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Catalyst deactivation remains a fundamental challenge in heterogeneous catalysis, compromising
performance, efficiency, and sustainability across numerous industrial processes. This review critically
examines the principal deactivation pathways including coking, poisoning, thermal degradation, and
mechanical damage and evaluates the breadth of regeneration strategies developed to restore catalytic
activity. Traditional methods such as oxidation, gasification, and hydrogenation are assessed alongside
emerging approaches like supercritical fluid extraction (SFE), microwave-assisted regeneration (MAR), plasma-
assisted regeneration (PAR) and atomic layer deposition (ALD) techniques. The environmental implications and
operational trade-offs associated with each regeneration method were evaluated. By integrating recent
scientific advancements with bibliometric analysis, this study identifies prevailing research trends and exposes
key knowledge gaps in catalyst regeneration. Unlike prior reviews, this work offers a holistic perspective that
spans multiple deactivation mechanisms and regeneration routes. Insights into process optimization and
environmental impact reduction are presented to guide future innovation in sustainable catalytic system
design. By contrasting current progress with unexplored potential, this study provides a basis for promoting
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innovation and management of sustainable catalysts. It serves as a strategic roadmap for enhancing catalyst
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1. Introduction

Heterogeneous catalysts are crucial in facilitating numerous
chemical processes, such as the conversion of hydrocarbons
and carbohydrates in various industries. They enable the effi-
cient utilisation of limited feedstocks, which can be either
renewable (e.g. biomass and municipal waste) or non-renewable
(e.g: crude oil, coal, natural gas). They are used either to accelerate
the reaction rate or to specifically produce the target products.’?
However, a notable disadvantage of using industrial catalysts
is their inevitable deactivation over time, which occurs during
continuous operation. While the traditional definition of catalysts
implies that they cannot be consumed in chemical reactions, they
are not immune to degradation. Deactivation of solid catalysts is a
common consequence of various chemical and physical pro-
cesses, including metal sintering, poisoning and structural dete-
rioration, such as the dealumination of zeolites and framework
collapse, which are usually the main cause of this phenomenon.**
In addition, carbon deposits can form that obstruct the catalyst
pores or access to the catalytic sites and originate from various
compounds.’ This deactivation results in a decline in catalytic
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efficiency and product selectivity, which requires careful consid-
eration to ensure the effective design and operation of catalytic
activities. The knowledge of catalyst deactivation is crucial for the
development of strategies to mitigate deactivation and extend the
life of the catalyst, ultimately ensuring the efficiency and sustain-
ability of catalytic processes. Therefore, catalyst deactivation is a
critical area of research being pursued in both academia and
industry.

Coke generation is not only about the coke deposition in the
catalyst pores and on the outer surfaces,® but also about the
chemical processes involved in its formation. Research has
been conducted to comprehend the mechanisms responsible
for coke formation.””® In general, three stages are distinguished in
coke formation: hydrogen transfer at acidic sites, dehydrogena-
tion of adsorbed hydrocarbons and gas polycondensation.” The-
oretically, coke has the potential to affect the performance of the
catalyst in two ways: active site poisoning (leading to overcoating
of the active sites) and clogging the pores (making the active sites
inaccessible to the reactants).'” The specific kind of coke pro-
duced is dependent on both the catalyst used and the reaction
parameter; therefore, methods for regeneration vary depending
on the catalytic processes involved.® Considerable efforts have
been made to prevent coke formation and extend catalyst
life.'"'> Nevertheless, catalyst deactivation is inevitable and
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can occur rapidly, as in fluidised catalytic cracking (FCC), or
gradually over several years, as in NH; synthesis."® In addition,
the time required for the regeneration of a particular catalyst is
largely influenced by the rate of coke formation. Continuous
regeneration of the catalyst becomes economically imperative
when coke formation proceeds rapidly.**

Regeneration of deactivated catalysts to restore their activity
is both practically and economically valuable, as the deactiva-
tion of catalysts in industrial catalytic processes is a constant
challenge."* Therefore, the interest lies in the development of
reliable, effective and cost-efficient technologies for the regen-
eration of catalysts. Given the great concern about the deactiva-
tion of catalysts due to coke fouling, especially in the
petrochemical sector, our study aims to investigate different
regeneration techniques. The resuscitation of the catalytic
performance of a completely deactivated catalyst using conven-
tional regeneration methods is a major challenge. Fortunately,
the deactivation of catalysts by coke buildup is frequently
reversible. Coke can be readily eliminated through oxidation
using oxygen or air.'"”"® In many industrial processes, coke is
burnt with air to revive used catalysts. However, the exothermic
nature of coke combustion presents difficulties as it can lead
to hot spots localised temperature gradients and ultimately
destroy the catalyst."*'®?” Various advanced regeneration tech-
niques can eliminate coke at mild temperatures and thus
increase regeneration efficiency while minimising catalyst
damage. For example, coked ZSM-5 catalysts can be regener-
ated at low temperatures with ozone (03)."®

The science of catalyst deactivation and regeneration during
biomass conversion has seen significant advancements over
the years, resulting in a growing body of literature on this
critical topic.'*>* Many studies highlight that coke formation is
a prevalent deactivation pathway in industrial processes invol-
ving organic compounds and heterogeneous catalysts. Vogt
et al.** delved into the role of carbon species deposited from
various feedstock molecules or formed over time during cata-
lytic processes, shedding light on their contribution to deacti-
vation. Zheng et al> systematically analyzed the primary
causes of catalytic deactivation while evaluating corresponding
regeneration strategies. Similarly, Hatta et al>® conducted
in-depth research on catalyst deactivation and regeneration,
particularly focusing on CO methanation reactions. In addition,
Wu et al.”” reviewed advances in understanding poisoning
mechanisms of alkali metals in selective catalytic reduction
(SCR) catalysts, with a comprehensive discussion on various
catalyst systems, including vanadium-based, manganese-based,
and cerium-based catalysts. Liu et al.*® explored the effects of
toluene feeding time and iron concentration on catalytic per-
formance and deactivation characteristics while examining
regeneration properties. Furthermore, Liu et al.>* combined
in situ electrochemical infrared spectroscopy and density func-
tional theory (DFT) calculations to investigate deactivation and
regeneration processes of Pt surfaces during oxygen reduction
reactions (ORR) in the presence of SO, and NO.

Despite these valuable contributions, existing studies often
focus on specific catalysts or regeneration methods, leaving
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gaps in comprehensively addressing coke formation, its pre-
vention, and the environmental implications of regeneration
techniques. This study builds upon previous work to bridge
these gaps by presenting an integrated critical review of coke
formation, catalyst deactivation, and regeneration. To this end,
this study contributes uniquely to the field by first conducting a
bibliometric review to trace research trends and highlight
developments in catalyst deactivation and regeneration. It then
provides an in-depth examination of coke formation mechanisms,
causes of deactivation, and preventive strategies. Additionally,
conventional regeneration techniques, including oxidation (using
air/0,, Oz, and NO,), gasification (using CO, and H,), and
hydrogenation (using H,), are systematically reviewed, while
discussing emerging regeneration methods. Importantly, the study
emphasizes the environmental impacts of these regeneration
methods, a dimension often overlooked in previous research.
Finally, it addresses challenges in coke attenuation and offers
insights into optimizing catalyst design and processes. By combin-
ing bibliometric analysis, technical evaluation, and environmental
assessment, this study aims to provide a holistic understanding of
catalyst deactivation and regeneration, advancing the field toward
sustainable and efficient catalytic systems.

2. Method

The data for the bibliometric analysis was collected via Web of
Science (WoS). The methodology flowchart is shown in Fig. 1
and illustrates the individual steps. The search was conducted
for 2 days in March 2024 and was limited to the years 2000-
2024 and subject areas such as materials science, engineering,
chemistry, chemical engineering, energy, environmental science
and related fields. The search was further refined by document
type (article) and language (English). The search was divided
into three categories: (i) catalyst coke, (ii) catalyst stability and
deactivation, and (iii) catalyst regeneration, to determine the

Literature Search Keywords
Catalyst coke, Catalyst stability and deactivation,
Catalyst Regeneration (via WoS)

Retrieve Publications
Between 2000 and 2024, with limitations in
subject area, document type and language

Data Categorization
And vetting Via MS Excel

Description and Evaluation
Results and Analysis

Data Analysis
Via VOSviewer (v. 1.6.20), Graphical
and Chart representation.

Description and Evaluation
Results and Analysis

Fig. 1 Methodology flowchart for the bibliometric analysis.
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number of research articles in each category. For catalyst coke,
seven keywords were used in the initial search (“coke”,
“coking”, “coke deposition”, “‘coke deposit”, “coke formation”,
“coke resistance”, “carbon deposition”). Five keywords were
used for catalyst stability and deactivation (including “catalyst
deactivation”, ‘“‘catalyst stability”, “deactivation”, “deactivation
mechanism”), while five keywords were used for catalyst regenera-
tion (including “catalyst regeneration”, “catalytic regeneration”,
“continuous catalyst regeneration”, “in situ regeneration”, “regen-
eration of catalysts”). The number of publications for each
category after the application of each limitation was recorded.

Publication data were exported from Web of Science as a
“tab-delimited file” and checked for completeness by searching
for the presence of keywords in the title, abstract, keywords and
article. Duplicate publications were removed, and the remain-
ing publications were grouped by focus keywords, countries
and regions. A list of keywords based on each parameter
(tab-delimited file) was employed for visualisation analysis with
VOSviewer (version 1.6.20). VOSviewer is a free software tool for
creating and visualising bibliometric networks developed by
Nees Jan van Eck and Ludo Waltman at the Centre for Science
and Technology Studies at Leiden University. Network maps
were created to visualise the keyword analysis based on the
three keywords and their relationships to other keywords, with
the size of the circle representing the volume of work, study or
publication in the focus area.

In addition, a critical review of research on catalyst coke
formation, deactivation, and regeneration methods was con-
ducted, capturing a broad spectrum of scientific efforts and
providing valuable insights into the evolution of knowledge,
methodologies, and persistent challenges in the field.

3. Bibliometric review analysis of
research trend on catalyst coke,
stability, deactivation and regeneration
from 2000-2024 - results and
discussion

This section presents the results of a bibliometric analysis covering
three key areas: catalyst coke (CC), catalyst stability and deactiva-
tion (CSD) and catalyst regeneration (CR) from 2000 to 2024 using
Web of Science (WoS) publication data. A total of 30873, 44 834
and 1987 research articles were considered for “catalyst coke”,
“catalyst stability and deactivation”, and ‘“catalyst regeneration”,
respectively, all of which were published in English. This section
focuses on several factors, including the output of publications
from the three focus areas by year (2000-2024), country, region and
keywords. The data for 2024 was collected from January to May
and cannot be actively used for comparison.

3.1. Publication trend (2000 - May 2024)

The analysis shows a steady upward trend in publications in all
focus areas, with the number of publications increasing from
432, 669 and 18 publications in 2000 to 2413, 3083 and 180
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publications for CC, CSD and CR, respectively, in 2023, repre-
senting significant growth rates of 82.1%, 78.3% and 90% for
CC, CSD and CR respectively in the period from 2000 to 2023
(Fig. 2a). Forecasts indicate that total output in 2024 will exceed
that of 2023. It is noteworthy that research on CC and CSD has
been more extensive compared to CR, with over 92% and 94%
more work, respectively than CR over the last 24 years. This
emphasises the need for a stronger focus on catalyst regenera-
tion, which is crucial for effective heterogeneous catalysis.
Fig. 2b shows the 23 countries actively involved in CC, CSD
and CR research, with China in the lead, followed by the USA,
Germany and Japan. These four countries together contribute
to 54.7% of the total publications, while other countries
account for the rest. While studies on CCS and CSD are
extensive, research on CR is still relatively limited. Further-
more, the regional distribution of publications on CC, CSD and
CR shows that the Asia-Pacific region is leading, followed by
Europe and North America (see Fig. 3A-C). On average, these
regions make the highest contributions, while Africa makes the
smallest contribution. The trend follows Asia-Pacific > Europe
> North America > South America > Oceania and Australia >
Africa. While China continues to lead the way in heterogeneous
catalysis research in the Asia-Pacific region, Europe and North
America (Fig. 3D) are also actively contributing to the advance-
ment of heterogeneous catalysis research to promote sustain-
able energy alternatives.

The results of the VOS analysis show that the keywords
catalyst ‘“coke”, ‘“deactivation” and ‘regeneration” have
remained constantly present over the last two decades, with
their occurrence either doubling or tripling. Using VOSviewer,
the minimum number of keyword occurrences was set to 25.
Of the 6033 keywords generated, 115 met this threshold.
Each node is represented by a specific colour based on year
of publication, with different sizes indicating the frequency of
occurrence. Larger circles represent more frequent use of the
term, while smaller circles represent less frequent use.*® The
links between the keywords represent their co-occurrence. They
show how often pairs of keywords occur together in the data set
and thus reveal the relationships and patterns between the
keywords. The analysis revealed that the terms catalyst coke
and catalyst deactivation are studied more intensively com-
pared to catalyst regeneration, which is reflected in the smaller
size of the nodes for the latter (Fig. 4a). The different colours
show the distribution of the keywords over the last two decades.
This observation confirms previous findings, which emphasise
that relatively little attention is paid to research on catalyst
regeneration in this area. Fig. 4b illustrates the citation analysis
of the most frequently cited authors. The entries included
1860 publications, with 326 publications meeting the threshold
of 50 citations. Out of the 326 publications, 229 showed the
largest set of linked items. The term “links” refers to the
number of connections an author has with other authors.
Specifically, in the context of citation links between research-
ers, the “links” attribute means the number of citations link a
researcher has with others. The size of a node corresponds to
the frequency of citations, with larger nodes indicating more
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(Data source: Web of Science).

citations than smaller ones. Fig. 4b not only illustrates the
citation analysis of selected authors but also provides valuable
insights into the collaborative dynamics of research in this field
in the period from 2000 to 2024. The following section looks at
the advances in catalyst coke, deactivation mechanisms and
regeneration techniques over the last two decades.

