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Abstract

Iron-based Fischer-Tropsch synthesis (Fe-FTS) catalysts are central to coal-to-liquid (CTL)
processes but suffer from rapid and complex deactivation under industrial conditions. This
review critically examines the key deactivation mechanisms, including carbon/wax deposi-
tion, hydrothermal sintering, chemical poisoning (S, Cl, As), and mechanical attrition, and
evaluates modern regeneration strategies. These strategies include supercritical fluid extrac-
tion for wax removal, controlled oxidative decoking, reductive reconstruction of active iron
carbides (x-FesCz), chemical de-poisoning, and structural upcycling. We also discuss emerg-
ing techniques such as non-thermal plasma and supercritical fluid-assisted reactivation. Fi-
nally, we highlight challenges in irreversible phase transformation, in -situ regeneration en-
gineering, and economic feasibility, and outline future directions toward regeneration-
friendly catalyst design and advanced syngas purification for a circular CTL economy.
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1. Introduction

The global energy architecture is currently navigating a complex transition defined
by the dual imperatives of mitigating climate change and ensuring national energy sov-
ereignty. While the shift toward renewable energy sources is accelerating, the inherent
energy density requirements of heavy industries, long-haul aviation, and chemical man-
ufacturing ensure that liquid hydrocarbons will remain indispensable for the foreseeable
future [1]. For nations including China, South Africa, and parts of the Indo-Pacific, the
coal-to-liquid (CTL) technology represents far more than an industrial process due to their
resource distribution [2]. It is a strategic buffer against volatile global oil markets and a
cornerstone of chemical feedstock self-sufficiency. The Fischer-Tropsch Synthesis (FTS),
as the thermochemical heart of the CTL chain, facilitates the catalytic conversion of coal-
derived syngas (CO + H>) into high-value fuels and olefins [3]. In the last five years, the
operational focus of mega-scale facilities, such as the 4-million-ton-per-year CTL plant in
Ningxia, has expanded beyond volume production to include integration with Green Hy-
drogen and Carbon Capture, Utilization, and Storage (CCUS) technologies, ensuring the
continued relevance of coal-based synthesis in a decarbonizing world [4].
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The economic and environmental viability of the CTL industry is inherently tethered
to the lifecycle performance of the catalyst, particularly the iron-based systems (Fe-FTS)
that dominate the sector due to their ability to process hydrogen-lean syngas through in-
trinsic Water-Gas Shift (WGS) activity, such as commercialized SFT418 and CNFT-1 [5,6].
The support material is another critical factor determining the performance of industrial
Fe-FTS catalysts. Common supports include SiO: [7], Al20s [8], and carbon-based materi-
als [9]. Through metal-support interactions (MSIs), the support affects the dispersion, re-
ducibility, and carburization of iron species, as well as the sintering resistance and product
selectivity. Unlike the relatively stable metallic cobalt catalysts [10] used in gas-to-liquid
(GTL) processes, iron catalysts are notoriously dynamic and susceptible to rapid deacti-
vation. Industrial Fe-FTS catalysts function as dynamic chemical entities that undergo a
continuous and often non-linear evolution from oxide precursors to various iron carbides
(x-FesCz, Fe2C, FesC) [6,11]. Related studies have revealed that this phase flexibility is a
double-edged sword. While it enables functional versatility, it also renders the catalyst
vulnerable to structural collapse, sintering, and re-oxidation under the harsh hydrother-
mal conditions of industrial reactors [12]. The resulting frequent catalyst replacement cy-
cles introduce significant operational costs and generate massive quantities of spent cata-
lysts, which are increasingly classified as hazardous industrial waste, thereby necessitat-
ing a shift from consumption toward a cyclic catalyst economy.

