites. This metal incorporation results in
improved catalytic activity and selectivity as well as enhanced
resistance to coke-induced deactivation.'* Both the choice of
metal, its structural position and the precise control of loading
are critical in determining the catalyst performance, with the
optimal parameters varying substantially across different reac-
tions and application systems.

This strong dependence arises from the fundamental roles
of metal species and loading levels in modulating the physico-
chemical properties of zeolite catalysts. Different metals can
alter the balance between Bronsted and Lewis acid sites,
modify the reaction selectivity and product distribution, and
influence the nature and location of coke deposits, thereby
steering reaction pathways and catalytic stability. Meanwhile,
metal loading affects active site dispersion, pore accessibility,
and the extent of acid site modification: low-level doping often
optimizes acidity and suppresses coke precursors, whereas
excessive loading can lead to particle aggregation, pore block-
age, and accelerated deactivation.

For example, Sedighi et al®® systematically compared
SAPO-34 modified with different metal ions (Fe, Co, Ni, La,
Ce). The metals were predominantly located at extra-framework
positions with minor framework substitution. Rare-earth
incorporation, particularly Ce and La, significantly extended
the catalyst lifetime and suppressed coke formation in metha-
nol-to-olefins (MTO) compared to both parent and transition-
metal-modified SAPO-34, as shown in Fig. 4a. The improved
performance was attributed to reduced acidity resulting from
hindered Si incorporation and the modified acid site distri-
bution. Yao et al>® showed that wet impregnation-prepared
Co- and Mo-modified ZSM-5 (1 wt% Co and 3 wt% Mo, respect-
ively) increased light aromatic yields from cellulose catalytic
fast pyrolysis at 600 °C and reduced coke amounts compared
to parent ZSM-5. However, catalyst deactivation was dictated
more by the coke morphology and location than by the total
yield, with Mo sites favoring disordered polyaromatic species
and Co sites promoting graphite-like carbon. Anekwe et al.’’
demonstrated that low-level (0.5 wt%) Co, Fe, or Ni doping of
ZSM-5 optimized the acidity and ethanol-to-hydrocarbon
selectivity, whereas excessive loading (10 wt%) promoted coke
deposition and accelerated deactivation, highlighting the criti-
cal role of precise metal loading in anti-coking design.

Dalton Trans., 2025, 54,17383-17399 | 17387
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Fig. 4 (a) TGA plots for discharged SAPO-34 and MeAPSO-34, reproduced from ref. 55 with permission from Elsevier, copyright 2015. (b) TGA plots
for all fresh as-synthesized catalysts before receiving any type pretreatment, reproduced from ref. 58 with permission from Elsevier, copyright 2019.
(c) Proposed reaction pathways of shape-selective alkylation of toluene with methanol over Pt and/or Ni loaded ZSM-5 catalyst, reproduced from

ref. 59 with permission from Elsevier, copyright 2022.

Recently, bimetallic zeolite catalysts have attracted signifi-
cant attention.’®*®® The addition of a second metal can
enhance the stability of the active component by inhibiting
sintering and reducing coke formation, while synergistic inter-
actions between the metals improve the catalytic activity and
modify the product selectivity. Moreover, precise control of the
metal ratio has been demonstrated as a key factor in optimiz-
ing the anti-coking performance across diverse hydrocarbon
conversion processes. For example, in MDA at 700 °C and
atmospheric pressure, Co-Mo/ZSM-5 catalysts exhibited
optimal anti-coking behavior at 0.6 wt% Co loading, signifi-
cantly reducing coke deposition and catalyst deactivation com-
pared to monometallic Mo/ZSM-5,°® as shown in Fig. 4b. Han
et al.>® identified unique advantages of the (Pt + Ni)/ZSM-5
zeolite: Pt and Ni play distinct roles in suppressing the coke
precursor (e.g., light olefins) formation—Pt hydrogenates
olefins to alkanes, while Ni inhibits olefin generation by pro-
moting methanol dehydrogenation and methane formation.
Compared to ZSM-5 with Pt or Ni alone, the Pt-Ni co-loaded
catalyst shows significantly enhanced coke resistance and
stability in toluene-methanol alkylation, offering a new strat-
egy to mitigate coking, as shown in Fig. 4c. Similarly, ZnCo/
ZSM-5 catalysts achieved high paraffin conversion and selective
BTX(benzene, toluene, and xylene) production, where the Zn/
Co synergy balanced the Brensted-Lewis acidity and sup-
pressed coke formation.”® Comparable improvements were
reported in CO, hydrogenation with Fe-Co/HZSM-5 tandem
catalysts, which promoted gasoline-range hydrocarbon for-

17388 | Dalton Trans., 2025, 54, 17383-17399

mation and mitigated coke-induced deactivation via the opti-
mized Fe/Co ratios and acidity.®* In lignite tar upgrading, Co/
Ce bimetallic ZSM-5@activated carbon catalysts demonstrated
enhanced yields of benzene, toluene, ethylbenzene, xylene,
and naphthalene and regeneration stability, attributed to the
metal synergy and hierarchical carbon supports that improved
dispersion and coke resistance.’> Khezri et al.®® reported that
Ce-Ca-HZSM 5 nanoparticles exhibited markedly reduced
coke deposition (TGA weight loss ~4% vs. 19% for parent
HZSM-5) and enhanced long-term stability in MTO, highlight-
ing the synergistic effect of rare-earth and alkaline-earth metal
modification in suppressing coking and tuning acidity.