4. Catalyst deactivation — coke
formation and catalyst deactivation
mechanism

The deactivation of catalysts, which is characterised by a
gradual decrease in catalytic performance and specificity over

1078 | Energy Adv., 2025, 4,1075-113

(a) Publication based on focused keywords for 2000-2024 and (b) most productive countries in CC, CSD and CR research from 2000 to 2024

time, continues to be a major issue in the field of industrial
catalytic processes. Every year, catalyst replacement and pro-
cess downtime cost the industry billions of dollars. The time
frame for the deactivation of catalysts varies greatly. For exam-
ple, the lifetime of cracking catalysts can be only a few seconds,
while iron catalysts in ammonia synthesis can remain active for
five to ten years. Nevertheless, the degradation of any catalyst
is unavoidable. Various intrinsic mechanisms contribute to
catalyst deactivation, which can be broadly categorised into
five main types: (1) catalyst poisoning by chemisorption of
some species at active sites; (2) fouling by coke deposition;
(3) sintering or thermal degradation; (4) vapour-solid or solid-
solid reactions; and (5) mechanical failure. Since mechanisms
1 and 4 are primarily chemical, while mechanisms 2 and 5 are

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Publication analysis of the focus keywords (A) catalyst coke, (B) catalyst stability and deactivation, (C) catalyst regeneration according to regions

and (D) average regional contribution for these keywords.

mechanical, the causes of deactivation can be divided into
three categories: chemical, mechanical and thermal. These
deposits can originate from a variety of compounds.* While
some of these pathways may result in irreversible deactivation,
others may cause only a reversible loss of catalytic performance.
In the past, the mechanisms responsible for the deactivation of
catalysts have been studied in detail, and the complicated
processes involved have been elucidated. Table 1 briefly
explains each of these five basic mechanisms. The following
subsections provide a more detailed examination, focussing on
these mechanisms.*

4.1. Catalyst poisoning

The deactivation of a catalyst by a chemical substance, whether
partial or complete, is known as catalyst poisoning. Poisoning
is a particular form of catalyst degradation that is due to
chemical factors and differs from other degradation mechan-
isms such as thermal decomposition or physical damage.
Although usually undesirable, poisoning can occasionally lead

© 2025 The Author(s). Published by the Royal Society of Chemistry

to improved selectivity of the catalyst despite its generally
unfavourable nature. Poisoning, which is characterised by the
strong chemisorption of reactants, products or impurities at
catalytic sites, is of great importance in catalysis.** The
effectiveness of a species as a poison is dependent on its
adsorption strength compared to other competing species for
catalytic sites. Adsorbed toxins have the potential to cause
variations in the electrical or geometric framework of the sur-
face and physically block the adsorption sites.*>** Poisoning
can manifest as either temporary or permanent, based on the
conditions. An example of reversible poisoning can be observed
in fluidized catalytic cracking catalysts, where N, compounds
in the feed temporarily deactivate the acidic sites. Despite the
potential severity, these effects usually disappear within hours
to days after the source of N, has been removed from the
feedstock. A similar scenario occurs when nitrogen compounds
are added to the synthesis gas of the cobalt Fischer-Tropsch
catalyst, although it takes several weeks to months for
the activity to be restored.*® Conversely, most poisons bind

Energy Adv., 2025, 4,1075-1113 | 1079
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irreversibly to catalytic surfaces, such as sulphur, on most the selectivity of fresh catalysts. For example, additives such as
metals, leading to permanent deactivation effects regardless of zinc and phosphorus in lubricating oils are used to enhance
reversibility.*® In addition, poisons are intentionally introduced lubricating characteristics and stability but turn into poisons
for two purposes: to improve product performance for subse- when reprocessed in a hydrotreater or fluidised catalytic crack-
quent catalytic reprocessing or to reduce the activity and alter  ing unit.*
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in the presence of strongly adsorbed substances but in the formation of
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Substances deposition from the liquid phase on the catalyst surface
Sintering occurs when the catalyst near the pores partially melts, hindering
access to oxygen for the combustion of coke.
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The effects of Na,SO, poisoning on Fe,03;/Mo0O;/TiO, and
V,05-WO,/TiO, catalysts during the NH;-SCR reaction is shown
in Fig. 5. Alkali poisoning, particularly from Na" ions, is a major
deactivation pathway, as these ions block surface acid sites
critical for NH; adsorption and reaction.?” In the case of V,05-
WO,/TiO, (Fig. 5a), Na' accumulation significantly reduces
activity by inhibiting NH; and NH," adsorption on acid sites.
Conversely, Fe,03;/Mo00;/TiO, (Fig. 5b) shows strong resistance
to Na,SO, poisoning due to the protective role of the MoO;
layer, which preferentially interacts with Na®, shielding Fe,O;
active sites. Na* intercalates into the MoOj; structure, maintain-
ing surface acidity and SCR activity. Even with slight changes in
reducibility, overall NH; conversion efficiency remains stable,
indicating that MoOj; effectively mitigates alkali-induced deac-
tivation. This highlights the Fe,03/Mo0O;/TiO, catalyst’s suit-
ability for SCR applications in Na,SO,-rich environments.*”

4.2. Fouling, carbon and coke deposition

Fouling, which is characterised by the mechanical deposition
of substances from the liquid phase on the catalyst surface,
leads to reduced performance due to pore clogging, which can
result in the catalyst breakdown and clogging of reactor
crevices. Notable examples include carbon and coke deposits
in porous catalysts. However, the formation of carbon and coke
also involves the chemisorption of various carbons or con-
densed hydrocarbons, which can become catalyst poisons.
The definitions of carbon and coke are somewhat arbitrary
and based on their regions of origin. Carbon is often a by-
product of the disproportionation of carbon monoxide,
whereas coke, which consists mainly of polymerised heavy
hydrocarbons, is formed by the degradation of hydrocarbons
or by condensation on catalyst surfaces. Nevertheless, the
conditions during coke formation and ageing can lead to
different forms, ranging from heavy molecular weight HCs to
graphite. Numerous books and reports deal with the buildup of
carbon and coke on catalysts and the subsequent deactivation
of the catalyst. The chemical structure of carbons or coke
produced during catalytic processes changes depending on
the type of reaction, catalyst and conditions.”***° Menon®®
proposed a classification of catalytic events leading to carbon or
coke formation as coke-sensitive or coke-insensitive (similar to
Boudart’s categorisation into structure-sensitive and structure-
insensitive reactions). In reactions that are affected by coke
(coke-sensitive), inactive coke accumulates at the active sites
and reduces their activity. Conversely, in reactions that are not
affected by coke, the more reactive precursors of the coke can
be quickly removed using the aid of hydrogen or alternative
gasification agents.

4.2.1. Coke formation mechanisms. Several researchers
have proposed different mechanisms to explain the formation
of coke during steam reforming processes. These mechanisms
describe the formation and modification of various intermedi-
ate and stable carbon-based compounds.® They include differ-
ent types characterised by their structure and reactivity. These
include (i) C,, which represents atomic carbon adsorbed on the
metal surface (surface metal carbide) and is typically formed at
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Fig. 5 Presents schematic models illustrating the effects of Na,SO4 poisoning on Fe,O3/MoOz/TiO, and V,0s—-WO3/TiO, catalysts during the NH3-SCR
reaction. Alkali poisoning, particularly from Na* ions, is a major deactivation pathway, as these ions block surface acid sites critical for NHz adsorption and
reaction. In the case of V,05-WOs3/TiO, (a), Na* accumulation significantly reduces activity by inhibiting NHz and NH4* adsorption on acid sites.
Conversely, Fe,03/MoOs/TiO, (b) shows strong resistance to Na,SO4 poisoning due to the protective role of the MoOs layer, which preferentially
interacts with Na*, shielding Fe,Os3 active sites. Na* intercalates into the MoOs structure, maintaining surface acidity and SCR activity. Even with slight
changes in reducibility, overall NHs conversion efficiency remains stable, indicating that MoOs effectively mitigates alkali-induced deactivation.
This highlights the Fe,O3/MoO3/TiO, catalyst's suitability for SCR applications in Na,SO4-rich environments. Reproduced from ref. 37 with permission

from American Chemical Society (ACS), copyright 2020.

temperatures between 200 and 400 °C; (ii) C,, which represents
bulk metal carbide and is formed at 150 to 250 °C; (iii) Cg,
which indicates the formation of polymeric amorphous films
and occurs between 250 and 500 °C; (iv) C,, which represents
filamentary coke formed in the temperature range of 300 to
1000 °C; and (v) C., which indicates the formation of graphitic
platelets or films and typically occurs at temperatures around
500 to 550 °C. According to this proposed mechanism, highly
reactive and amorphous carbonaceous species such as C,
and Cg tend to adsorb on metal sites at lower temperatures.
However, as temperatures increase, these species transform
into less reactive, graphitic and condensed forms, namely C,
and C..*® Consequently, carbon dioxide (C,) and carbon mon-
oxide (C.) are the most stable carbonaceous species on the
catalyst surface at higher temperatures commonly used in
reforming reactions (between 600 and 850 °C). The develop-
ment of the latter species is primarily favoured by the diffusion
of graphitic layers within the metal particles and their subse-
quent maturation.*® The structural forms of carbon species
generated by different kinds of carbon species generated by CO
decomposition on Ni catalysts are shown in Fig. 6.

Coke formation in hydrocarbon reactions takes place both
on active sites and on non-catalytic supports and is catalysed by
acidic sites. The process begins with the adsorption of coke
precursors such as olefins or light aromatics and involves inter-
and intramolecular reactions. At low temperatures (<200 °C),

1082 | Energy Adv, 2025, 4,1075-113

Temp. Structural forms of selected carbon species

(C)

* Nickel carbide (bulk) (Cy)

0l ® Adsorbed, atomic (surface carbide) (C,)

* Polymeric, amorphous films or filaments (Cy)
e Graphitic (crystalline) platelets or films (C )

¢ Vermicular filaments, fibers, and/or whiskers
(C)

300-1000

Fig. 6 Structural forms of different kinds of carbon species generated
by CO decomposition on Ni catalysts. Carbon classifications: C,: metal
carbide, C,,: adsorbed atomic carbon, Cg: polymeric carbon film, C.: amor-
phous and graphitic carbon, C,: vermicular carbon. Modified from ref. 5.

condensation and rearrangement reactions yield mainly co-
oligomers and polymers. This “light” coke can be reversible
under specific conditions. At high temperatures (>350 °C),
additional reactions such as hydrogen transfer led to ‘“heavy”
coke, which is difficult to remove due to its stability and size.
At medium temperatures, a mixture of mechanisms occurs
(Fig. 7), with light coke transforming into aromatics and

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Basic outline of the formation of coke from hydrocarbons and
molecular coke on an acidic zeolite catalyst. Modified and reproduced

from ref. 6 with permission from Elsevier, copyright 2009.
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Fig. 8 Essential prerequisites for catalyst-induced coke formation and key
influencing factors. Modified and reproduced from ref. 6 with permission

from Elsevier, copyright 2009.

eventually into polynuclear aromatics that condense into coke
molecules. Polynuclear carbocations sustain molecular growth
until termination reactions occur, leading to heavy polyaro-
matic structures and potential encapsulation and filamentous
coke mechanisms.® Fig. 8 summarises the most important
conditions and factors that contribute to coke formation. The

type of reaction, the operating variables and the properties of

the catalyst investigated are decisive for the type, distribution

and rate of coke formation and thus influence the underlying
mechanisms. In general, the classification of coke into three

different morphologies (Table 2) - encapsulating, filamentous

and pyrolytic - is underpinned by extensive research into the
reforming of CH,, HCs and biomass-derived oxygenates.

4.2.1.1. Coke composition. Coke, a carbonaceous deposit

formed during catalytic reactions, is a major cause of catalyst
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deactivation, particularly in hydrocarbon processing. Its composi-
tion varies depending on the feedstock, reaction conditions, and
catalyst type, and typically includes polyaromatic hydrocarbons,
amorphous carbon, aliphatic residues, and partially hydrogenated
carbon species. Coke can be broadly classified into soft coke
(easily oxidizable, often found on external surfaces) and hard
coke (more graphitic, resistant to oxidation, often located
within micropores).*" The accumulation of coke blocks active
sites and pores, reducing surface area, catalyst acidity, and
overall activity. Understanding the nature and composition of
coke is essential for developing targeted regeneration strategies
and improving catalyst longevity.

The FTIR spectra of the metal doped HZSM-5 spent catalysts
from the catalytic conversion of C;-C; alcohols to hydrocarbon
revealed various functional groups and species, including
adsorbed water, silanol groups, and coke deposits®? (Fig. 9a
and b). Despite coke formation following C,-C; alcohol conver-
sion, the functional groups on the spent catalysts were largely
retained. FTIR spectroscopy enabled the identification of bond
vibrations between the catalyst surface and adsorbed hydrocar-
bons. Coke deposits were characterized by distinct hydrocarbon-
related spectral bands, notably within the 1300-1700 cm ™" and
2800-3100 cm™ " ranges, as shown in Fig. 9b, which spans 1300~
3800 ecm . The lower frequency region is linked to polycon-
densed aromatics, conjugated olefins, and aliphatic bending,
while the higher range corresponds to aliphatic C-H stretching
and single-ring aromatic compounds. To interpret each vibration,
the spectra of the spent catalysts were identified by characteristic
peaks: 1390 cm ™" (terminal -CHj), 1450 cm " (aliphatic/alkyl
aromatics), 1595 cm ™" (polycondensed coke aromatics), 1620 cm™*
(C=C or olefinic groups), 2850 cm ' (-CH,), and 2960 cm '
(-CH3).**™* These values are approximate and may vary slightly
due to experimental conditions. Compared to the undoped catalyst,
Anekwe et al.*® reported that Fe/HZSM-5 and Co/HZSM-5 showed

e H Z S M-5
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more pronounced CH, and CH; bands in the 2800-3100 cm ™"
range, implying a greater presence of long or naphthenic aliphatic
chains in the coke. Notably, the intensity of CH; groups exceeded
that of CH,, with the trend observed as Fe/HZSM-5 > Co/HZSM-5
> Ni/HZSM-5 > HZSM-5, suggesting metal dopants influence the
type and structure of coke formed.