The deactivation of iron-based catalysts in CTL applications is a multi-factorial phe-
nomenon that extends beyond simple active site loss to include complex chemical poison-
ing and mechanical attrition. Coal-derived syngas, even after sophisticated purification,
contains refractory impurities such as sulfur, chlorine, and trace nitrogen species [13] that
induce catastrophic poisoning via the shrinking-core mechanism or electronic modifica-
tion of the iron surface [14]. Simultaneously, the high-temperature and high-pressure en-
vironment promotes the formation of deleterious carbonaceous species, ranging from
amorphous coke to graphitic encapsulations that physically isolate active sites. In slurry-
bed reactors, which are the preferred choice for modern CTL plants, the challenge is fur-
ther compounded by wax-drowning, which is the accumulation of heavy Cso+ hydrocar-
bons [15]. This mechanical degradation, or attrition, not only reduces the effective particle
size but also leads to downstream fouling and pressure drop issues.

Despite the accumulation of vast amounts of experimental data on FTS deactivation
over the past decade, there remains a conspicuous lack of a comprehensive synthesis that
bridges the gap between atomic-scale deactivation mechanisms and industrial-scale re-
generation protocols. The existing literature often treats catalyst deactivation as an irre-
versible terminal state, whereas modern industrial requirements demand sophisticated
restoration strategies to extend catalyst lifespan and minimize the environmental foot-
print. This critical review addresses this gap by synthesizing the most related and recent
breakthroughs in in situ characterization, supercritical fluid extraction for wax removal,
and plasma-assisted oxidative regeneration. By evaluating the thermodynamic and ki-
netic hurdles of restoring deactivated iron phases, this work provides a systematic frame-
work for understanding the catalyst lifecycle. The ultimate goal is to provide a roadmap
for the transition toward predictive catalyst management, integrating real-time deactiva-
tion monitoring with adaptive regeneration scheduling to enhance the sustainability of
the CTL industry.

2. Deactivation Mechanisms of Iron-Based Catalysts in Coal-Based FTS

The industrial operation of iron-based F-T synthesis within the CTL framework rep-
resents one of the most hostile environments for heterogeneous catalysis. The deactivation
of these catalysts is not a linear decay of surface area but a multidimensional collapse of
the chemical, structural, and mechanical integrity of the catalyst system [16,17]. Over the
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last decade, the application of operando spectroscopy and multi-scale modeling has rede-
fined the understanding of this process, revealing that deactivation is driven by a syner-
gistic interplay between the volatile nature of iron carbides and the refractory impurities
intrinsic to coal-derived syngas. This chapter dissects these mechanisms by categorizing
them into four fundamental domains: carbon/wax deposition, sintering, chemical poison-
ing, and mechanical attrition.

2.1. Carbon/Wax Deposition Derived Deactivation

Carbon-induced deactivation in Fe-FTS is far more complex than simple site blockage
[18]. It involves a hierarchical evolution of carbon species: from atomic carbidic carbon
and amorphous surface coke to highly ordered graphitic filaments or whiskers. At the
high temperatures of HTFT (320-350 °C), the Boudouard reaction is the primary driver of
coking [19,20]. Other related studies have revealed that these carbon whiskers originate
from iron nanoparticles that have detached from the support. The carbon grows from the
base of the particle, exerting enough mechanical pressure to rupture the pores of the silica
support, leading to a catastrophic loss of surface area (Figure 1a,b) [21,22]. In the applica-
tion of a bubble fluid-bed reactor, the severe carbon deposition would worsen the contin-
uous operating [23].

/W
arbpn particle

Crystallite

A

Figure 1. (a) SEM images of carbon deposited Fe-based catalysts [21] (reprinted with permission
from Higashi, R. et al., Copyright 2025 ISIJ International); (b) conceptual model of fouling, crystallite
encapsulation and pore plugging of a supported metal catalyst due to carbon deposition and crys-
tallite growth due to sintering by atomic migration or crystallite migration [22] (reprinted with per-
mission from Bartholomew, C.H., Copyright 2001 Elsevier); (¢) hematite precursor reduction and
sintering images under environmental TEM [24] (reprinted with permission from Janbroers, S. et
al., Copyright 2011 Elsevier).