Despite these successful applications, the development of
desired metal-loaded zeolite catalysts continues to pose a signifi-
cant challenge. Several critical issues must be carefully addressed
to achieve optimal catalytic performance and long-term coke re-
sistance. First, the selection of metal species is crucial, as not all
metals are suitable for specific reactions. For instance, Mo-
loaded zeolites often suffer from metal migration and sintering,
resulting in irreversible deactivation,”” while conventional Fe-
impregnated zeolite catalysts suffer from rapid deactivation due
to complete carburization of iron species, accompanied by severe
coking and prolonged induction periods.®® Similarly, Ni-doped
HZSM-5 catalysts exhibit obvious deactivation in ethanol-to-
hydrocarbon conversion due to enhanced coke deposition and
pore blockage caused by Ni species.®

Second, precise control of metal loading is essential, as
excessive amounts can induce particle agglomeration, pore

This journal is © The Royal Society of Chemistry 2025
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blockage, and accelerated coke accumulation. Third, achieving
uniform metal dispersion is fundamental for maximizing the
active site accessibility and suppressing coke precursors. To
this end, various advanced preparation techniques have been
developed to enhance dispersion and stabilize active species,
including supercritical solvent impregnation, ultrasonic-
assisted ion exchange, and intracrystalline metal encapsula-
tion."* Altogether, these challenges highlight the need for
rational catalyst design that integrates metal-acid synergy,
structural stability, and coke-suppression mechanisms.

Acid modulation

Acidity modulation focuses on the fundamental catalytic sites
responsible for both desired reactions and undesired coke pre-
cursor formation. This approach involves systematic tuning of
the density, strength, type, spatial distribution, and accessibil-
ity of Brensted and Lewis acid sites in zeolite frameworks
through various chemical and physical treatments.”%”
Bronsted acid sites (Si-OH-Al bridging hydroxyls) predomi-
nantly mediate proton-transfer and carbocation-mediated
chain reactions, whereas Lewis acid sites (coordinatively unsa-
turated AI’* or extra-framework species) promote electron-pair
acceptance and hydride abstraction pathways. The balance
between Bronsted and Lewis acidity, their strength distribution,
and spatial proximity critically determine the reaction selecti-
vity, activity, and, most importantly, coke formation propensity.

The silicon-to-aluminum ratio (Si/Al) is a fundamental
structural parameter governing zeolite acidity and, conse-
quently, anti-coking performance. Sanhoob et al.”* evaluated

View Article Online

Perspective

ZSM-5 catalysts with Si/Al ratios ranging from 30 to 1200 in the
MTO reaction and observed that the ethylene selectivity
decreased while the propylene selectivity increased with higher
Si/Al ratios, with the catalyst lifetime peaking at 33 h for Si/Al =
150, as shown in Fig. 5a. Similarly, Huang et al.”” investigated
H-ZSM-5 with Si/Al ratios between 50 and 4000 for methanol-
to-propylene conversion and found that the propylene selecti-
vity increased monotonically, reaching a maximum of 58.91%
at Si/Al = 1600 under full methanol conversion. This trend was
attributed to a shift in the dominant reaction pathway from
arene-based methylation/dealkylation to alkene-based methyl-
ation/cracking, driven by the reduced acid site density and
weakened acidity, which suppress hydrogen transfer and cycli-
zation, the key steps in coke precursor formation. However,
excessively high Si/Al ratios (>1600) result in insufficient acid
sites and loss of activity, indicating that an optimal Si/Al ratio
is required to balance catalytic activity, selectivity, and coke
resistance.

Multiple strategies for acidity modification, including
chemical acid treatments and site-specific surface engineering,
provide versatile approaches to tailor the catalytic behavior
and coke resistance of zeolites. Degirmencioglu et al.”® system-
atically investigated the effects of phosphoric, sulfuric, and
hydrochloric acid treatments on HZSM-5 in the methanol-to-
olefin reaction and demonstrated that phosphoric acid treat-
ment produced the highest light olefin selectivity and the
lowest coke formation (Fig. 5b). This effect was attributed to
the formation of a SAPO-like structure, which moderated
acidity and extended the catalyst lifetime. In another study,
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Gan et al.”” reported that precise tuning of acid properties in
Mo/HZSM-5 is critical for MDA. Introducing Ce promoters
optimized the strong-to-weak Brensted acid ratio, increasing
the aromatic selectivity from 58% to 75% and reducing coke
formation, while passivating external acid sites via Silicalite-1
coating decreased the deactivation rate from 0.22 h™' to
0.06 h™' by suppressing polyaromatic coke precursors and
enhancing Mo dispersion. Altogether, these results highlight
how targeted control of acid strength and spatial distribution
can synergistically enhance the catalytic performance while
mitigating coke deposition.