The relatively weak intensity observed in the 2800-3100 cm™
region indicates that the coke formed is predominantly unsatu-
rated in nature. In contrast, the band at 1625 cm™* within the
1300-1700 cm ™' range appears more pronounced in metal-doped
catalysts compared to the undoped sample, suggesting a higher
presence of olefinic or double-bonded hydrocarbons. These
results align with earlier studies,”***® indicating that metal
species facilitate the formation of olefins and long-chain ali-
phatics in coke via secondary reactions such as aromatization
and oligomerization. Product trends support typical behaviour
for C,-C; alcohol conversion,**™*® where olefins act as inter-
mediates and heavier aliphatic and aromatic compounds repre-
sent the final products, consistent with the established C;-Cj
alcohol reaction pathway.*®

Fig. 10 presents a schematic summary of the formation of
two distinct types of coke: soft coke and hard coke on different
active sites within the Fe-ZSM-5 catalyst during reaction. Soft
coke, typically composed of less condensed, hydrogen-rich
carbon species, forms predominantly on the Brensted acid
sites of the zeolite.*" While it affects product selectivity parti-
cularly by reducing benzene yield its impact on overall catalyst
deactivation is relatively moderate and it can often be removed
under mild regeneration conditions. In contrast, hard coke
consists of highly condensed, graphitic carbon species that
form mainly on the metal sites. This type of coke strongly
adheres to the catalyst surface, leading to significant blockage
of active sites and severe loss of catalytic activity. Hard coke is
more resistant to removal and requires harsher regeneration

1
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Fig. 9 FTIR spectra of coked metal doped HZSM-5 catalyst after the conversion of C;—Cs alcohols to hydrocarbons at 350 °C and WSHV = 7 h~*: (a) full
spectral range (400-4000 cm™) showing overall functional group vibrations; (b) expanded region (1300-3800 cm™}) highlighting characteristic bands
associated with coke formation, including aliphatic, olefinic, and aromatic hydrocarbon species. Reproduced from ref. 42 with permission from Royal

Society of Chemistry (RCS), copyright 2024.
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Fig. 10 Diagram depicting the formation of various coke types: soft and hard coke on different catalyst active sites. Reproduced from ref. 41 with

permission from MDPI, copyright 2024.
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Fig. 11 Proposed pathways for reaction progression and coke formation mechanism during the methanol-to-hydrocarbons (MTH) conversion process.

Reproduced from ref. 52 with permission from Elsevier, copyright 2019.

treatments.*™*° The schematic in Fig. 8 thus highlights the site-
specific nature of coke formation and its distinct implications
for catalyst performance and regeneration.

Recent studies have increasingly focused on distinguishing
between internal and external coke formation mechanisms,’® 2 as
illustrated in Fig. 11. Lee and Choi®* reported that internal coke
primarily consists of smaller, methylated aromatic molecules such
as methylated acenes linked by methyl bridges. This type of coke
typically exhibits a higher hydrogen-to-carbon (H/C) ratio of
1.26 and a density around 1.0 g cm . In contrast, external coke
is composed of larger, more condensed polyaromatic hydrocar-
bons, characterized by a lower H/C ratio of 0.28 and a higher
density of approximately 1.5 g cm™>. The formation and accumula-
tion of these coke types are heavily influenced by the zeolite’s
microporous architecture and the specific reaction conditions.
Additionally, the extent to which each coke type contributes to
catalyst deactivation is also governed by these structural and
operational variables.”®

4.2.2. Coke and carbon formation on selected catalysts

4.2.2.1. Zeolites. The acidity and the pore structure of the
catalyst are influential factors which, in conjunction with
the HC framework and the process parameters, affect both the
nature and the degree of coke deposition. High acid strength
and concentration generally increase the degree of coke for-
mation, which is particularly evident with zeolites where shape
selectivity significantly influences coke formation, with coke

© 2025 The Author(s). Published by the Royal Society of Chemistry

decreasing with decreasing pore size (at constant acid strength
and concentration). For instance, the coke yield in catalytic
fluidised bed cracking is limited to 0.4% for ZSM-5, which is
characterised by smaller pore sizes of 0.54 x 0.56 nm, while it
is 2.2% for Y-faujasite with a larger opening diameter of
0.72 nm.®® Conversely, even a relatively small amount of coke
can trigger a significant decrease in activity in pores with a
molecular size. The extent of coke formation can change
significantly in the internal pores of a catalyst particle or along
a catalyst bed, based on the influence of primary and deactiva-
tion processes by the mass transport of the film and the
diffusion resistance of the pores, so these aspects must be
considered. Several recent investigations have delved into cok-
ing during HC reactions within zeolites,**"°® examining diverse
facets such as the intricate chemistry of coke precursors and
molecules generated within zeolite pores and pore junctions,
alongside the comparative importance of adsorption at acidic
sites versus pore obstruction. The most important findings
from these investigations include: (1) coke formation and
subsequent deactivation of zeolite catalysts are both shape-
dependent reactions, (2) deactivation is primarily driven by the
formation and retention of large aromatic clusters in the pores
and pore intersections. (3) Acid poisoning and pore plugging
contribute to deactivation, with acid poisoning being more
pronounced at low coking rates, low coke content (e.g. Y zeolite
below 2 wt%) and high temperatures, while pore plugging is

Energy Adv., 2025, 4,1075-1113 | 1085
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more dominant at high reaction rates, high coke content and
low temperatures. Consequently, pore size and morphology
likely outweigh acid strength and density in industrial pro-
cesses. Indeed, deactivation is often faster in zeolites with small
pores or one-dimensional structures.®”

Fig. 12 illustrates the coke formation pathways during
methane conversion over a Mo,C/HZSM-5 catalyst. Initially,
CH, decomposes to CH, species on Mo,C sites (Path 1), which
couple to form C,H,. This ethylene can either undergo aroma-
tization within the zeolite channels to form benzene and
naphthalene (Path 2), or it can oligomerize and crack on
external surfaces to form coke (Coke-I) (Path 3). Aromatics
formed may also further polymerize to coke (Coke-II) (Path 4).
Besides the polycondensation of aromatics on Brensted acid
sites, significant coke formation and catalyst deactivation in
the studied reaction can also result from the thermal and/or
catalytic oligomerization and cracking of C,H,, as illustrated in
path (3).°® The formation of external coke (Coke I) has been
shown to significantly contribute to catalyst deactivation by
blocking pore entrances, thereby hindering reactant access to
active sites. This blockage leads to a decline in the conversion
of ethylene (C,H,) to aromatics, resulting in increased C,H,
levels. Thermodynamic data suggest that under these condi-
tions, C,H, remains near its equilibrium concentration, pro-
moting competing pathways such as benzene formation and
coke deposition. Despite the accumulation of coke, benzene
selectivity often remains high, indicating that coke predomi-
nantly forms on external surfaces rather than within the
micropores.®®™"*

4.2.2.2. Metal-based, Dbifunctional metal oxide and sulfide
catalysts. The possible impact of carbon (or coke) formation
on the operation of supported metal catalysts depends on the
reaction or operating conditions. Carbon can (1) strongly
chemisorbate as a monolayer or physically adsorb in multi-
layers, hindering reactant access to metal surface sites. (2) It
can completely coat a metal particle, rendering it completely
inactive. (3) Carbon can block micropores and mesopores,
preventing reactants from entering many contained crystal-
lites.? Finally, under severe conditions, robust carbon filaments
can gather in the pores and stress and break the support
material, causing the catalyst pellet to disintegrate and fill
the reactor crevice. Consequently, the carbon filaments can

@ » Coke
/’
C,H,

CH,
@ C6H6, ClOHS "'@"’> COke

@
o

c Mo,C

[ Hzsms |

Fig. 12 Schematic diagram of coking pathways during CH,4 conversion
over Mo,C/HZSM-5 catalyst. Reproduced from ref. 68 with permission
from Elsevier, copyright 2014.
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detach from the support by a thermal or mechanical shock and
irreversibly deactivate the catalyst. However, the behaviour is
complex, as the filaments can emerge from the surface of the
metal particles under different conditions and with different
metals. The carbon can also penetrate the metal and produce
carbides.””” With conventional Selective molecular rearrange-
ment (SMR) catalysts such as Ni/MgAl,0,, the production of
alkene is generally regarded as the main source of coke.”® In
catalysts such as Ni/La,O3;, carbon forms at the junction
between the active metal and the support, hindering access of
the active phase to the support.”* SMR for hydrogen production
leads to coke formation and the deposition of carbon on metal
catalysts from CO and HCs such as CH,. These reactions
produce different forms of carbon and coke, each with a
different structure and reactivity. For example, the dissociation
of carbon monoxide (CO) on metals produces C,, an adsorbed
atomic carbon that can react further with Cg, a polymeric
carbon film. Amorphous forms of carbon, including C, and
Cp, exhibit higher reactivity at lower temperatures but trans-
form into less reactive graphitic forms with time at higher
temperatures.””

Similar to the deactivation of metals on supports by coke,
the deactivation of oxide and sulphide catalysts also occurs by
various mechanisms, which have both chemical and physical
causes. However, there are clear nuances in the chemistry. The
adsorption of coke molecules on acidic sites primarily accounts
for the loss of chemical activities in oxides and sulphides.
However, strongly acidic sites are also crucial in the formation
of coke precursors, which later condense and form heavy poly-
nuclear aromatic molecules that physically coat the catalytic
surfaces. The accumulation of coke is accompanied by a
physical loss of activity, which ultimately leads to temporary
or permanent clogging of the pores, similar to metal catalysts
on supports. In the isomerisation of cis-butene on Si0,/Al,05.”>
For example, rapid and selective poisoning of the strong acids
results in catalyst deactivation. The coke formed initially in this
reaction is soluble in dichloromethane and pyridine and has
low aromatic properties. Considering the wide mesopores of
Si0O,/Al, 03, blocking the active sites appears to have negligible
effects on the catalyst porosity or surface area.

Montero et al.”® investigated the origin and characteristics of
coke formed on Ni/La,03-u-Al,0O; catalysts during ethanol
steam reforming. Using Scanning electron microscopy (SEM),
which provides high-resolution images of sample surface reveal-
ing intricate morphology, textures and microstructures,”” the struc-
ture of carbon deposits was identified, including encapsulating,
filamentous and graphitic types. Encapsulating coke was primarily
attributed to the cracking and polymerization of ethanol, acetalde-
hyde, and ethylene, while filamentous and partially graphitic coke
originated from CH, and CO through decomposition and the
Boudouard reaction. Since filamentous coke forms away from
active metal sites, it has limited impact on catalyst deactivation.
In contrast, catalyst activity loss was mainly due to encapsulating
coke, which directly covers and deactivates metal centres. Notably,
filamentous carbon contributed to metal-support separation
without obstructing the active sites (Fig. 13).

© 2025 The Author(s). Published by the Royal Society of Chemistry
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H,CH,CHO ———— CO+CH,

Cracking Boudouard Decomposition
Cracking

Encapsulating coke

Filamentous coke

Fig. 13 Formation mechanism and characteristics of coke deposits on Ni/
La,Oz—a-Al,O3 catalyst. Reproduced from ref. 78 with permission from
MDPI, copyright 2020.

4.2.3. Effect of carbon deposits or coking on different
reactions and operating conditions. It should be emphasised
that certain types of carbon deposits influence the decrease in
catalytic activity, while others do not contribute to this
decrease. For example, condensed polymer or B-carbon films
can coat the surfaces of methanation and steam-reforming
catalyst metals at temperatures of less than 300 to 375 °C.
At higher temperatures of more than 650 °C, graphitic carbon
films can exhibit similar effects.” In steam reforming at higher
temperatures (500-900 °C), deactivation can occur through the
precipitation of atomic carbon or carbidic carbon dissolved in
Ni surface layers deeper than 50-70 nanometres.*® Adsorbed
atomic carbon can deactivate the metal sites for adsorption and
reaction, regardless of temperature. When the accumulation of
carbon on the free surface is large enough to cause encapsula-
tion by a carbon layer, filament growth stops. However, encap-
sulation of metal particles is not possible if H/C or H/HC ratio
is sufficiently high.”® Therefore, the occasional formation of
carbon filaments during CO hydrogenation or hydrocarbon
steam reforming does not lead to a loss of catalyst performance
unless the filaments block the pores or metal loss occurs
during regeneration. In addition, regions with carbon for-
mation potential during steam reforming must be avoided in
practice to prevent catastrophic pore blockage and catalyst
failure within hours to days.*°

The deactivation rate of a particular catalyst and reaction
depends on the reaction parameters, especially the temperature
and composition of the reactant. For reactions that are insen-
sitive to coke on metals, such as methanation, Fischer-Tropsch
production, steam reforming, catalytic reforming and metha-
nol synthesis, the deactivation rate relies on the discrepancy
between the formation of carbon/coke precursors and the
gasification rates. This means that the deactivation rate is
equal to the difference between the rates of formation and
gasification of carbon/coke precursors. If the gasification rate
(r) is equal to or greater than the formation rate (¢, the rate of
deposition (r4) of carbon and coke is prevented (rq = ¢ — 7).
Although both the production and gasification rates of
the precursors increase exponentially with temperature, their
difference varies considerably due to variations in pre-
exponential factors and activation energies. These processes
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are temperature dependence, hence, the formation of carbon
and coke can be avoided in temperature ranges in which the
gasification rate of the precursors exceeds the deposition rate.
Bartholomew’” investigated the formation and hydrogenation
rates of C, and Cg species on nickel during CO methanation.
The study found that below 327 °C, the gasification rate of the
C, species exceeds its formation rate, thereby inhibiting carbon
deposition. However, when the temperature exceeds 327 °C, the
formation rate of C, exceeds its gasification rate, leading to
its accumulation and subsequent conversion into a polymeric
Cp chain or film between 327 and 427 °C. At 427 °C, the
hydrogenation rate of Cg exceeds its formation rate and pre-
vents deactivation. Thus, temperature ranges below 327 °C and
above 427 °C serve as “safe”” zones for methanation, preventing
carbon-induced deactivation. However, these ranges can vary
depending on the amount of reactant and catalyst activity.
Similar principles apply to steam reforming, where operation
at temperatures above a certain threshold is critical to prevent
deactivation due to polymer film formation.®*

4.2.4. Factors that influence catalysts deactivation due to
coke deposition. The variables that affect catalyst deactivation
due to coke deposition are complex and multifaceted. Since it is
difficult to identify the primary coke precursors and associated
mechanisms in several catalytic processes, such as low alcohol
upgrading, steam reforming of bio-oil, and other hydrocarbon
reactions, research efforts are primarily focused on investigat-
ing the operating parameters and their effects on coke deposi-
tion and subsequent process deactivation.