In slurry-bed reactors operating at lower temperatures, the dominant carbon-related
deactivation is wax-drowning or pore-filling. In this regime, as summarized in Table 1, the
accumulation of Cso+ hydrocarbons within the mesopores alters the diffusion kinetics of the
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reactants [25]. Because CO has a significantly lower solubility and diffusion coefficient in
FTS wax compared to Hz, the effective H>/CO ratio at the active site surface becomes much
higher than that in the bulk gas phase [26,27]. This localized hydrogen-rich environment
promotes the termination of chain growth, shifting the selectivity toward methane and light
gases. This wax accumulation was reported to account for up to 40% of the observed activity
loss in the first 500 h of operation for precipitated iron catalysts [28].

Table 1. The summary of deactivation of Fe-based FTS catalysts.

Deactivation Classification Characteristics Deactivation Effects

Physical Deactiva-
tion

Accumulation of heavy Cao+ hydro-

) Reduces diffusivity of CO and Ho.
carbons in mesopores.

Wax drowning

Thermal ripening and CO-induced
anomalous mobility via transient
Fe(CO)x species; weakened metal-
support anchoring by H20.

Coalescence of Fe particles (>50 nm),
loss of low-coordination edge sites, for-
mation of inactive iron silicates.

Sintering

Progressive fragmentation in slurry-

bed reactors due to gas bubbles, agi-

tation, and phase-transition stresses;
generation of sub-micron fines.

Filter plugging, increased slurry vis-
cosity, impaired heat transfer, catalyst
inventory loss, unplanned shutdowns.

Mechanical attrition

Chemical deactiva-

tion

Hierarchical carbon evolution: from
amorphous coke to graphitic fila-  Active site encapsulation, pore rup-
Carbon deposition ~ ments/whiskers; driven by Bou-  ture, catastrophic loss of surface area;
douard reaction at high tempera- increased methane selectivity.
tures (320-350 °C).
Irreversible phase transformation, S forms bulk Fei-«S; Cl forms stable
. .. permanent loss of activity and selec- chlorides and promotes volatilization;
Chemical poisoning * . . . . . .
tivity; even ppm levels cause rapid As forms inert arsenides. Preferential

deactivation. attack on K promoters.

2.2. Sintering

Sintering, or the coalescence of active iron particles, is traditionally viewed as a thermal
ripening process. However, in the presence of CO, iron catalysts exhibit anomalous mobility
(Figure 1c) [24]. Supported by in situ TEM, researchers proposed the liquid-like mobility
model, where iron atoms form transient, highly mobile sub-carbonyl species (Fe(CO)x) that
migrate across the support surface even at temperatures as low as 240 °C. This mobility is
enhanced by the presence of H2O, which hydroxylates the SiO2 or ALOs support, reducing
the anchoring energy between the iron carbide and the support surface [22].

The role of promoters in this context is dualistic. While structural promoters like SiO2
are intended to act as physical barriers (e.g., SFT418 from China Shenhua Coal-to-Oil and
Chemical Co., Ltd., Ningxia, China), the harsh hydrothermal environment of a CIL reactor
often leads to the formation of iron silicates (Fe2SiOs) at the metal-support interface [29,30].
These silicates are catalytically inactive and represent an irreversible loss of iron. Moreover,
as the iron crystallites grow from the optimal 10-20 nm range to over 50 nm, the proportion
of low-coordination edge and corner sites drops exponentially, which are responsible for
the dissociation of CO [31]. Bartholomew et al. proposed a kinetic model and suggested that
the deactivation rate due to sintering follows a second-order power-law expression [32], but
with an activation energy that decreases as the sulfur concentration in the feed increases,
indicating a dangerous synergy between sintering and poisoning [33,34].
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2.3. Chemical Poisoning

Coal-derived syngas presents a uniquely complex and challenging impurity profile
compared to natural gas-derived feeds. Beyond the well-recognized sulfur species (H2S
and COS), the gas stream also contains chlorine (primarily HCl) and trace but highly det-
rimental compounds such as arsenic, phosphorus, and nitrogen-containing species
[35,36]. These impurities, even at ppm levels, can rapidly accumulate on the catalyst sur-
face, leading to irreversible deactivation.