Phosphorus modification is another versatile strategy for
fine-tuning the zeolite acidity and enhancing the anti-coking
performance, aluminum-specific coordination and formation
of local silicoaluminophosphate (SAPO) interfaces.”® %
Phosphorus modification simultaneously moderates acid
strength, adjusts the acid site density, and alters pore
diffusion properties through Al-O-P bond formation at frame-
work aluminium sites and the deposition of polyphosphate
species. Song et al.”® demonstrated in ZSM-5 that ammonium
phosphate treatment systematically reduced strong Brensted
acid sites (236 — 53 pmol g~ at P/Al = 1.6) while generating
weak acid sites. The formation of local SAPO interfaces at dis-
torted framework aluminum sites suppressed coke precursor
formation and extended the catalyst lifetime from 25 h to
149 h (at P/Al = 1.0, approximately 6-fold), as shown in Fig. 5c.
Solid-state NMR confirmed that polyphosphate species coordi-
nate with framework AI and react with extra-framework Al,
retarding the growth of naphthalene and polyaromatic species.
Operando UV-vis analysis further revealed the delayed kinetics
of polyaromatic formation, attributed to the suppression of the
1,2,3-trimethylcyclopentenyl cation—a key intermediate in
both the hydrocarbon pool mechanism and coke formation
pathway. Lee et al.®® observed similar effects in SSZ-13, where
phosphorus impregnation weakened acidity via Al-O-P lin-
kages and partially blocked pore mouths, reducing the
diffusion of bulky hydrocarbons and selectively suppressing
the 1,2,3-trimethylcyclopentenyl cation associated with the
alkyl naphthalene hydrocarbon pool mechanism. Al-Shafei
et al.®' reported that in nano-Y zeolite 2 wt% P,Os5 incorpor-
ation created new weak acid sites while moderating strong acid
sites, shifting the acid strength distribution toward optimal
values for selective steam cracking of n-dodecane and achiev-
ing a 23% higher light olefin yield. X-ray photoelectron spec-
troscopy confirmed Al-O-P bond formation that stabilizes the
framework and enhances the Lewis acidity. Collectively, these
studies establish phosphorus modification as a multi-dimen-
sional acidity engineering approach integrating aluminum-
specific coordination, acid site tuning, diffusion control, and
coke suppression into a single synergistic strategy.

Structure engineering

While metal loading and acidity modulation primarily tailor
the chemical properties of zeolites by adjusting active sites
and directing catalytic pathways, structural engineering pro-
vides a complementary strategy by constructing hierarchical
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pore architectures that integrate intrinsic micropores with
auxiliary meso- and macropores. These hierarchical structures
enhance the catalytic performance by improving active site
accessibility and facilitating mass transport, providing unob-
structed pathways for bulky intermediates and coke precursors
while preserving the intrinsic catalytic functionality of the
microporous framework. As a result, improved diffusion miti-
gates internal coke formation, prolongs the catalyst lifetime,
and enables more efficient regeneration.”***% These benefits
underpin the broad applicability of hierarchical zeolites in
various catalytic processes and contribute to improved utiliz-
ation efficiency alongside reductions in energy, time, and raw
material consumption in industrial operations.

Recent advances in hierarchically structured zeolites have
demonstrated remarkable improvements in both catalytic per-
formance and coke resistance across diverse
reactions.’***%%% In methanol-to-gasoline conversion, hier-
archical MFI zeolite nanosheets with 2 nm thickness exhibited
an extended catalyst lifetime with a dramatically reduced coke
deposition rate (45 mg g~*) compared to conventional MFI zeo-
lites (170 mg g™ "), as the coke formed mainly at the mesopore
surface while conventional MFI zeolites showed coke for-
mation inside the micropores.’® In methanol-to-olefin reac-
tions, hierarchical SAPO-34 zeolites with tailored micropore-
mesopore-macropore architectures achieved a prolonged life-
time of 206 min and an ethylene + propylene selectivity of
84.35%, markedly outperforming conventional microporous
SAPO-34 (106 min, 77.53%) owing to shortened diffusion path-
ways and enhanced diffusion facilitated by interconnected
pores and thin walls.®” Mechanistic studies revealed that intro-
ducing hierarchical structures with interconnected mesopores
significantly reduced the diffusion resistance by a factor of five
and increased the diffusion coefficient by two orders of magni-
tude, shifting the rate-determining step from micropore
diffusion to acid-site adsorption while alleviating coke depo-
sition near pore mouths,*® as shown in Fig. 6a.