Temperature is proving to be a critical factor in mitigating
the deactivation of most catalysts, such as nickel-based cata-
lysts, during hydrocarbon reactions. For example, the steam
reforming of crude bio-oil, aqueous bio-oil fractions, and bio-
oil/bioethanol blends. In the temperature range of 650-700 °C,
it showed that the reforming reactions are favoured, and coke
gasification is improved without sintering of the nickel, thus
promoting sustained catalytic activity.*>®* However, studies
by Ochoa et al.®* emphasise the significant influence of coke
morphology on deactivation during the catalytic process, which
is primarily determined by reaction temperature and space-
time. At low temperatures (550 °C), strongly deactivating,
encapsulating coke, which originates from oxygenates in the
reaction medium, predominates. At higher temperatures
(700 °C), conversely, filamentous coke tends to be deposited,
which has less impact on catalyst performance. Interestingly,
the coke content, which is largely influenced by the steam-to-
carbon ratio, appears to have a less pronounced effect on
deactivation than its composition and morphology, which are
primarily determined by temperature.

Secondly, space-time, as an important parameter in catalytic
reactions, influences the composition of the deposited coke.
Space time (7), defined as the ratio of catalyst weight to reactant
flow rate, significantly influences coke formation during cata-
Iytic reactions. It represents the residence time of the reactants
in the catalyst bed, that is, how long the reactants are in contact
with the catalyst under flow conditions. Lower space-time values
increase the proportion of encapsulating and filamentous
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fractions, while higher space-time values reduce the production of
encapsulating coke.®” Considering the role of steam in promoting
coke and precursor gasification, Valle et al.®® advocate a molar
steam-to-carbon feed ratio of above 4 at high temperatures (700 °C)
and high space-times (0.38 g catalyst h (gbio-oil)*). This strategy
results in an initial H, yield of 87%, which is maintained at 70%
after five hours of on-stream operation. This demonstrates the
effectiveness of steam in containing coke and maintaining cataly-
tic performance.

In addition, emphasis is placed on the morphology, compo-
sition, and distribution of the coke and not just its presence. A
higher degree of deactivation is usually achieved by increasing
the proportion of amorphous and encapsulated coke.®* Coke
formation in catalytic processes is influenced by both the
structure and surface properties of the catalyst. Pore size plays
a crucial role, with smaller pores leading to pore blockage due
to the bulky nature of the resulting coke molecules. Industrial
observations suggest that pore size and structure are more
influential than the catalyst’s acidity.® Diffusion limitations
and secondary deactivation reactions shape the coking process.
Catalyst acidity, determined by the Si/Al ratio, affects the
reactivity of coke precursors. Higher acidity generally acceler-
ates chemical reactions and enhances coke molecule binding.
However, quantifying these effects is challenging due to the
difficulty in obtaining zeolites with independently adjustable
acidity levels and pore structures.®®

Metal incorporation enhances the catalyst’s vulnerability to
coking and deactivation, as reported in a study by Anekwe
et al.”’ on ethanol transformation to HCs. According to the
results of thermogravimetric differential thermal analysis (TG-
DTA) (Fig. 14a), three decoking stages were identified: first, the
combustion of soft coke at 200-400 °C, which has a lower mass
loss at 0.5%Ni and Co compared to Fe and unmodified cata-
lysts. Secondly, the burning of hard coke at 400-600 °C, shows a
significant mass loss, especially when doped with 10% Fe and
Ni. Thirdly, the reduced mass loss observed between 600-
800 °C is indicative of the presence of non-volatile coke deposit

or laid coke.®® The sequence of total mass loss (between
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200-600 °C) is as follows: HZSM-5 (pure) (1.6 wt%) < 0.5Co
(4.5) < 0.5Ni (4.6) < 10Co (6.2) < HZSM-5 (used) (6.7) < 0.5Fe
(6.8) < 10Ni (8.6) < 10Fe (12.1) (Fig. 14a). This indicates that
coke formation increases with increasing metal concentration.
Higher metal doping correlates with increased coke deposition
attributed to the increased acidity of the catalyst, especially at
10 wt% Co, Fe and Ni, which exhibit considerable coke deposit.
Conversely, lower metal doping leads to less coke formation
and reduced mass loss, due to fewer strong acid sites.

Pure HZSM-5 shows the lowest mass loss due to minimal
coke accumulation. To clarify, these mass loss values do not
reflect the intrinsic stability of the spent catalysts but rather
quantify the amount of coke deposited and subsequently
burned off. This is consistent with the results of Xu et al.,*
who reported that Fe doping promotes coke formation on
ZSM-5, with deposition increasing with metal content. In con-
trast, Weckhuysen et al.,’® suggest that metal doping sup-
presses coke deposition. This emphasises the complex
relationship between metal doping, catalyst acidity, and coke
deposition. Fig. 14b shows the results of the differential ther-
mal analysis, which indicate a pronounced tendency towards
coke formation in metal-doped catalysts, especially those with a
higher metal content (10 wt%), which is consistent with the
results of the TGA analysis. The summary of factors affecting
the formation of coke is presented in Table 3.

4.3. Sintering and thermal decomposition

The reduction of the catalytic surface area attributed to crystal-
lite growth within the catalytic phase, the collapse of the
support surface and the pore collapse at the crystallites within
the active phase all contribute significantly to thermally
induced catalyst deactivation. In addition, chemical conversion
from catalytic phases to non-catalytic phases can exacerbate
this phenomenon, commonly referred to as “sintering”. Three
primary mechanisms atomic migration (Ostwald ripening),
crystallite migration (particle migration & coalescence) and
vapour transport at extreme temperatures have been proposed to
describe the formation of metal crystallites. Atomic migration
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Fig. 14 present the TGA (a) and DTA (b) of spent metal-doped HZSM-5 catalysts. Reproduced from ref. 87 with permission from Elsevier, copyright
2024. The data indicate that increasing metal loading from 0.5 to 10 wt% correlates with higher mass loss, primarily attributed to enhanced coke

deposition on the HZSM-5 surface.
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Table 3 Summary of factors influencing coke formation®*

Factors Effects

Reaction system - Certain molecules, often referred to as coke
precursors, initiate the formation of coke
through subsequent reactions.

- The identity and characteristics of these
precursors vary based on the reaction under
investigation and are influenced by the phase in
which the reaction takes place.

Temperature - Temperature significantly impacts the
properties of coke, which results in its categor-
isation into low- and high-temperature types.

- Low temperatures prevent the formation of
polyaromatic coke and only allow condensation
and rearrangement reactions.

- Conversely, high temperatures promote
hydrogen transfer and dehydrogenation
reactions, leading to the abundant formation of
polyaromatic molecules with a low H/C ratio.

- The duration of the reaction also affects
coke formation, as prolonged contact with
deactivating substances promotes the extensive
growth of coke structures.

- This can result in the formation of long olefin
chains or an increase in the amount of aromatic
nuclei in polyaromatic compounds.

Reaction time

- The amount of coke fractions increases with
low space-time and decreases with higher
space-time.

Space-time

Catalyst framework
and surface

- The deactivation of zeolites due to coking is
mainly influenced by the pore structure of the
catalyst, which controls the formation of large
aromatic clusters.

- The catalyst geometry is decisive for where
and how large the coke deposits are, as it
regulates the diffusion and accessibility of coke
precursors within the catalyst framework.

Metal modification = - Metal doping increases the susceptibility of

catalysts to coking
- Increased metal doping leads to increased
coke formation

comprises the detachment of metal atoms or molecular clusters
from the smaller crystallites, their movement along the support’s
surface, and eventual incorporation into larger crystallites
(Fig. 15a). Crystallite migration, on the other hand involves
the entire relocation of smaller crystallites across the support’s
surface, subsequent collision, and merging to larger particles
aiming thermodynamic stability (Fig. 15b)."**®> These sinter-
ing mechanisms lead to the growth of larger particles as
smaller ones shrink or vanish. To this effect, Monte Carlo
simulations are used to improve particle size prediction and
better understand sintering kinetics.”*** In addition, Ostwald
ripening significantly contributes to catalyst deactivation dur-
ing CO methanation.”* Moreover, Hansen et al.®® identified
three sintering stages (Fig. 15¢): an initial rapid loss of activity
or surface area (Phase I), followed by slower sintering (Phase II),
and eventual stabilization of catalyst performance (Phase III).
Conversely, redispersion, the opposite of crystallite growth,
may involve the formation of volatile metal oxide or metal
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chloride complexes or oxide particles or films that promote the
formation of small crystallites during reduction. In particular,
the temperature, the environment, the kind of metal, the
dispersion, the promoters, the impurities and the properties
of the carrier have a major influence on the sintering and
redispersion rates. For example, sintering rates increase expo-
nentially with temperature, with metals sinking faster in O,
than in H,. However, redispersion can be enhanced by expo-
sure to O, and Cl at elevated temperatures and subsequent
reduction, which has been observed particularly with platinum/
alumina catalysts. Water vapour also accelerates the sintering of
metals on supports, probably by chemically assisted mechanisms.*

The sintering of support materials or carriers has been
investigated, with processes such as surface diffusion, solid-
state diffusion, evaporation/condensation, grain boundary dif-
fusion and phase transitions identified as mechanisms for the
sintering of single-phase oxide supports. The different phase
behaviour of Al,O; depending on the temperature and the
preparation methods is an example of the phenomenon of
sintering of substrates triggered by phase transformations.
Al,O; has a number of stable or metastable phases, including
boehmite, y-alumina and o-alumina.’” These phases are impor-
tant components among several others. As the temperature
increases, boehmite, a form of alumina rich in hydrate or
hydroxyl groups, successively transforms into y-alumina at
temperatures between 300 and 450 °C, followed by 8-alumina
at around 850 °C, 6-alumina at around 1000 °C and finally -
alumina at around 1125 °C. Further phase transitions are
conceivable, whereby the specific temperatures are based on
the crystal size and the original moisture content of the
material.”>®

4.4. Gas/vapor-solid and solid-state reactions

Apart from poisoning, chemical pathways also contribute to the
deactivation of catalysts through various mechanisms, includ-
ing reactions between gases or vapours and solid catalysts.
These reactions can lead to the formation of inactive phases,
which differ from poisoning in that they do not involve strongly
adsorbed species but the development of completely new
phases. Notable examples of such vapour-induced chemical
changes leading to inactive phases are the formation of
RhAl,O, in Pt-Rh/Al,O; catalysts during high-temperature pro-
cess in automotive exhaust, Fe oxidation during ammonia
synthesis or regeneration, the dealumination of Y zeolite dur-
ing catalytic cracking and regeneration, SO; reaction with
alumina support to form aluminium sulphate, oxidation of
FesC, and Co metal to corresponding oxides or surface alumi-
nates/silicates during Fischer-Tropsch synthesis and formation
of NiAl,O, during Ni/Al,O; reaction and vapour regeneration.
These reactions emphasise the importance of the chemical trans-
formations that lead to deactivation of the catalyst.”>°7
In addition, gases and vapours can react with solids to produce
volatile compounds, including metal carbonyls, oxides,
sulphides and halides (Fig. 16). While the direct vaporisation
of metals is usually considered insignificant, the formation
of volatile compounds can lead to significant metal loss,
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Fig. 15 Illustrates the two primary sintering mechanisms of metal particles: (a) Ostwald ripening, and (b) migration and coalescence of particles, while (c)

show the schematic representations of the different sintering pathways in CO methanation. Reproduced from ref. 54 (a and b) and ref. 26 (c) with
permission from Elsevier, copyright 2020 and 2023 respectively. Larger metal particles form at the expense of smaller ones, reducing the catalyst's active
surface area. Since smaller particles offer more active sites, their loss leads to decreased reactivity in CO methanation. As the reaction progresses, the
accumulation of larger, less active particles results in overall catalyst deactivation.
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Fig. 16 Volatile compounds produced in catalytic processes at different
gaseous conditions. GC: gaseous condition, CT: compound type, VCs:
volatile compounds, T (°C): temperature of vapour formation. Modified
and reproduced from ref. 4 with permission from MDPI, copyright 2015.

especially in environments rich in carbon monoxide, hydrogen
sulphide or halogens. For example, carbonyl compounds are
produced at relatively low temperatures and under high pres-
sure, while halides are formed at low temperatures and low
halogen concentrations. The formation of volatile oxides varies

1090 | Energy Adv, 2025, 4,1075-1M3

depending on the metal, with RuO; forming at ambient tem-
perature and PtO, requiring temperatures above about 500 °C
to achieve significant formation rates.”>?”°® These reactions
illustrate the diverse chemical interactions that contribute to
the catalyst deactivation.