Sulfur poisoning is the most severe and pervasive deactivation mechanism in iron-
based HTFT catalysts. Unlike cobalt-based catalysts, where sulfur poisoning is largely a
surface phenomenon that blocks active sites, iron exhibits a fundamentally different be-
havior due to its ability to form bulk iron sulfides (Fei«S) [34,37]. This means that H2S
does not merely adsorb on the surface but can penetrate the iron lattice, causing a perma-
nent, structurally disruptive phase transformation (Figure 2a) [38]. As sulfur migrates into
the bulk, it consumes the active iron phase, converting it into catalytically inactive iron
sulfide phases that cannot be easily regenerated under typical process conditions.
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Figure 2. (a) Quasi in situ XPS spectra of precipitated iron oxide after the sulfiding and the subsequent
reduction process [38] (reprinted with permission from Hellgardt, K. et al., Copyright 1999 Elsevier);
(b) CO conversion with various Cl content on catalysts and TEM image with element mapping of Cli
catalyst [39] (reprinted with permission from Li, W. et al., Copyright 1999 MDPI); (c) the particle size
distribution of 100:5:4.2:11 Fe/Cu/K/(P)SiO: catalyst before and after F-T synthesis [40] (reprinted with
permission from Bukur, D.B. et al., Copyright 2015 American Chemical Society).

Furthermore, the interaction between sulfur and the potassium promoter, which is a
critical component for enhancing chain-growth probability and olefin selectivity, is par-
ticularly detrimental. Recent work by Jiang et al. has demonstrated that sulfur atoms pref-
erentially target potassium-promoted sites, neutralizing the electronic and structural ben-
efits provided by the promoter before the iron active sites themselves are fully poisoned
[41]. This preferential attack on promoters means that the catalyst loses its selectivity ad-
vantages early in its lifetime, accelerating the shift toward undesirable light gas products
even while overall conversion remains moderately high.

In addition to sulfur, other trace poisons such as chlorine (HCI) and arsenic species
further compound the deactivation challenge. Chlorine is known to promote iron volati-
lization and accelerate sintering, while arsenic forms stable iron arsenides that are catalyt-
ically inert (Figure 2b) [39]. The cumulative effect of these refractory poisons underscores
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the critical importance of rigorous syngas purification upstream of the reactor, as the eco-
nomic viability of a CTL plant is heavily dependent on the lifetime of its expensive iron
catalyst inventory.

2.4. Mechanical Degradation and Attrition

Beyond chemical deactivation, the physical integrity of the catalyst is a major opera-
tional determinant in commercial CTL processes, particularly in slurry-bed reactor con-
figurations. Unlike fixed-bed reactors, where the catalyst remains stationary, slurry-phase
reactors expose catalyst particles to a highly dynamic and mechanically demanding envi-
ronment. The combination of high-velocity gas bubbles rising through the slurry, mechan-
ical agitation from stirrers or liquid recirculation, and the internal stresses generated by
phase transitions (e.g., from iron oxide to iron carbide) creates a continuous state of me-
chanical stress on the catalyst particles.