In catalytic fast pyrolysis of biomass, desilicated hierarchi-
cal ZSM-5 zeolites facilitated the diffusion of bulky lignin-
derived oxygenates, producing higher aromatic hydrocarbon
yields (30.2% vs. 23.2%) and reduced coke formation (39.9%
vs. 44.4%) compared to parent ZSM-5, with optimal perform-
ance achieved under mild alkaline treatment.®® Similarly, Sun
et al.”® synthesised SAPO-34 aggregates with hierarchical struc-
tures assisted by an organosilane and studied their perform-
ance in the MTO reaction. The hierarchical structure not only
enhances the diffusion performance of the catalyst, but also
reduces the formation of coke (Fig. 6b), thereby prolonging the
catalyst lifetime and improving the selectivity to light olefins.
Collectively, these examples illustrate that hierarchical poro-
sity, realized through thin-walled or nanosheet morphologies,
micro-meso-macroporous architectures, and interconnected
pore networks, effectively mitigates coke-induced deactivation.
These features synergistically enhance mass transport, prevent
the accumulation of coke precursors into heavy, deactivating
species, and preserve micropore accessibility for catalytic
reactions.

This journal is © The Royal Society of Chemistry 2025


https://doi.org/10.1039/d5dt01936b

Published on 15 October 2025. Downloaded on 6/16/2026 5:59:14 AM.

Dalton Transactions

View Article Online

Perspective

(@)

5 Aronatics-based ool

Feeding - Hindrance

L7 i

: : P > Coke deposition was reduced.

vF R T
P Aromatics-based-pool
,

Feeding
.o

i Hierarchical pore structure SAPO-34 !

< 5 Diffusi

Diffusion limit was strongly weakened.

Diffusion|

(b)

[TEOS, Al(-Pro);
H;PO,, MOR,
TPED, H,0

Nucleation

Precursor

Q
3
Z
3
3
s

TPED
e  Precursor

W Nanocrystals

Self-assembly

Aggregation of
nanocrystals

Hierachical SAPO-34
crystals

Fig. 6 (a) Mechanism of the reaction—diffusion process in the hierarchical pore structure SAPO-34, reproduced from ref. 88 with permission from
Elsevier, copyright 2024. (b) Schematic illustration of the crystallization process of hierarchical SAPO-34 aggregates assisted by the organosilane,

reproduced from ref. 90 with permission from Elsevier, copyright 2021.

Extensive studies on hierarchically porous zeolites have eluci-
dated key mechanisms by which tailored pore architectures alle-
viate coke-induced deactivation across diverse catalytic systems.
A consistent observation is the redistribution of coke deposits
from micropore interiors to mesopore surfaces and external
crystal interfaces. This behavior arises from enhanced mass
transport and shortened diffusion pathways, which enable rapid
removal of coke precursors and prevent their accumulation into
heavy, deactivating species. Such effects have been demonstrated
across various zeolite frameworks, resulting in reduced coke
buildup and significantly extended catalyst lifetimes. Moreover,
catalytic improvements strongly correlate with mesopore connec-
tivity, as open, interconnected pore networks consistently out-
perform structures containing isolated intracrystalline voids.
Overall, these insights highlight hierarchical porosity as a versa-
tile design strategy that modulates coke formation kinetics and
improves the catalyst durability.

Regeneration approaches

Although anti-coking modifications can effectively mitigate
catalyst deactivation, coke formation remains inevitable
during long-term operation. Regeneration thus serves as a
critical complementary strategy to restore the catalytic per-
formance by removing carbonaceous deposits, reactivating
sites, and preserving structural integrity.”'>%
Conventional methods, including oxidative combustion, gasifi-
cation, and hydrogenation, are widely employed but often
involve high thermal stress, incomplete decoking, and poten-
tial structural degradation of the zeolite framework. Recent
efforts have been focused on developing more selective,
energy-efficient, and less destructive alternatives. The follow-
ing subsections review representative regeneration strategies
for zeolite-based catalysts, emphasizing their mechanisms,
performance, and practical applicability.

active

This journal is © The Royal Society of Chemistry 2025

Oxidative regeneration

Oxidative regeneration is the most widely adopted strategy for
removing coke deposits from deactivated zeolite catalysts
owing to its simplicity, efficiency, and industrial scalability. It
involves combusting carbonaceous species with air or pure
oxygen at elevated temperatures, typically in the range of
450 °C to 600 °C. The method is extensively applied in indus-
trial processes such as FCC® and MTO,” which commonly
experience coke-induced catalyst deactivation. The regener-
ation process is highly exothermic and governed by a series of
well-defined oxidation reactions involving hydrogen, carbon,
and carbon monoxide:'>**

2H(s) +%Oz(g) — H,0(g), —121.0 kJ mol™* (1)
C(s) + %Oz(g) — CO,(g), —395.4 k] mol ™! (2)
C(s) +%02(g) — CO(g), —110.4 k] mol * (3)
CO(g) + 0,(g) — CO,(g), —285.0 k] mol* (4)

These reactions provide the thermodynamic foundation for
coke removal and determine the heat balance during
regeneration.