4.5. Mechanical failure of catalysts

The mechanical breakdown of catalysts manifests itself in
various forms depending on the reactor type. These include
the breakdown of granular, pellet or monolithic catalyst struc-
tures under fixed bed loading; attrition, which is characterised
by the reduction or disintegration of catalyst granules or pellets
into fines, particularly in liquid or slurry beds; and erosion of
catalyst particles or monolithic coatings at elevated liquid
velocities, regardless of reactor design. Wear can be recognised
by an observable reduction in particle size or smoothing of the
catalyst particles, which can be seen under a light or electron
microscope. Meanwhile, the loss of the washcoat can be
recognised by examining honeycomb channel cross-sections
under an optical or electron microscope. The susceptibility of
commercial catalysts to mechanical failure is largely due to

© 2025 The Author(s). Published by the Royal Society of Chemistry
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their formation process.” The mechanical failure of catalyst
agglomerates primarily occurs through two mechanisms: frag-
mentation of agglomerates into smaller units ranging from
approximately 0.2d,-0.8d, in size and erosion or abrasion from
the surface of agglomerates by aggregates of primary particles
measuring between 0.1 and 10 pm in diameter.’® While erosion
results from mechanical stresses, fracture can be induced by
mechanical, thermal, and/or chemical stresses. Mechanical
stresses causing fracture or erosion in fluidized, or sludge beds
can stem from particle collisions with each other or with
reactor walls or from shear forces generated by turbulent eddies
or collapsing bubbles (cavitation) at high liquid velocities.
Thermal stresses arise during rapid heating or cooling of the
catalyst particles, compounded by temperature gradients between
particles and differing coefficients of thermal expansion at inter-
faces of different materials, such as those between the catalyst
coating and the monolith. Chemical stresses occur when phases
of different densities form in the catalyst particles due to chemical
reactions, leading to strains that can break these particles.'®
In addition, mechanical failure can occur in metal catalysts on
supports when the pores of the catalyst become clogged with
filamentous carbon, resulting in enormous pressure that can
break the original particles and agglomerates.

5. Catalysts regeneration

The decrease in catalytic activity is an inevitable event in most
processes despite all efforts to mitigate it. When the activity of a
catalyst drops to a critical level, there are four possible courses
of action: regeneration/restoration of the catalyst’s activity,
reuse of the catalyst for another application, recovery and
recycling of valuable or high-cost catalytic components, or
disposal of the catalyst. Regeneration and reuse, the first
option, are usually favoured, with disposal of the catalyst being
the last resort, especially considering environmental aspects."**
The capacity to restore a catalyst is based on the reversibility of
the process responsible for its deactivation. For instance, the
formation of carbon and coke can be easily reversed by gasifi-
cation with H,, H,O or O,. Conversely, sintering is usually
irreversible. With certain precious metal systems, however,
redispersion of the metal can be achieved under certain con-
ditions. Selective removal of some poisons or impurities can be
achieved by chemical washing, mechanical treatments, heat
treatments or oxidation.*"%"

5.1. Convention methods of catalyst regeneration

Conventional catalyst regeneration methods have long been
employed to restore the activity of deactivated catalysts, parti-
cularly in industrial applications. These techniques primarily
target the removal of coke, poisons, or surface deposits that
hinder catalytic performance. Common methods include ther-
mal oxidation, steam treatment, gasification, and chemical
reduction. Each approach varies in temperature, atmosphere,
and effectiveness depending on the catalyst type and deactiva-
tion mechanism. Despite their widespread use, these methods

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 17 Catalyst regeneration methods and gaseous products (emissions).
Modified and reproduced from ref. 18 with permission from Elsevier,
copyright 2020.

often involve high energy consumption and may risk damaging
catalyst structure. As such, they serve as a foundation for
exploring more advanced regeneration strategies. However,
some methods cannot be used to remove them without further
deactivating or damaging the catalyst. The most common
methods of catalyst regeneration include combustion, oxida-
tion, gasification and hydrogenation (Fig. 17).

5.1.1. Combustion method (air and oxygen). The most
common method for rejuvenating coked catalysts is oxidation
with air or oxygen.'®" This approach is used in various indus-
trial processes, including FCC,'® hydrotreating,'®® catalytic
reforming’® and methanol to olefins (MTO)."® In general,
coke oxidation reactions, illustrated by eqn (1)-(4),"®'°° are
an exothermic process that produces flue gases consisting
mainly of hydrogen peroxide, carbon dioxide or carbon mon-
oxide. The heat generated, particularly in processes such as
FCC, helps to maintain a favourable heat balance within the
reactor-regenerator system, thus offsetting the heat require-
ments of the endothermic cracking process. In processes such
as MTO, on the other hand, handling the excess heat from
methanol conversion and coke oxidation proves difficult due to
their exothermic nature, which can lead to catalyst dealumina-
tion due to thermal and hydrothermal instability.'°® This
aspect is particularly relevant in fixed-bed reactors due to the
limited heat transfer possibilities, which can lead to tempera-

ture excursions.*®”

2H(s) + 30a(g) —» H,0(g) —121kmol " (1)
(s) + O(g) — CO(g) —395 kJ mol * )
C(s) +30,(g) — CO(g) —110 kJ mol ™" (3)

CO(g) +10,(g) - CO,(g) —285Kmol™"  (4)

The degree of coke removal during air combustion relies on
the kind of catalyst and the operating conditions. Magnoux and
Guisnet'®® found that HY and H-mordenite catalysts had
significantly higher coke oxidation rates compared to HZSM-5.
They attributed this difference to variations in the pore frame-
work that affect oxygen diffusion and, thus contact between
coke and oxygen, leading to shape specificity in coke oxidation.
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Similarly, the HFAU catalyst achieves complete coke removal at
550 °C, while HEMT requires a temperature of 600 °C for
complete coke oxidation. When the coke content is low (equal
to or less than five per cent by weight), the (Al/Al + Si) ratio in
the framework also decreases. As a result, the acidity of the
framework decreases, which makes coke removal more
difficult."®'*® Furthermore, acidic sites play a crucial role in
the removal of coke during regeneration. Jong et al.'*® found
that the removal of coke from intracrystalline channels near
Brgnsted acid sites preceded removal from the outer surface.
This led to the conversion of certain carbonaceous compounds
into more compact structures before the coke was completely
oxidised back to its original state upon oxidation with air or a
mixture of 0.5% oxygen and nitrogen. Moljord et al.'"' demon-
strated that the density of the acid sites, which is equivalent to
the density of the aluminium atoms of the HY framework, can
affect the rate of coke oxidation. The properties of the coke,
including its H/C ratio, also influence the oxidation rate. The H/
C ratio in the coke has a considerable influence on the activa-
tion energy required for coke combustion. Aguayo et al''?
demonstrated that the H/C ratio of deactivated HZSM-5 cata-
lysts decreased after sweeping with He, with a corresponding
increase in activation energies during regeneration by air
combustion compared to non-swept deactivated catalysts. Simi-
lar trends were observed with SAPO-34 catalysts exposed to
different reaction conditions, and the coked catalyst was sub-
sequently treated with air combustion. The mesopores recover
before the micropores, especially during strong deactivation,
indicating a selective recovery of the pore structure.""® The
slower recovery of acidity compared to the surface area
indicates that coke deposited at active sites burns more slowly
than inert coke, probably due to active sites hindering combus-
tion mechanisms.

Fig. 18 show the images of fresh, spent (coked) and regen-
erated - unmodified (Z5) and Ni-doped (NiZ) HZSM-5 catalysts

a2l
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regenerated via combustion method. The catalysts were
regenerated after a 96 h time-on-stream (TOS) stability test
conducted during the catalytic conversion of ethanol to
fuel blendstock.'™ Specifically, HZSM-5 and Ni/HZSM-5
catalysts were treated in an 80 mL min~" airflow at 550 °C
for 5 hours to remove coke deposits formed during the
reaction. This regeneration aimed to restore catalytic activity
and enable reuse in subsequent cycles. Post-regeneration
images revealed a visual resemblance to the fresh catalysts;
however, further characterization such as surface area analy-
sis, acidity profiling, and structural integrity assessment
is essential to verify the effectiveness of the regeneration
process.

5.1.2. Oxidation method (ozone/oxynitride). Ozone (O3)
has been shown to be effective in the removal of coke from
catalysts at much lower temperatures, typically between 50 and
200 °C,"”"'®' due to its strong oxidising capabilities. For
example, Copperthwaite et al.'*® have shown that regeneration
with ozone-enriched O, (03/O, molar ratio of 0.05) can restore
the catalytic performance of deactivated ZSM-5 catalysts at
150 °C within 90 minutes. However, compared to reactivation
with oxygen (O,), the initial methane yield may be lower, but
the lifetime may be slightly longer. Mariey et al.''” found that
coke accumulated on HY catalysts can be eliminated by O, at
temperatures of 180 °C or less, while O, regeneration requires
temperatures above 500 °C. Hutchings et al''® successfully
regenerated deactivated HY catalysts with ozone-enriched O,
at 250 °C without risking hydrothermal decomposition,
although coke remained inside the extrudates attributed to
limited pore diffusion and high O, dissociation. Repeated
regeneration by combustion of air at high temperatures often
leads to metal segregation and sintering in metal catalysts.
Coke elimination at low temperatures by O; oxidation is
effective and has minimal risks in terms of hydrothermal decay,
dealumination and metal sintering.''® Therefore, coke removal

e .

Fig. 18 Images of the fresh catalyst (Z5 and NiZ) spent (Z5 (S) and NiZ (S)) and regenerated (Z5 (R) and NiZ (R)) zeolite catalysts. Reproduced from ref. 114

with permission from Elsevier, copyright 2024.
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Fig. 19 Laboratory-scale setup for the regeneration of coked catalyst via ozonation as proposed by ref. 122. Reproduced from ref. 122 with permission

from Elsevier, copyright 2023.

at low temperatures is preferred to ensure the stability of the
catalyst during regeneration. However, oxygen oxidation also
has disadvantages. For example, it is challenging to eliminate
coke from the particle centres due to rapid O, dissociation.
In addition, the use of oxygen in industry is restricted to avoid
damage to the atmosphere. Nitrogen oxides (NO,) are potential
low-cost oxidising agents for coke removal at low temperatures.
Ivanov et al.**® found N,O to be more effective than O, in
eliminating coke from ZSM-5 deposited during the oxidation
of benzene to phenol, while Barbera et al.'*' used NO, to
reactivate ZSM-5 catalysts from the conversion of methanol to
HCs. Despite its effectiveness, NO, regeneration can lead to
catalyst instability due to the redistribution of aluminium
atoms and irreversible degradation, indicating the need for
further research in this area (Fig. 19). Schematic representation
of the laboratory-scale experimental setup designed for the
regeneration of coked or deactivated catalysts through ozone-
assisted treatment.

5.1.3. Catalyst regeneration by gasification. Gasification is
an alternative to the predominant method of coke oxidation for
the rejuvenation of inactive industrial catalysts. Coke oxidation,
while widely used, results in the release of significant carbon
dioxide, a greenhouse gas responsible for environmental pro-
blems, including global warming. About 45-55% of CO, emis-
sions from refineries come from the regeneration of spent
catalysts by air combustion in FCC plants.’?® Another strategy
to reduce CO, emissions is to regenerate spent catalysts by
gasification with water or carbon dioxide."** >’

5.1.3.1. CO, gasification. The use of carbon dioxide as a
feedstock has garnered attention due to its positive effect on
the global carbon balance. The reaction between CO, and coke
is referred to as the Reverse Boudouard (RB) process, which is
characterised by the presence of a weak oxidant."®'** The
coked catalyst regeneration by CO, gasification offers potential
benefits for the carbon balance as carbon dioxide is reduced to

© 2025 The Author(s). Published by the Royal Society of Chemistry

carbon monoxide. Carbon dioxide gasification has been used
for coal, biomass and sewage sludge, although these materials
are not described in detail here. The highly endothermic nature
of CO, gasification occurs at >700 °C."** However, these high
temperatures present challenges. However, these high tempera-
tures pose a challenge as they can potentially damage the
catalyst structure or lead to sintering. The main challenges
for catalyst renewal by CO, gasification are the limited reactivity
of CO, and the elevated temperatures required.'*' Despite
these challenges, CO, gasification offers advantages over steam
gasification. Unlike steam, carbon dioxide as a gas does not
have to be vaporised before gasification. Moreover, at high
temperatures, steam can affect the Al-O bond of the catalyst,
which can lead to the breakdown of the catalytic structure.
This problem is not observed in CO, gasification.'3*3*
Santos et al."*® studied coked FCC catalyst regeneration in
CO, and H, environments using a temperature-programmed
reaction from 25-1000 °C. Their results emphasised the sig-
nificant influence of coke type on gasification rates. Species
with aliphatic and poly-substituted aromatic properties were
more likely to react with carbon dioxide. The gasification of
CO, was efficiently modelled using a first-order kinetic model
at temperatures from 600 to 940 °C."*° Despite the higher
reactivity of O, compared to CO,, gasification of CO, can also
occur in the presence of O,, possibly dominating the initial
stages of catalyst regeneration depending on the partial pres-
sure of CO,. Tian et al.'®*® investigated gasification reactivity
with CO, at temperatures between 800 and 900 °C to regenerate
coked catalysts used in the upgrading of heavy petroleum
feedstocks. Their results indicate that higher temperature
improved gasification rates, although rates beyond 50% coke
conversion decreased significantly. Santos et al.'**> observed
that the removal of coke from the catalyst surface precedes the
removal of coke present in the pores. In this scenario, Knudson
diffusion gradually becomes dominant, leading to a lower
gasification rate as the reaction progresses.
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5.1.3.2. Steam gasification. The use of steam as a gasification
agent in regeneration processes only reduces the accumulation
of CO, and also generates synthesis gas consisting of H, and
CO. Steam gasification, a widely recognised method suitable for
both coal and biomass, is commonly used. However, when
steam is used to eliminate accumulated coke from catalysts at
elevated temperatures, there is a risk of disrupting the structure
of the catalyst, which can lead to permanent deactivation. It is,
therefore, essential that the catalyst has a high hydrothermal
stability. Eqn (5) can be used to describe the process of coke
gasification with steam."?”"*°