Under these conditions, catalyst particles undergo attrition, a process of progressive
fragmentation. Initially robust particles begin to fracture, generating a population of sub-
micron fines (Figure 2c) [40]. This mechanical degradation is not merely a physical change,
it carries profound catalytic and operational consequences. From a catalytic perspective,
the resulting fines exhibit an altered surface-to-volume ratio that often does not corre-
spond to optimal active site geometry. While smaller particles may initially offer higher
external surface area, they are also more susceptible to over-oxidation or re-carburization
cycles, and their reduced size can alter the intrinsic activity and selectivity relative to the
designed particle size distribution. Operationally, the generation of fines poses several
severe challenges: (i) Filter plugging and downstream fouling: The fine particulates are
difficult to separate from the liquid product stream. They accumulate in downstream fil-
ters, leading to pressure drop increases, frequent filter replacements, and unplanned shut-
downs [42]. (ii) Slurry rheology and viscosity increase: A high concentration of sub-mi-
cron fines significantly increases the apparent viscosity of the slurry. This alters the hy-
drodynamics within the reactor, reducing gas holdup and compromising the uniformity
of gas-liquid—solid contact [43]. (iii) Heat transfer impairment: The increased slurry vis-
cosity and the potential for localized solids sedimentation reduce the heat transfer coeffi-
cient between the slurry and the cooling coils. Given the highly exothermic nature of
Fischer-Tropsch synthesis, compromised heat removal creates risks of hot spot formation,
which can accelerate sintering and further exacerbate deactivation.

The economic significance of mechanical degradation cannot be overstated. This loss
must be compensated by fresh catalyst makeup, adding directly to the operating expendi-
ture. Consequently, the physical robustness of the catalyst, including its crush strength,
attrition resistance, and resistance to fracture from phase transformation stresses, is as
critical to commercial success as its intrinsic chemical activity.

The interplay between chemical and physical deactivation creates the fundamental
economic boundaries of the CTL industry. A catalyst may possess excellent initial activity
and selectivity, but if it rapidly fragments under slurry-phase conditions or succumbs to
sulfur poisoning within weeks, the overall process economics become unsustainable. As
highlighted by recent analyses, the optimization of CTL catalysts must therefore simulta-
neously address chemical resistance to poisons, structural stability against sintering, and
mechanical integrity under dynamic operating conditions [18].

3. Regeneration Strategies for Deactivated Iron Catalysts

The regeneration of iron-based Fischer—Tropsch catalysts represents a critical frontier
in enhancing the economic and environmental sustainability of CTL operations. Unlike
cobalt catalysts, which can often be restored through simple hydrogen stripping or oxida-
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tion-reduction cycles [44], the multicomponent nature of iron catalysts, comprising vari-
ous carbides, oxides, and promoters, demands a sophisticated, multi-stage restoration
protocol [45]. Recent advancements in supercritical fluid science [46], plasma chemistry
[47], and operando spectroscopy have provided new insights into how the complex deacti-
vation products (heavy wax, graphitic coke, and oxidized phases) can be systematically
removed to restore the catalytic activity and selectivity to near-fresh levels. This chapter
evaluates the hierarchy of regeneration techniques, focusing on the fundamental mecha-
nisms of wax extraction, controlled coke combustion, and the re-establishment of the ac-
tive carbide—promoter interface. The included regeneration strategies are summrized in
Table 2 and discussed in detail below.

Table 2. Regeneration strategies for deactivated Fe-based FTS catalysts.

Regeneration Strategies Characteristics Limitations

Dissolves heavy wax via Hansen
Traditional solvent ex- solubility parameters; ultrasonic as-

traction sistance improves penetration by

cavitation.

Uses supercritical CO: or light al-
Physical regenera- Supercritical fluid ex- kanes (Cs—Cas); zero surface tension,
tion traction gas-like diffusivity, liquid-like solv-

ating power.

Capillary entrapment in mesopores
(<10 nm); incomplete wax removal
without mechanical driving force.

Requires high operation pressure; tem-
perature near reactor operating range;
complex extraction kinetics.

Collect fines, mill, mix with fresh
binder, spray-dry, and calcine; mag-
netic separation for catalyst recov-
ery.

Multi-stage oxidation of amorphous
and graphitic carbon; dilute O2 and

Requires additional energy and pro-
cessing steps; recovered catalyst may
have altered particle size distribution.