The pore architecture and framework topology of zeolite
crystals play a decisive role in governing the kinetics and
mechanism of coke oxidation during regeneration. Magnoux
et al.”® demonstrated that large-pore zeolites such as HY and
H-mordenite consistently exhibited faster regeneration rates
than medium-pore analogues like HZSM-5, primarily due to
enhanced oxygen diffusion and improved oxygen-coke accessi-
bility afforded by the large-pore architecture. A comparative
study of HFAU and HEMT zeolites further highlighted the
crucial role of framework topology in controlling the regener-
ation efficiency through its influence on coke deposition
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sites,’® as shown in Fig. 7a. The supercage structure of HFAU
promotes external coke formation, facilitating oxidative
removal, whereas the secondary cages (hypocages) of HEMT
favor internal coke accumulation, thereby restricting oxygen
access and slowing oxidation. These differences are attributed
primarily to the pore topology, rather than the differences in
chemical composition or acid strength.

Recent operando X-ray diffraction by
Kalantzopoulos et al.®” elucidated the regeneration behavior of
coked H-ZSM-5 and revealed a two-step mechanism involving
thermal decomposition of coke precursors around 475 °C, fol-
lowed by oxidative removal of more rigid species between 530
and 620 °C. This process is accompanied by reversible defor-
mation of the straight 10-membered ring channels, which
recover from oval (coked) to near-circular (regenerated) shapes.
Importantly, coke removal is site-dependent within the MFI
framework: species residing in straight channels exhibit
delayed removal and require higher oxidation temperatures
(>575 °C), while those located at intersections and in zigzag
channels are more readily oxidized at lower temperatures
(~475-550 °C), as shown in Fig. 7b. Collectively, these obser-
vations confirm that framework topology is the dominant
factor dictating coke oxidation dynamics.

Structural engineering can partially mitigate these topological
limitations. For example, hierarchical ZSM-23 integrates second-
ary mesoporosity into its originally microporous framework,
thereby enhancing oxygen diffusion and shifting coke depo-
sition toward more accessible external sites,”® as shown in
Fig. 7c. As a result, it exhibits markedly lower activation energies
for coke oxidation and superior preservation of internal acidity
and crystallinity after deactivation compared to its purely micro-
porous counterpart. These findings underscore the potential of
hierarchical architectures to enhance the regeneration efficiency
even within topologically constrained zeolite frameworks.

In addition to zeolite topology, the strength, density, and
type (Bronsted or Lewis) of acid sites critically influence the
catalytic performance, coke formation behavior, and the

studies
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nature and reactivity of coke deposits during oxidative regener-
ation. Systematic studies on HY zeolites by Moljord et al.®®
revealed that a higher density of framework aluminum atoms,
corresponding to increased Brensted acid site concentration,
facilitates coke oxidation, likely through proton-assisted mole-
cular oxygen activation and the formation of a radical cation
intermediate. Meanwhile, Diaz et al>> reported that in
HZSM-5 catalysts, stronger acid sites associated with lower Si/
Al ratios promote the formation of hard coke through second-
ary reactions such as dehydrogenation and aromatization; this
coke requires harsher regeneration conditions (520-550 °C)
with high activation energies (162-244 kJ mol™"). Catalysts
with weaker acid sites tend to form softer coke that can be
removed by milder thermal treatment (~400 °C). Consistently,
recent work by Jiang et al.'°® demonstrated that strong Lewis
acid sites in Zr-p zeolites serve as primary sites for carbon
deposition (Fig. 8), and their gradual loss correlating with cata-
lyst deactivation. Regeneration under air at 450 °C effectively
restored the Lewis acidity and catalytic activity, highlighting

n
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deactivation  re
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Fig. 8 Correlation between Lewis acid site distribution and coke depo-
sition behavior over Zr-p zeolites during catalytic operation and regener-
ation, reproduced from ref. 100 with permission from American
Chemical Society, copyright 2024.
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the pivotal role of acid site strength in governing the coke reac-
tivity and regeneration efficiency.

Coke oxidation is a highly exothermic process, and the
resulting heat release poses a significant risk of catalyst degra-
dation. Excessive local temperatures during regeneration may
induce structural damage such as dealumination, framework
collapse, and metal sintering, ultimately leading to irreversible
loss of catalytic activity. Therefore, an ideal regeneration strat-
egy must achieve complete coke removal while preserving the
structural integrity and active sites of the catalyst. In industrial
practice, key parameters such as regeneration temperature,
oxygen concentration, and treatment duration must be care-
fully optimized to achieve this balance. Among these para-
meters, temperature plays a particularly critical role in deter-
mining both the kinetics of coke oxidation and the extent of
catalyst recovery. Yung et al.'°’ systematically examined the
regeneration of coked ZSM-5 used in catalytic fast pyrolysis
and found that a minimum temperature of 650 °C (Fig. 9a)
was required to ensure effective coke removal and performance
restoration. Lower temperatures led to incomplete decoking
and extended regeneration times, whereas excessively high
temperatures increased the risk of irreversible framework
degradation and compromised the long-term durability.
Oxygen concentration is similarly pivotal in controlling regen-
eration outcomes.'®*'% Akbari et al.’®® systematically investi-
gated the regeneration of coked SAPO-34 in a fluidized-bed
reactor and demonstrated that using 14 vol% O, at 600 °C
achieved an optimal balance between efficient coke removal
and the preservation of key catalyst properties, including
strong acidity, microporosity, and structural integrity (Fig. 9b).
These findings collectively underscore the necessity for precise
tailoring of regeneration conditions to the physicochemical
characteristics of each catalyst system to ensure both effective
and safe performance recovery.