C(s) + H,0(g) — CO(g) + Holg) +131 K mol ™" (5)

As Tian et al.»*® found, the rate of coke gasification with steam
(H,0) is 2 to 5 times higher than that with CO, for different
coke types. In the elimination of coke from catalysts used in the
cracking of heavy oil, the reactivity of steam gasification at
temperatures between 800 and 900 °C was about three to five
times higher than that of carbon dioxide.*® High temperatures
of 700 to 900 °C are required for the vapour gasification of
graphitic or less reactive coke types. However, the hydrothermal
instability of the catalysts at these temperatures limits the
commercial application of steam gasification. According to
Zhang et al,"*° the steam gasification rate for FCC spent
catalysts utilised for vacuum residue cracking was relatively
low, with catalyst regeneration possible at temperatures below
700 °C, although a higher temperature of 800 °C resulted in an
increased coke removal rate. Regardless of the gasification
temperature, the resulting gas retained an unchanged compo-
sition of 87 vol% H, and CO.'*° Initially, the steam gasification
rate increased but eventually peaked at coke conversions
between 5% and 20% before gradually decreasing.'*" A correla-
tion between the initial pore volume and the maximum vapour
gasification rate was observed by Sahimi and Tsotsis.’** Since
coke can be deposited both on the outer surfaces and in the
inner pores of the catalysts, the steam reacts with the surface
coke, resulting in higher gasification rates attributed to the
increased contact area between steam and coke. However, if the
coke content decreases during the process, the gasification
rate also decreases.™® Similar to the oxidation of O, and the
gasification of CO,, steam gasification can also be improved by
the addition of metal or metal oxide additives. Corma et al.'*®
found that the coke deposited on standard FCC catalysts has a
relatively low reactivity during steam gasification. By modifying
FCC catalysts with metals including La, Ce, Zn, Ti and Mn, the
gasification rate can be increased by 50 to 100%. Despite the
high reaction rate of this novel steam gasification compared to
CO, gasification, it is rarely used industrially due to the
required hydrothermal stability of the catalysts. Lowering the
temperature of steam gasification is possible using metal-
doped catalysts and oxygen-steam gas mixtures as regeneration
agents but requires further research.

5.1.4. Regeneration by hydrogenation. The removal of coke
can also be achieved by non-oxidative methods, including
pyrolysis with inert gas'*® or hydrocracking with H, or alkanes
(eqn (6))."** Schulz and Wei'*® found that coke accumulation
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on HZSM-5 catalysts could be entirely removed by treating them
with inert gas at 287 °C. However, treatment at higher tem-
peratures (327 to 377 °C) only partially removed the coke.
Similarly, Magnoux et al.’*® observed that while N, treatment
could partially eliminate coke on USHY catalysts, it led to
increased residual aromaticity in the coke and resulted in
catalyst deactivation."*® However, it remains uncertain whether
the catalytic activity can be fully restored after exposure to high-
temperature inert gas treatment. Therefore, this section will
primarily focus on the catalyst regeneration by hydrocracking
with hydrogen.

C(s) + 2H,(g) — CH4(g) —75kJ mol™* (6)

Marecot et al."*” observed methane as the only product in the

regeneration of industrially coked Pt/Al,O; catalysts by tempera-
ture-controlled reactions under a hydrogen atmosphere.'*’
Walker Jr et al.**® found that at 800 °C, the relative coke removal
rate followed the order O, > H,0O > CO, > H,, indicating the
relatively low activity of H, in coke regeneration, which requires
a lot of time and energy."*® Bauer et al.’* reported that a spent
HZSM-5 used in processes to convert methanol to hydrocarbons
could be partially reactivated by heating to 420 °C and treatment
with hydrogen and alkanes, resulting in increased activity recov-
ery and improved hydrogen-to-carbon ratio in the residual coke
due to hydrogenation and hydrocracking reactions facilitated by
acidic zeolites."*® Aguayo et al'*® reported that the catalytic
performance of coked HZSM-5 was restored after treatment with
H,, with a small increase in the H/C ratio indicating reduced
dehydrogenation of coke. However, Jong et al.">® demonstrated
that even at temperatures of 900 °C, complete removal of coke
that had accumulated on HZSM-5 could not be achieved with H,
as a regeneration gas. They observed that internal coke removal
near Bronsted acid sites was more effective than external coke
removal at the surface, indicating the significant role of Bronsted
acid sites in H, regeneration.'*® In addition, Bauer et al.** found
that propane selectively removed coke from spent catalysts
and that the combination of hydrogen and alkane treatment
reactivated active sites in the material."”" The effectiveness of the
regeneration gas in removing coke from spent USHY catalysts for
the conversion of m-xylene at 500 °C follows the order of air >
hydrogen > nitrogen.'”> Benamar et al'®® found that the
amount of coke removed by H, treatment relies on the initial
coke concentration on the deactivated catalyst, with lower
removal percentages observed for samples with higher coke
concentrations.'®” Table 4 provides a comparative evaluation of
various conventional regeneration methods, while Table 5 sum-
marizes the regeneration strategies applied to different catalysts
across a range of heterogenous processes.

5.2. Emerging catalyst regeneration techniques

As catalytic processes evolve to meet the demands of sustain-
ability and efficiency, conventional regeneration methods
often fall short in restoring full catalyst activity. Emerging
techniques are being developed to address challenges such as
severe deactivation, structural degradation, and selectivity loss.
These innovative approaches leverage advanced technologies,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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including supercritical fluid extraction, plasma treatment,
microwave-assisted regeneration, etc. Such methods offer
improved regeneration efficiency, reduced environmental
impact, and greater adaptability across catalytic systems.

5.2.1. Supercritical fluid extraction (SFE). Supercritical
fluid extraction (SFE) is a promising green technology for the
regeneration of deactivated catalysts, especially those contami-
nated with organic compounds or coke."®*™'®* The process uses
supercritical fluids (SCFs) typically supercritical CO, which
possess unique physicochemical properties between those of
gases and liquids, such as low viscosity, high diffusivity, and
high solvating power. These properties enable SCFs to pene-
trate catalyst pores effectively and dissolve surface-bound con-
taminants without causing thermal damage or altering the
catalyst’s structure.'®>'®* In SFE-based regeneration, the deac-
tivated catalyst is exposed to a supercritical solvent (e.g., CO,) at
controlled temperatures (above 31 °C for CO,) and pressures
(above 73 atm). The SCF diffuses through the porous catalyst
structure, solubilizing organic foulants like coke precursors,
polymers, or heavy hydrocarbons. This mass transfer process is
governed by fluid-catalyst interactions and is enhanced by the
adjustable density and polarity of the SCF, which can be fine-
tuned with co-solvents such as ethanol or methanol to increase
extraction efficiency.’®® Once dissolved, the contaminants are
carried out of the system with the exiting SCF stream, and
the purified catalyst is recovered. Compared to conventional
thermal or oxidative regeneration, SFE operates at lower tem-
peratures, avoiding sintering, metal particle agglomeration,
and destruction of acid sites. The process is non-destructive,
environmentally friendly, and potentially recyclable, making
it suitable for sensitive catalysts like zeolites, enzymes, or
precious metal-supported systems.'®*'®* A typical SFE setup
is presented in Fig. 20.

Different studies have highlighted the effectiveness of super-
critical fluid extraction (SFE) for catalyst regeneration. Gumerov
et al.'®® showed that supercritical CO,, aided by co-solvents, can
remove deactivating deposits from metal-based catalysts with-
out damaging their structure. Gumerov et al'®! emphasized
that employing supercritical CO, extraction for catalyst regen-
eration not only enhances energy efficiency but also allows for
more regeneration cycles, thereby improving the overall sus-
tainability and cost-effectiveness of the process. A broader
review on SFE reinforced its advantages, including low energy
use and mild operating conditions, making it a promising
method for preserving catalyst activity while ensuring efficient
contaminant removal.'®®

5.2.2. Plasma-assisted regeneration. Plasma-assisted
regeneration is an emerging and highly effective technique
for regenerating catalysts deactivated by coke deposition.
Unlike conventional thermal regeneration, which requires high
temperatures and can lead to catalyst sintering or metal particle
agglomeration, plasma-assisted regeneration operates at lower
temperatures, reducing thermal damage and extending catalyst
life.'®” The process involves exposing the coked catalyst to a
non-thermal plasma (NTP), typically generated using dielectric
barrier discharge (DBD), microwave, or radiofrequency methods.
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Fig. 20 Schematic diagram of supercritical fluid extraction (SFE) set-up. Reproduced from ref. 166 with permission from Elsevier, copyright 2006.

In this environment, an electrical field energizes gas molecules
(e.g, Oy, Ny, CO,, or air), producing reactive plasma species such
as atomic oxygen, ozone, and excited radicals. These highly
reactive species selectively oxidize and gasify coke deposits on
the catalyst surface at low bulk temperatures, forming CO and
CO, without significantly heating the catalyst structure. The
regeneration is highly surface-specific, minimizing damage to
internal pores and active sites. This method is particularly suited
for delicate catalysts like zeolites and metal oxides and offers
enhanced control over coke removal. Studies have shown that
plasma treatment can restore up to 90-100% of original catalyst
activity depending on coke type and operating conditions."®”
Metal catalysts deactivated through oxidation can be effec-
tively regenerated by treatment in a reducing atmosphere at
suitable temperatures. The introduction of plasma during this
reduction process can alter the reduction environment,
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©
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Fig. 21
Elsevier, copyright 2019.
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enhancing regeneration efficiency. In a study by Kim et al.,'*®

the plasma-assisted regeneration of an oxidized Cu catalyst
(CuO/ZnO supported on y-alumina beads) was examined and
compared with conventional thermal reduction. Using a packed-
bed reactor and a 4 vol% H, stream (Fig. 21), they observed that
plasma-assisted reduction enabled complete conversion of CuO/
ZnO to Cu/ZnO at lower temperatures and in a shorter time than
thermal treatment. Temperature programmed reduction (TPR)
profiles (Fig. 22) revealed a significant shift to lower reduction
temperatures under plasma conditions at a discharge power of
1.61 W and a peak voltage of 7 kV. Notably, both methods
produced regenerated catalysts with comparable physicochemical
properties, including surface area and pore size distribution,
demonstrating that plasma-assisted regeneration is a viable
and potentially more energy-efficient alternative to traditional
thermal reduction methods."®’”

0S8

GC: Gas chromatograph

OS: Oscilloscope

HV: High-voltage transformer
ST. Sliding thermacouple
MFC: Mass flow controller

[
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1

ST

Illustrates the experimental configuration of the packed-bed reactor employed by ref. 168. Reproduced from ref. 167 with permission from
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168 with permission from John Wiley and Sons, copyright 2016.

5.2.3. Microwave-assisted regeneration. Microwave-assisted
regeneration is presented as a highly effective and energy-
efficient technique for restoring the adsorption capacity of
spent activated carbon. This method uses microwave radiation
to rapidly and selectively heat the carbon material, thereby
desorbing or decomposing adsorbed organic compounds,
including coke-like residues. The regeneration process involves
placing the spent activated carbon in a microwave reactor,
where it is exposed to electromagnetic radiation typically at

View Article Online

Energy Advances

2.45 GHz.'*>"7° Microwaves interact directly with the carbon
matrix, causing dipolar rotation and ionic conduction within
the material. This leads to volumetric and internal heating,
which contrasts with conventional surface-based thermal methods.
The rapid and uniform heating generates sufficient thermal energy
to desorb and thermally decompose the adsorbed species, restoring
active adsorption sites. Studies by Xin-hui et al. """ and Nor et al.'”?
demonstrated that parameters such as microwave power,
regeneration time, and moisture content significantly influence
regeneration efficiency. Under optimized conditions, the regen-
erated carbon retained high adsorption capacity with minimal
structural damage.

5.2.3.1. Microwave-assisted regeneration (conventional). Findings
from the study by Amornsin et al.'”® demonstrate that, compared
to conventional heating (Fig. 23a), microwave-assisted regenera-
tion (Fig. 23b) of zeolite 13X used as a sorbent in the CO, capture
process consistently achieves higher efficiency at lower tempera-
tures (90 °C, 120 °C, and 300 °C), as illustrated in Fig. 24. This is
attributed to its direct and selective energy delivery through Na*
ion vibration."”*'”® At 150 °C and 350 °C temperatures asso-
ciated with key CO, desorption stages both methods exhibit
comparable performance. Microwave regeneration is signifi-
cantly faster requiring 5-10 minutes compared to 30 minutes
for conventional methods and consumes substantially less
energy. For instance, at 350 °C, microwave regeneration used
0.06 kWh versus 0.62 kWh for conventional heating, with similar
trends across other temperatures."””®'’” However, initial CO,
adsorption was higher in the conventional method, possibly
due to moisture uptake during extended storage of samples
used in microwave testing.'”® Improved sample preparation or
purging could mitigate this.