Structural upcycling

Risk of localized hot spots (>150 °C

Oxidative decoking above ambient), leading to irreversible
ramped temperature to manage ex- . . . .
sintering or fayalite formation.
otherm.
Promotes Ostwald ripening and weak
. Converts a-Fe20s to FesOs and a-Fe; . p & .
Reductive reconstruc- . L. mechanical strength; metallic Fe not
. traditional method for cleaning iron . .
tion by Hz the active phase; requires subsequent
surface. L
carburization.

Direct transformation FesOs to x-
Chemical regener- Reductive reconstruc- FesC: bypassing Fe?; preserves high
ation tion by syn gas surface area and redisperses K pro-
moter.

Must avoid over-carburization to O-
FesC; requires precise H2/CO ratio and
temperature control.

Oxidative alkaline leaching (for S): Temperature must not exceed ~400 °C

Chemical de-poisoning converts FeSx to soluble sulfates; hy-
drothermal/acid wash (for Cl).

to avoid sintering; aggressive leaching
may damage support or promoter dis-
tribution.

Non-thermal plasma lowers reduc-
Non-thermal regenera-  tion temperature; supercritical ~ Need to prove industrial viability and
tion fluid-assisted method improves cost-effectiveness.
mass transfer.

3.1. Physicochemical Foundations of Wax Remouval and Pore Restoration

The initial stage of Fe-FTS catalyst regeneration is the exhaustive extraction of heavy
hydrocarbons, commonly referred to as wax (CaHzns2, 11 > 30). In the context of industrial
slurry-bed reactors, the catalyst particles are continuously suspended in a liquid wax me-
dium. Over extended operational cycles, the internal pore volume becomes completely
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occluded by these high-molecular-weight paraffins. This occlusion is not merely a surface
coating but a dense, intra-crystalline saturation that creates a diffusion barrier. According
to the Wilke-Chang estimation for diffusivity in liquids, the diffusion coefficient of CO
and Hzin FTS wax is approximately three orders of magnitude lower than in the gas phase
[48]. Consequently, as the pores fill with wax, the catalyst transitions from a reaction-con-
trolled regime to a severe mass-transfer-limited regime, characterized by a sharp decline
in the observed reaction rate.

The removal of this wax is a prerequisite for any subsequent thermal treatment. If a
wax-laden catalyst is directly subjected to oxidative decoking, the entrapped paraffins un-
dergo uncontrolled thermal cracking and partial oxidation, leading to a thermal surge
within the catalyst pores. This localized exothermic event can raise the internal tempera-
ture of a single catalyst pellet by more than 150 °C above the ambient gas temperature,
triggering the irreversible sintering of iron carbides into large, inactive magnetite clusters
[49]. Therefore, pore restoration must be achieved through highly selective, low-temper-
ature extraction methods that preserve the delicate morphology of the iron active phases.

3.1.1. Traditional Solvent Extraction

Traditional regeneration protocols rely on liquid-phase solvent extraction, typically
employing aromatic hydrocarbons like toluene or xylene. The efficacy of this process is
governed by the thermodynamic affinity between the solvent molecules and the long-
chain paraffins. To scientifically evaluate solvent selection beyond empirical trial-and-er-
ror, Hansen Solubility Parameters (HSPs) have been integrated, which decomposes the
total cohesive energy density of a substance into three components: dispersive interac-
tions, polar interactions, and hydrogen bonding [50]. For Fischer—Tropsch wax, the solu-
bility behavior is dominated by dispersive forces, with negligible polar or hydrogen-
bonding contributions. Aromatic solvents exhibit favorable thermodynamic compatibility
with paraffinic waxes due to their balanced HSP profiles [51]. However, industrial appli-
cation faces a capillary entrapment challenge: in mesopores with diameters below 10 nm,
the Laplace pressure required to displace entrapped wax can reach several megapascals,
preventing complete solvent penetration under passive conditions. Ultrasonic-assisted ex-
traction (UAE) addresses this limitation by utilizing cavitation-induced micro-jets and
shock waves to actively drive solvent into the pore network [52,53]. This mechanical dis-
ruption overcomes capillary barriers and enhances mass transfer, leading to improved
wax removal efficiency compared to conventional solvent soaking.