In addition to conventional oxidative regeneration using air
or pure oxygen, alternative oxidants such as O; and NO, have
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been explored to improve the coke removal efficiency at
reduced temperatures, thereby mitigating catalyst structural
degradation. O, with its high oxidative potential, enables
effective coke oxidation at 150-200 °C, which is significantly
lower than the temperatures typically required for O,-based
treatments.'®"'%> For example, Copperthwaite et al.'®* restored
the activity of coked ZSM-5 at 150 °C using ozone-enriched
oxygen, while Mariey et al.'® achieved nearly complete coke
removal from HY zeolites at 180 °C. However, the industrial
application of O; is limited by rapid decomposition, restricted
diffusion, and stringent emission regulations.’*'® Similarly,
NO, species such as N,0 and NO, can remove external coke at
350 to 400 °C, approximately 200 °C lower than conventional
air-based regeneration.'””'°® Nevertheless, they may also
induce framework degradation and aluminum redistribution,
ultimately compromising the catalyst stability.'® Consequently,
although these alternative oxidants offer distinct advantages
under mild regeneration conditions, their broader industrial
adoption remains constrained by operational complexity,
environmental concerns, and economic viability.

Gasification regeneration

Gasification regeneration refers to the conversion of coke
deposits into syngas (CO and H,) through reactions with
carbon dioxide or steam.'® Unlike conventional oxidative
regeneration, which involves exothermic combustion and may
induce local overheating and framework degradation, gasifica-
tion is endothermic and allows greater thermal control. Two
main gasification pathways are relevant in zeolite systems.
Carbon dioxide gasification proceeds via the reverse
Boudouard reaction (C + CO, = 2CO, AH = +172 kJ mol™),
providing smoother temperature control but generally requir-
ing high operating temperatures because of the low intrinsic
reactivity of CO,. In contrast, steam gasification (C + H,0 —
CO + H,, AH = +131 kJ mol™") exhibits significantly higher
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Fig. 9 (a) TGA profiles during the regeneration experiments with oxidative treatment in 4% O,/N, at different temperatures, reproduced from ref.
101 with permission from Elsevier, copyright 2019. (b) NH3-TPD spectrum of the fresh, spent, and different regenerated catalysts, reproduced from

ref. 102 with permission from Elsevier, copyright 2024.
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reactivity, typically two to five times higher under similar
conditions.’®®'*® However, steam introduces hydrothermal
environments that can induce framework dealumination and
aluminum migration, posing stability challenges for zeolite-
based catalysts.

Several studies have demonstrated the feasibility of gasifica-
tion-based regeneration for zeolite systems. Sun et al. achieved
partial recovery of catalytic activity in FeLi/ZSM-5 ethylbenzene
conversion catalysts following CO, gasification at 550 °C for
four hours.""! Karpe et al’® investigated the application of
CO, gasification regeneration for the deactivated Fe-ZSM-5
catalyst in the methane MDA reaction. Their results show that
regeneration at 830 °C effectively removed soft carbon species,
whereas higher temperatures (860 °C) are required for com-
plete elimination of hard coke, confirming the temperature-
dependent nature of CO, gasification.

For steam gasification applications, Zhang et al''> devel-
oped bifunctional catalysts by modifying USY zeolites with
alkaline metal oxides, achieving a 50% reduction in regener-
ation time compared to conventional air-based methods.
Notably, Zhou et al.**®* demonstrated that controlled partial
steam regeneration of SAPO-34 catalysts in methanol-to-olefins
processes could preserve beneficial coke species, resulting in
enhanced ethylene selectivity compared to complete coke
removal. These examples illustrate how both complete and
partial regeneration strategies can be tailored to balance the
activity recovery and selectivity.

While gasification-based regeneration offers advantages
such as improved thermal control and potential coke valoriza-
tion, it also faces significant limitations. Both CO, gasification
(typically >700 ©°C) and steam gasification (commonly
700-900 °C) require high operating temperatures, which can
degrade the zeolite crystallinity and compromise the acid site
stability. Although steam possesses higher intrinsic reactivity
than CO,, achieving complete coke removal often necessitates
even more severe thermal conditions. Moreover, the regener-
ation efficiency is highly sensitive to catalyst composition, coke
characteristics, and reaction parameters. Compared to OXi-
dative regeneration, gasification provides a gentler alternative,
particularly suitable when structural preservation and gradual
coke removal are desired.

Non-oxidative regeneration

Non-oxidative regeneration refers to coke removal processes
that avoid the use of oxygen or strong oxidants, relying instead
on alternative pathways such as thermal cracking, hydrogen-
ation, or chemical reduction. Representative methods include
pyrolysis under inert atmospheres (e.g., N,), hydrocracking
using hydrogen or alkanes, and other reductive
treatments."'* "7 These approaches are particularly advan-
tageous for catalysts that are susceptible to framework degra-
dation under oxidative conditions.