€0, SENSOR

Vacuum pump -

.
l — l
DAC

Fig. 23

MICROWAVE
HEATING

Illustration of the direct air CO, capture process in a fixed-bed reactor: (a) regeneration through traditional thermal heating, and (b) regeneration

utilizing microwave-assisted heating. Reproduced from ref. 173 with permission from Springer Nature, copyright 2025.
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Fig. 24 Comparison of regeneration performance between microwave-
assisted and conventional heating methods across different regeneration

conditions. Modified and reproduced from ref. 173 with permission from
Springer Nature, copyright 2025.
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Fig. 25 Three-dimensional surface plot showing the interaction between
experimental variables and the efficiency of regeneration. Reproduced
from ref. 173 with permission from Springer Nature, copyright 2025.

Microwave power (Watt)

Additionally, while the conventional method uses N, pur-
ging to enhance desorption, the microwave system achieved
higher efficiency without it, highlighting the superior influence
of dielectric heating.'”®*®® This effect is further supported by
Fig. 25, which illustrates the interaction between the experi-
mental variables and regeneration efficiency. The data show
that regeneration efficiency tends to improve with increases in
both microwave power and regeneration time. Among these,
microwave power has the most significant impact, as demon-
strated by the sharp gradients and colour variations in the
graphs. These patterns are consistent with the trends previously
discussed by Amornsin et al."”® regarding how microwave power
and regeneration time affect CO, adsorption capacity and overall

© 2025 The Author(s). Published by the Royal Society of Chemistry
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regeneration performance. It can be inferred that microwave-
assisted regeneration demonstrates clear advantages in energy
savings, regeneration speed, and long-term performance.

5.2.3.2. Microwave and ultrasonic spray assisted regeneration
(improved). Lin et al.'®' conducted a study on the regeneration
of spent catalysts using microwave heating combined with
ultrasonic spray (US) assistance. Under optimized experimental
conditions, the spent activated carbon (AC) was regenerated
in three distinct atmospheric environments: carbon dioxide
(AC-COy), nitrogen (AC-N,), and ultrasonic spray (AC-US). Nitro-
gen adsorption analysis, including isotherms, pore volume, and
pore size distribution (Fig. 26a-c), revealed that AC-ultrasonic
spray exhibited the highest adsorption isotherm, suggesting
enhanced pore development. This sample also showed the
greatest micropore volume, covering a wide range from narrow
micropores to large mesopores. Compared to the other regen-
eration atmospheres, the AC-ultrasonic spray demonstrated
significantly improved textural properties, including higher
total pore volume, BET surface area, and micropore volume.
These findings confirm the effectiveness of ultrasonic spray-
assisted microwave regeneration. Notably, AC-ultrasonic spray
achieved a BET surface area of 1263 m” g~', making it a
promising material for industrial applications in adsorption
and pollutant removal.'®" The study highlights ultrasonic spray
as a highly efficient regeneration method for spent catalysts.

To support the results presented by Amornsin et al,"”
Table 6 provide relevant evidence. It presents the pore structure
properties of regenerated activated carbons derived from var-
ious spent materials using either microwave or conventional
heating methods. Among them, the activated carbon regener-
ated using the ultrasonic spray method under microwave heat-
ing exhibited superior characteristics compared to the others.

5.2.4. Atomic layer deposition (ALD). Atomic layer deposi-
tion (ALD) is a vapor-phase technique that enables the deposi-
tion of ultra-thin, conformal films with atomic-level precision.
This method is particularly effective for catalyst repair and
regeneration, as it allows for the restoration of active sites,
prevention of sintering, and enhancement of catalyst stability.
ALD operates through sequential, self-limiting surface reac-
tions. In a typical ALD cycle, the substrate is exposed to a
gaseous precursor that reacts with available surface sites,
forming a monolayer. After purging excess precursor and by-
products, a second precursor is introduced, reacting with the
first to form a thin film. This cycle is repeated to achieve
the desired film thickness. The self-limiting nature of these
reactions ensures uniform and conformal coatings, even on
complex and porous structures.'®® In catalyst repair, ALD can
deposit protective layers that prevent sintering and leaching of
active metal nanoparticles. For instance, coating nickel-based
catalysts with ALD-grown Al,O; layers has been shown to
suppress sintering and reduce coke formation, thereby enhan-
cing catalyst stability. Additionally, ALD can be used to intro-
duce new active sites or modify existing ones, tailoring the
catalyst’s activity and selectivity. The precision and versatility of
ALD make it a valuable tool in extending catalyst longevity and
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Fig. 26 Properties of regenerated activated carbon under various atmospheric conditions, along with the spent catalyst: (a) nitrogen adsorption
isotherms, (b) total pore volume, and (c) pore size distribution profiles. Reproduced from ref. 181 with permission from Elsevier, copyright 2018.

Table 6 Pore structure comparison of activated carbon regenerated from different spent catalysts. reproduced from ref. 181 with permission from

Elsevier, copyright 2018

Regeneration/heating Heating Activation BET surface area Micropore volume

method temp. (°C) Time (s) agent (Sger, m* g Y) (Vinie; mL g™ Y) Ref.
Microwave heating 878 840 Ultrasonic spray 1263 0.42 181
Microwave heating 1000 1500 CO, 1255 0.50 182
Microwave heating 850 240 N, 1083 0.20 183
Conventional heating 983 8100 Steam 1233 0.53 184
Conventional heating 850 240 CO, 1064 0.19 185

improving performance. Its ability to engineer catalysts at the
atomic level opens avenues for designing catalysts with enhanced
durability and tailored functionalities."®”*%®

Zhang et al'®® utilised ALD to rejuvenate aged Pt/CeO,
catalysts and effectively restore their catalytic performance.
This dual approach, which serves as both a catalyst regenera-
tion and preparation method, targets metal-supported systems

100 | Energy Adv., 2025, 4,1075-113

and is in line with broader catalyst restoration and enhance-
ment strategies. In particular, the method is aimed at the
regeneration of supported platinum-based three-way catalysts
in the field of precious metal catalysis.'®® The process involves
using a commercial Pt/CeO, catalyst, which is first subjected to
thermal aging in a muffle furnace at 800 °C for 5 hours
to simulate sintering-induced deactivation.'®® The deactivated

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 27 Severity of emissions from different regeneration methods.

catalyst is then treated using atomic layer deposition (ALD) to
apply various oxide coatings. This approach effectively regen-
erates the sintered catalyst, enabling it to regain a portion of its
original catalytic activity. While Fig. 27 highlights the severity
of emissions associated with various regeneration methods,
Table 7 presents a comparative evaluation of emerging catalyst
regeneration techniques.

6. Challenges in catalyst deactivation
and regeneration

Several factors can influence or hinder the regeneration of a
deactivated catalyst. Some of the challenges for effective regen-
eration of these catalysts are presented below:

6.1. Complete removal of deactivants and preservation of
catalyst structure and activity

Ensuring the complete removal of foulants, such as coke,
tar, or contaminants, from the catalyst surface is challenging.
Even small amounts left behind can continue to deactivate the
catalyst during subsequent reaction cycles. In addition, regen-
eration processes can alter the catalyst structure and chemistry,
potentially reducing its activity or selectivity. Regeneration
treatments, such as high temperatures or harsh chemical
reactions, can cause catalyst degradation, including sintering,
phase changes, or surface area loss.* Minimizing these unde-
sirable changes while effectively removing deactivants is a
significant challenge. Balancing the removal of deactivants
with the preservation of active sites and surface properties is
crucial for maintaining or restoring catalyst performance.

6.2. Safety concerns of catalyst regeneration methods

Although coke deposited on catalysts can be eliminated by oxida-
tion, gasification and hydrogenation, air is commonly used in
industry for the regeneration of catalysts as it provides a mild
regeneration temperature. Nevertheless, both ozone and oxynitride
offer alternatives for lowering regeneration temperatures, but their
use is limited due to safety concerns and strict emission regulations.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Conventional methods often involve high temperatures, flammable
gases, or corrosive chemicals, posing significant operational risks.
Gasification of coke with carbon dioxide or steam offers the
possibility of converting low-grade coke into syngas, adding value
while reducing carbon dioxide emissions. However, coke gasifica-
tion is an extremely endothermic process that requires high tem-
peratures, which can compromise the integrity of the catalyst
structure.”'® In addition, hydrogen can be used at elevated
temperatures or pressures to remove coke from the substrates.
Emerging techniques, while potentially safer, may introduce
hazards related to novel energy sources (e.g., microwaves,
plasma) and unfamiliar process dynamics. Proper safety proto-
cols and risk assessments are essential for both approaches.

6.3. Cost and scale-up implementation of catalyst
regeneration technologies

There are several obstacles and considerations in the regeneration
of catalysts. The cost and time associated with regeneration
are important factors, as regeneration processes can require spe-
cialised equipment and a significant amount of labour, potentially
increasing the overall process cost. In addition, the duration of
regeneration can affect the overall performance, efficiency and cost
of the process. There is also a risk of damage during regeneration,
particularly with techniques including thermal treatment or the
addition of chemicals, which can cause physical changes that result
in reduced activity or stability of the catalyst. Conventional regen-
eration methods are often cost-effective and widely implemented at
scale, but they may suffer from inefficiencies and catalyst degrada-
tion over time. In contrast, emerging techniques offer improved
selectivity and lower environmental impact but face challenges in
scalability, infrastructure demands, and high initial costs. Balan-
cing economic feasibility with long-term performance remains
crucial. Strategic investment in technology adaptation and process
optimization is essential for industrial adoption. Transitioning
from laboratory-scale regeneration processes to industrial-scale
applications can present challenges in terms of equipment design,
process scalability, and economic feasibility."”" Ensuring that
regeneration methods are practical and cost-effective at large scales
is essential for industrial implementation.
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Table 7 Comparative evaluation of emerging catalyst regeneration techniques, highlighting their applications, performance, and key considerations

Technique Application Performance Operating temp. Advantages Limitations Ref.

Supercritical Regeneration of coked/ Moderate to high Low-temp. Low-temperature, Limited to organics; less 163

fluid poisoned catalysts recovery of activity; (depending on non-destructive, effective on graphitic coke

extraction (e.g., zeolites, activated selective coke/impurity  fluid type) eco-friendly

(SFE) carbon) removal

Plasma- Coke removal from metal High coke removal Low-temp. Low-temp, fast Requires special plasma 167

assisted catalysts and zeolites efficiency; preserves (depends on activation, reactors; scale-up

regeneration catalyst structure plasma type) surface-specific challenges

Microwave-  Regeneration of activated Fast and efficient coke ~ Low temp. Uniform internal Risk of non-uniform 170

assisted carbon and zeolites decomposition; selective (depending on heating; reduced heating or hot spots, and

regeneration heating material) energy/time depends on dielectric 173
properties

Atomic layer Repair and stabilization =~ Enhances stability, Low to high Atomic-level control, High cost, slow deposition, 188-

deposition of supported metal reduces sintering, (depends on uniform coatings, specialized equipment 190

(ALD) catalysts restores selectivity material and catalyst life extension required

precursor)

6.4. Energy consumption and environmental impact

Some effective catalyst regeneration methods often demand
high temperatures, pressures, or chemical treatments, amplify-
ing energy consumption and environmental repercussions.
These methods, while essential for rejuvenating catalysts, can
lead to elevated carbon footprints, resource depletion, and
hazardous waste generation. Current regeneration techniques
may not be sustainable or appropriate for all catalyst kinds or
may not be efficient for certain deactivation processes.'®>
Therefore, there is an urgent need to develop new, sustainable,
more selective, efficient, and cost-effective approaches tailored
to different catalysts and deactivation processes. Paramount
importance rests on developing regeneration processes that
mitigate energy requirements and environmental footprints.

While regeneration is essential for maintaining process
efficiency and reducing the costs of catalyst replacement, the
energy and environmental implications of different regeneration
methods require careful consideration. Despite advancements,
both conventional and emerging methods carry environmental
trade-offs. Each catalyst regeneration method discussed in the
earlier offers distinct advantages and challenges but also produces
emissions, generates byproducts, and demands significant energy
inputs, impacting air quality, greenhouse gas emissions, water
resources, and waste management. Each regeneration technique
discussed earlier has unique benefits and constraints, but all
contribute directly or indirectly to environmental burdens such as
air pollution, carbon emissions, and resource depletion (Table 8).
Therefore, a critical evaluation of energy usage, byproduct for-
mation, and waste generation is essential when selecting or
designing a regeneration process to ensure sustainable industrial
practices.

7. Prospects for effective mitigation of
catalyst deactivation and regeneration

Future progress in catalysis hinges on the development of
robust strategies that effectively reduce deactivation and improve
regeneration efficiency. Advancements in tailored catalyst design,
real-time performance monitoring, and environmentally benign

102 | Energy Adv, 2025, 4,1075-1113

regeneration techniques are essential for enhancing catalyst long-
evity and sustaining high catalytic activity. The integration of
these innovations will pave the way for more sustainable, energy-
efficient, and economically viable catalytic processes, as detailed
in the discussion below.

7.1. Prevention of catalyst deactivation

7.1.1. Understanding the mechanisms of catalyst deactiva-
tion. This can enable more effective treatment and prevention
strategies. Investigating how each mechanism affects the reac-
tion rate and catalytic activity can provide valuable insights.
While some deactivation mechanisms involve only one compo-
nent, others may consist of several components that contribute
to the observed activity, resulting in catalyst deactivation. For
instant, poisoning leads to a loss of active sites, sintering leads
to crystallite growth and a decrease in active surface area, and
fouling leads to surface blockage and pore filling. Poisoning
can also reduce intrinsic activity by altering the electronic
framework of nearby atoms.” It is, therefore, crucial to under-
stand and identify these components, their mechanisms and
the processes that lead to each type of deactivation in order to
mitigate their occurrence.