Among these strategies, hydrogenation is the most exten-
sively studied method for regenerating zeolite-based catalysts.
The primary reaction involves the hydrogenation of carbon-
aceous deposits to methane: C(s) + 2H,(g) — CHy(g), AH =
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—75 kJ mol."*® The efficiency of hydrogen-based regeneration
depends strongly on both the physicochemical properties of
the catalyst and the operating parameters. Bauer et al''*
reported that spent HZSM-5 catalysts used in methanol-to-
hydrocarbon reactions could be partially reactivated using
hydrogen or alkanes around 420 °C, attributed to Brensted
acid sites that activate hydrogen and promote coke
hydrocracking.

Similarly, Aguayo et al.''® examined the regeneration of
coke-laden HZSM-5 zeolites using helium, hydrogen, and
water vapor. Helium lowered the coke content and its H/C
ratio but only transiently restored activity, with rapid de-
activation in subsequent reactions. Hydrogen, in contrast,
reduced and stabilized the coke deposits, thereby decreasing
the subsequent deactivation rate and acting as an ideal regen-
erant. Water vapor partially removed coke but caused alumi-
num leaching and acid-site loss, leading to irreversible de-
activation and poor catalytic durability. Thus, hydrogen treat-
ment was considered the most effective option for HZSM-5
regeneration, as it effectively removes coke, stabilizes activity,
and prolongs service life. Jong et al.''® further showed that
coke located near these acid sites was more readily removed
than on the external surface, indicating the spatial selectivity
of hydrogen activation. For Mo/HZSM-5 catalysts used in MDA,
effective regeneration required temperatures above 850 °C,"*°
while elevated hydrogen pressures (up to 4 MPa) significantly
improved coke removal in SAPO-34 systems."*"

Despite these advantages, hydrogenation remains less
efficient than oxidative routes and generally demands high
temperatures and/or pressures to achieve appreciable coke
conversion. Walker et al.'** reported coke removal rates at
800 °C in the order O, > H,O > CO, > H,, confirming the rela-
tively low reactivity of hydrogenation. Nevertheless, hydrogen
treatment offers unique advantages, including the preferential
removal of internal coke near Bregnsted acid sites while retain-
ing some external carbon deposits that may contribute to
shape selectivity or catalyst protection."*?

Non-thermal plasma regeneration

In response to the limitations of conventional thermal regener-
ation methods, a growing number of alternative technologies
have been proposed to improve the efficiency and selectivity of
catalyst regeneration. Among these, non-thermal plasma regen-
eration has emerged as a particularly promising strategy for
coked zeolite catalysts.’>*** Unlike traditional oxidative regen-
eration that relies on high-temperature combustion (typically
>500 °C), NTP enables catalyst regeneration at room tempera-
ture and atmospheric pressure by generating highly reactive
oxygen species, such as 0,", 07, 0,7, and O3, through electron
impact excitation in oxygen-containing plasma environments.
A typical dielectric barrier discharge (DBD) reactor configur-
ation used for this purpose is illustrated in Fig. 10a."*®

These reactive species exhibit strong oxidative activity and
are capable of diffusing into the microporous network of zeo-
lites,"*® including pores smaller than 1 nanometer (Fig. 10b).
The decoking process is primarily governed by the density and

This journal is © The Royal Society of Chemistry 2025
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time for 12 W at 293 K, reproduced from ref. 126 with permission from MDPI, copyright 2019. (c) Apparent oxidation path of coke by NTP regener-
ation, reproduced from ref. 127 with permission from American Chemical Society, copyright 2019.

mobility of these species, allowing selective oxidation of poly-
aromatic coke molecules confined within the zeolite frame-
work. Mechanistically, coke elimination occurs via a stepwise
oxidation sequence: lighter hydrocarbons are oxidized first,
while more condensed aromatic deposits undergo partial oxi-
dation to form carboxylic intermediates, which subsequently
desorb as volatile organic compounds such as CO and CO,."*’
This mechanism is schematically depicted in Fig. 10c. The
low-temperature and selective oxidation pathway enables
effective coke removal while minimizing structural degradation
and framework dealumination.

Experimental studies have demonstrated the applicability
of NTP regeneration across various zeolite structures, includ-
ing MFI-, FAU-, and MOR-type zeolites. For instance, MFI and
FAU zeolites can be almost completely regenerated within a
few hours under DBD plasma conditions, with restoration of
microporosity and acidity. In contrast, MOR zeolites show
slower regeneration due to their more restrictive channel
systems."”® A comparison of regeneration performances
among different zeolite types is presented in Fig. 10b. The
efficiency of NTP regeneration also strongly depends on both
the chemical nature of the coke species and the physical com-
pactness of the catalyst bed, which influence the accessibility
and reactivity of plasma-generated species within the porous
network.

NTP provides a selective, energy-efficient, and structure-pre-
serving method for the regeneration of coked zeolites, offering

This journal is © The Royal Society of Chemistry 2025

great promise for extending the catalyst lifetime in hydro-
carbon conversion processes. However, as a relatively new tech-
nique, its industrial application still faces several challenges,
including the high cost associated with the use of noble gas
mixtures such as He or Ar to stabilize the discharge and the
need for optimized reactor configurations to ensure effective
plasma-—catalyst interactions and scalability.

Summary and outlook

Coke-induced deactivation remains the foremost challenge
limiting the long-term performance of zeolite catalysts in
industrial petrochemical and refining processes. This review
summarizes the recent advances in understanding coke for-
mation and deactivation mechanisms, discusses strategies for
mitigating coking through zeolite modification, and evaluates
a range of regeneration technologies.

The underlying mechanisms are highly complex and are
intrinsically governed by the interplay among framework topo-
logy, acidity distribution, and reaction environment, which
together determine the location, chemistry, and growth
dynamics of carbonaceous species. Despite the considerable
recent progress, fundamental questions remain regarding the
molecular-level mechanisms that control coke nucleation,
growth, and spatial evolution under realistic reaction con-
ditions. Current understanding relies heavily on ex situ charac-
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terization, which provides limited insight into the multiscale
and dynamic nature of these processes. A systematic investi-
gation of carbon deposition pathways, the structural and diffu-
sional behavior of coke precursors and deposits, and their
interactions with active sites is urgently needed. The inte-
gration of density functional theory, molecular dynamics simu-
lations, microkinetic modeling, and advanced experiments
offers powerful opportunities to establish predictive structure—
coking relationships, deepen the mechanistic understanding
across multiple length and time scales, and guide the design
of multifunctional zeolite catalysts with enhanced resistance
to deactivation.

The rational design of coke-resistant zeolite catalysts has
traditionally proceeded through iterative experimental optimiz-
ation, which is inherently resource-intensive. It is constrained
by a vast parameter space, including framework topology, Si/Al
ratio, metal incorporation strategies, acidity modification, and
hierarchical structuring techniques, as summarized in this
work. In recent years, artificial intelligence (AI) and compu-
tational screening methodologies have emerged as transforma-
tive tools in zeolite materials science, offering unprecedented
capabilities across the complete design-synthesis—characteriz-
ation pipeline.'®**> These Al-driven approaches have been
successfully applied to framework identification, thermo-
dynamic stability assessment, adsorption performance predic-
tion, hypothetical structure generation, and experimental syn-
thesis pathway design.'*” Nevertheless, applications specifi-
cally targeting the anti-coking performance remain at an early
stage, largely due to the complex, multi-factorial nature of cata-
lyst deactivation and the fragmented, heterogeneous datasets
available in the literature. In the future, by processing large,
standardized, high-quality datasets from experimental and
operational conditions, Al-enabled zeolite screening and
process optimization hold the potential to enable predictive
analysis of coke formation, guide informed catalyst
design,®*"** and implement advanced process control strat-
egies®” for the rational development of coke-resistant zeolite
catalysis systems.

Regeneration strategies involve a fundamental trade-off
between decoking efficiency and structural preservation, as
summarized in this review. Oxidative regeneration with O,
remains the industrial standard due to its high kinetic
efficiency and scalability, though its highly exothermic nature
necessitates careful thermal management to prevent dealumi-
nation, framework collapse, and metal sintering over repeated
cycles. Low-temperature alternatives, such as Oz, NO,, and
non-thermal plasma, significantly mitigate structural risks but
are constrained by economic and scalability limitations.
Gasification with CO, or H,O offers improved thermal control
through endothermic pathways and enables potential syngas
valorization, though high temperatures may compromise
zeolite crystallinity; steam, while more reactive than CO,, can
induce hydrothermal instability and acid site loss.
Hydrogenation, although the least efficient, selectively removes
internal coke while preserving external carbon layers that con-
tribute to shape selectivity. Optimal regeneration strategies
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should be tailored to operational priorities: high-throughput
processes favor conventional oxidative regeneration with opti-
mized temperature and oxygen concentration, whereas struc-
ture-sensitive applications benefit from low-temperature
methods. Future efforts should focus on integrating the
efficiency of thermal regeneration with the structural preser-
vation offered by low-temperature approaches.

Future progress in overcoming coke-induced deactivation in
zeolite catalysts will rely on a concerted, multidisciplinary
effort integrating advanced characterization, multiscale model-
ing, data science, and reaction engineering. Several research
directions deserve particular emphasis. First, in situ and oper-
ando characterization techniques capable of capturing the
spatiotemporal evolution of coke under realistic reaction-
regeneration conditions remain less developed, yet they are
indispensable for validating mechanistic hypotheses and
developing rational catalyst design. Second, computational
approaches ranging from quantum chemical calculations of
confined reaction pathways to data-driven structure-property
modeling need further development. Closer integration with
experiments is also required to fully realize their potential for
accelerating catalyst discovery and optimization. Third, novel
low-energy, low-emission regeneration techniques should be
tailored to target specific deactivation pathways, ensuring they
are both efficient and sustainable. By integrating molecular-
level mechanistic insights, rational design strategies, advanced
characterization, and sustainable regeneration technologies,
significant advances can be achieved in the design and optim-
ization of durable zeolite catalysts.
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