7.1.2. Adopting preventive measures. To effectively prevent
the deactivation of catalysts, it is often more practical to focus
on prevention rather than treatment. This approach is critical
in minimising the catalyst deactivation in industrial processes.
Significant investments are often made in catalyst stocks,
and maximising their effective lifetime is economically crucial.
Processes with irreversible or partially reversible deactivation,
such as sulfur poisoning or sintering, particularly benefit from
extended catalyst lifetimes. Different catalyst types have different
lifetimes and are influenced by several deactivation mechanisms.*
Although it is not possible to completely prevent the deactivation
of catalysts, the rates can be reduced in many cases if the
mechanisms are understood, and preventive measures are taken.
Avoidance or preventive strategies include control of catalyst
characteristics, process parameters, feedstock impurities, contact-
ing methods and process design. Strategies to prevent deactiva-
tion through chemical degradation, fouling, poisoning, sintering
and mechanical damage include the selection of appropriate

© 2025 The Author(s). Published by the Royal Society of Chemistry
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catalysts and process designs, the use of additives to improve
stability and the optimisation of reaction conditions to minimise
deactivation rates.»"*®

7.1.3. Selection of suitable catalyst and operating para-
meters. To prevent sintering, reaction conditions and catalyst
qualities that inhibit particle growth must be selected. Low-
ering the reaction temperatures, reducing the water vapour
content and incorporating heat stabilisers into the catalysts can
slow down the rate of sintering while adding steam, O, or CO,
to the feedstock to gasify carbon or coke-forming precursors
can mitigate these forms of degradation. The prevention of
poisoning is aimed at removing impurities in the feedstock that
can accumulate strongly on catalysts, making them difficult or
impossible to regenerate.'®® The selective poisoning of
unwanted metals and the use of guard beds can mitigate the
poisoning effects. Strategies such as the use of protective beds,
scrubbers and philtres to eliminate various toxins and impu-
rities from the feedstock can be utilised. Avoiding fouling is
about reducing the formation and accumulation of carbon or
coke on the catalyst surfaces. This can be achieved by adjust-
ing the reaction conditions so that gasification is favoured
over formation, by using gasification agents or by using
selective membranes. Methods such as supporting metals on
different layers or using promoters to maintain high reduci-
bility can also mitigate these problems."®® To prevent mechan-
ical degradation, carriers and coatings with high fracture
resistance must be selected, porosity minimised, and pro-
cesses designed to minimise turbulence and thermal stresses.
Careful selection of support materials, coatings and catalyst
particle formation processes can also minimise mechanical
damage. Thermal or chemical annealing can strengthen
catalyst particles or agglomerates and thus reduce the risks
of mechanical degradation. In addition, careful control of
process parameters can minimise fouling, thermal degrada-
tion and chemical degradation.'® Regeneration methods must
be compatible with the operating conditions of the catalytic
process, including temperature, pressure, and feedstock
composition. Careful selection of regeneration processes is
important to ensure efficiency and minimise further damage
to the catalyst.

7.1.4. Development of coke-resistant, stable catalysts.
To establish a thriving bio-based and sustainable economy
through catalysis, the first and most important step is to
recognise the stability challenges associated with the integra-
tion of biomass conversion processes into industrial environ-
ments. However, this journey has only just begun. Extensive
research is still required to understand the causes of these
catalyst deactivation problems and to develop innovative tech-
niques to mitigate them. The development of higher quality
and more resistant catalysts is probably one of the strategies to
mitigate these problems. However, innovative approaches to
process design will also be required. These approaches may
include developing new purification techniques for the feed,
stabilising reactive feed components and intermediates, imple-
menting strategies to prevent fouling, poisoning or destruction
of the catalyst, or exploring new ways to regenerate the catalyst
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cost-effectively and efficiently. Exciting developments in these
areas can be expected in the coming decades.>*°

7.2. Advances in catalyst characterization: integrating
artificial intelligence (AI) and data-driven approaches

The characterisation of catalyst stability remains a challenge,
and the identification of appropriate tools to monitor changes
in catalyst properties associated with each deactivation mecha-
nism is critical to the development of remedial methods.
Advances in in situ and operando characterisation techniques,
together with simulations, will provide insight into the dynamic
factors contributing to catalyst deactivation. Artificial intelligence
(AI) and data-driven approaches are transforming catalyst
research by enabling predictive analysis of deactivation mechan-
isms. By processing large datasets from experimental and opera-
tional conditions, machine learning models can identify patterns
such as coke formation, poisoning, or sintering. This allows for
early detection and informed adjustments to prolong catalyst life.
Additionally, AI facilitates the design of more robust catalysts
through simulation of structural and performance changes over
time. These advancements reduce reliance on trial-and-error
methods, enhance regeneration strategies, and accelerate the
development of more efficient and sustainable catalytic systems.
In addition, improved methods are needed to distinguish and
track the behavior of short-lived active site structures with both
spatial and temporal precision, particularly those influenced by
porosity. These features often change rapidly during reactions and
are difficult to observe directly, making their accurate character-
ization under operando (real-time reaction) conditions a major
challenge in catalysis research. Developing such techniques is
essential for a deeper understanding of catalyst function and
deactivation mechanisms. Furthermore, moving away from the
traditional view that assessing stability is less valuable than
demonstrating catalytic systems with high performance and
selectivity is essential for understanding and mitigating catalyst
deactivation.

7.3. Improvement in existing regeneration techniques

Catalyst nature, coke properties, and its distribution signifi-
cantly influence the effectiveness of regeneration. The use of
metals can considerably improve the regeneration performance
of certain techniques. However, metals can also act as poisons,
rendering catalysts inactive at high temperatures. Despite con-
siderable progress in catalyst regeneration, further research is
needed to develop optimal coke removal strategies. Achieving
high regeneration efficiency while maintaining catalyst stability
and activity requires optimization of existing conventional
regeneration conditions, selection of suitable regeneration
methods, and minimizing catalyst degradation during regen-
eration cycles. Emerging regeneration methods such as plasma
treatment, microwave-assisted regeneration, and supercritical
fluid extraction offer improved efficiency, selectivity, and lower
environmental impact compared to conventional approaches.
These techniques enable coke removal at lower temperatures
and reduce structural damage to catalysts. However, effective
regeneration requires accurate monitoring of catalyst performance
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and deactivation mechanisms to determine the optimal timing and
conditions for regeneration. Developing reliable sensors, diagnostic
techniques, and control strategies for real-time monitoring of
catalyst conditions is essential. Emerging techniques like
plasma and microwave-assisted are increasingly incorporating
Al-driven control to optimize process parameters, predict
regeneration outcomes, and minimize energy use for enhanced
efficiency. This integration supports more reliable and sustain-
able regeneration strategies.

7.4. Development of more sustainable and less energy-
intensive regeneration techniques

The shift toward greener catalysis calls for regeneration meth-
ods that minimize energy input and environmental impact.
Techniques leveraging renewable energy sources, solvent-free
systems, and milder operating conditions are gaining traction.
These approaches aim to maintain catalyst performance while
supporting sustainable industrial practices. The development
of more sustainable and effective regeneration methods is
another challenge that needs to be overcome. Strategies may
include optimizing regeneration conditions to minimize energy
input, exploring alternative regeneration techniques such as
microwave or plasma regeneration, or integrating renewable
energy sources into regeneration processes. Moreover, adopting
green chemistry principles, such as utilizing environmentally
benign solvents or catalysts, can mitigate environmental
impact. By prioritizing energy efficiency and environmental
sustainability in catalyst regeneration, industries can ensure
responsible resource utilization while maintaining competitive-
ness and meeting regulatory requirements. Collaborative efforts
across academia, industry, and policymakers are imperative to
drive innovation and implement sustainable regeneration prac-
tices on a broader scale.”®

7.5. Future work consideration for catalyst deactivation and
effective regeneration

Future investigations should prioritize advancing catalyst regene-
ration to improve both efficiency and sustainability. Emphasis
must be placed on developing targeted strategies that effectively
address specific deactivation mechanisms. The following areas
are key for future research:

e Develop operando and in situ tools to monitor catalyst
structure, porosity, and active site changes in real time.

e Design regeneration strategies tailored to specific deacti-
vation pathways (e.g, coking, poisoning, sintering).

e Prioritize development of low-energy, low-emission regen-
eration techniques such as supercritical fluid extraction,
plasma, and microwave-assisted methods.

e Integrate renewable energy sources into regeneration
technologies to enhance sustainability and reduce environmen-
tal impact.

e Engineer catalysts with improved resistance to deactiva-
tion through robust supports, active site stabilization, and
surface modification.

e Incorporate real-time sensors and data analytics for early
detection of deactivation and adaptive regeneration control.
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e Evaluate catalyst performance over multiple regeneration
cycles to ensure durability and consistent activity.

e Include life cycle analysis (LCA) and techno-economic
evaluation to assess the long-term environmental and cost
benefits of regeneration approaches.

e Explore the synergy of combining physical, chemical, and
thermal methods to enhance regeneration efficiency.

8. Conclusion and outlook

Catalyst deactivation remains a major challenge in hetero-
geneous catalysis, reducing activity, selectivity, and long-term
operational stability. This review presents a comprehensive
analysis of coke formation and catalyst deactivation mechan-
isms. It further critically evaluates both current and emerging
regeneration techniques and outlines key challenges in achiev-
ing effective regeneration. A distinctive strength of this work is
its multidimensional integration of bibliometric analysis with
current research and technological developments, offering a
unique perspective on evolving trends, knowledge gaps, and
sustainability priorities. The study emphasizes three primary
causes of deactivation including chemical, mechanical, and
thermal and identifies five degradation pathways: poisoning,
fouling, thermal degradation, chemical degradation, and
mechanical failure. These differ in reversibility and onset kinetics,
underscoring the importance of targeted prevention. Strategies
such as limiting coke precursor formation, optimizing process
parameters, and encapsulating active metal sites have shown
promise in reducing deactivation rates. Despite significant
advances, regeneration remains essential for restoring catalyst
functionality and extending its operational lifespan.

In parallel, the review evaluates different regeneration tech-
nologies, analysing their operating principles, effectiveness,
energy demands, and environmental impacts. It covers both
conventional methods such as oxidation (air, ozone, oxyni-
tride), gasification (CO, and steam), and hydrogenation and
emerging approaches, including supercritical fluid extraction
(SFE), microwave-assisted regeneration, plasma-enhanced tech-
niques, and atomic layer deposition (ALD). Conventional regen-
eration methods, while widely adopted for their effectiveness in
coke removal, often operate at high temperatures and are
energy-intensive, contributing to significant greenhouse gas
emissions and potential catalyst degradation. Despite their
maturity, these methods are limited by their thermodynamic
mismatch with reaction conditions, process inflexibility, and
high operational costs particularly in continuous heteroge-
neous processes. In contrast, emerging techniques such as
non-thermal plasma and SFE offer regeneration under milder
conditions, substantially reducing thermal damage and envir-
onmental burdens. However, scalability, safety protocols, and
integration with existing industrial systems remain challenges
that warrant further investigation.

Bibliometric analysis reveals that while catalyst deactivation,
coking, and stability have been widely studied, regeneration
remains underexplored. Continued research and innovation in
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catalyst regeneration are vital for enhancing the efficiency and
long-term viability of catalytic processes. Future work must
focus on developing advanced, data-driven methods, including
machine learning, to predict deactivation and optimize regen-
eration process. Overcoming current challenges requires preci-
sion strategies and interdisciplinary collaboration. Emphasis
should be placed on environmentally sustainable, low-energy
solutions that extend catalyst longevity. These advancements
are pivotal for unlocking long-term catalytic performance and
support the transition to cleaner, more efficient technologies in
a carbon-constrained future.
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List of acronyms

AC Activated carbon

AEE Aqueous ethanolic extract

AC-CO, Activated carbon regenerated under carbon
dioxide atmosphere

AC-N, Activated carbon regenerated under nitrogen
atmosphere

AC-US Activated carbon regenerated using ultrasonic
spray-assisted method

ALD Atomic layer deposition

AOP Advanced oxidation processes

c, Metal carbide

Cy Adsorbed atomic carbon

Cgp Polymeric carbon film

Ce Amorphous and graphitic carbon

C, Vermicular carbon

CC Catalyst coke

CH, Methane-derived hydrocarbon fragments

CR Catalyst regeneration

CSD Catalyst stability and deactivation

DBD Dielectric barrier discharge

DTA Differential thermal analysis

FCC Fluidized catalytic cracking

FTIR Fourier transform infrared spectroscopy
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GC-HRT-MS Gas chromatography high resolution
time-of-flight mass spectrometry

GC-MS Gas chromatography mass spectrometry

HCs Hydrocarbons

HZSM-5 Hydrogen-form zeolite socony mobil 5

1Cso Half maximal inhibitory concentration

MAR Microwave-assisted regeneration

MFI Mobil five framework zeolite

MOR Mordenite

MTG Methanol-to-gasoline

MTH Methanol-to-hydrocarbons

NiZ Nickel-doped Z5M-5

NTP Non-thermal plasma

OECD Organisation for economic co-operation
and development

ORR Oxygen reduction reaction

PAR Plasma-assisted regeneration

RB Reverse Boudouard reaction

SBET Brunauer Emmett Teller surface area

SCR Selective catalytic reduction

SEM Scanning electron microscopy

SFE Supercritical fluid extraction

SMR Steam methane reforming

TGA Thermogravimetric analysis

TPR Temperature-programmed reduction

TOS Time-on-stream

WoS Web of science

Z5 Unmodified zeolite ZSM-5
ZSM-5 Zeolite socony mobil 5
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