3.1.2. Supercritical Fluid Extraction

The most significant paradigm shift in catalyst pore restoration is the transition from
liquid solvents to supercritical fluid extraction (SFE), primarily using CO: or supercritical
light alkanes (Cs—Cs). As summarized in Table 1, the fundamental advantage of the super-
critical state is the elimination of the liquid—gas interface, which reduces the surface ten-
sion to zero. By eliminating the Laplace pressure barrier, supercritical fluids can penetrate
the entire hierarchical pore structure of the iron catalyst with gas-like diffusivity while
maintaining a liquid-like solvating power.

In a typical SFE regeneration cycle, the pressure and temperature are maintained
above the critical point of the chosen solvent (e.g., for COz, Pc =7.38 MPa, Tc = 31.1 °C)
[54]. The solvent must have a critical temperature near the operating temperature of the
Fischer-Tropsch reactor (200-300 °C) to effectively dissolve the wax without energy-in-
tensive temperature swings. Hydrocarbon solvents such as propane, butane, pentane, and
hexane are preferred for this application due to their favorable solvating properties for
long-chain paraffins under supercritical conditions. The extraction kinetics in SFE gener-
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ally follow a three-stage profile: (i) a constant extraction rate period controlled by the sol-
ubility of wax in the bulk supercritical phase; (ii) a falling rate period where the process is
governed by the diffusion of dissolved wax through the catalyst pore network; and (iii)
an asymptotic tailing period representing the removal of strongly adsorbed or trapped
wax fractions. From a microscopic perspective, the final wax fraction is the most difficult
to remove, as it consists of hydrocarbons tightly associated with the catalyst surface or
trapped within pore constrictions. Because supercritical fluids possess gas-like diffusivity
and low surface tension, they can penetrate the catalyst pore structure more effectively
than liquid solvents, enabling efficient wax removal without the capillary entrapment is-
sues associated with conventional liquid extraction [54]. This technique has been shown
to restore catalyst activity and selectivity, providing an effective approach for the regen-
eration of spent Fischer-Tropsch catalysts prior to subsequent reactivation steps [55].

3.2. Coke Removal by Oxidation

Following the extraction of paraffinic wax, the restoration of iron-based Fischer—
Tropsch catalysts necessitates the removal of hard coke, including amorphous carbona-
ceous deposits and highly ordered graphitic filaments or whiskers [56]. Oxidative regen-
eration, which involves the controlled combustion of these carbon species in an oxygen-
containing atmosphere, is an effective method for reclaiming the active surface area [57].
For iron catalysts, this process requires careful control of oxidation parameters, as the iron
active phases themselves are susceptible to oxidation, and the exothermic combustion of
carbon can generate localized heat [58]. Achieving complete decoking without inducing
irreversible sintering or the formation of inactive iron silicates necessitates precise under-
standing and control of the regeneration conditions.

3.2.1. Carbon Removal by Combustion

The primary challenge in the oxidative regeneration of spent iron-based Fischer—
Tropsch catalysts is the management of the exothermic heat released during carbon com-
bustion. The regeneration process involves the controlled combustion of carbonaceous
deposits in an oxygen-containing atmosphere, which is an effective method for reclaiming
catalyst activity (Figure 3a) [59]. However, this process requires careful temperature con-
trol, as the exothermic nature of carbon oxidation can generate localized hot spots within
the catalyst bed [60].

The presence of potassium promoters further influences the oxidation behavior of
iron-based catalysts. Recent studies have shown that potassium incorporation affects the
reduction and carburization kinetics of iron phases, with higher potassium loadings lead-
ing to accelerated carburization rates [62]. This altered redox behavior can impact the tem-
perature gradients during regeneration.

In situ characterization techniques, including infrared thermography and operando
X-ray absorption spectroscopy, have been successfully employed to monitor temperature
distributions and structural changes in catalysts during exothermic reactions [60]. Such
approaches reveal that localized temperature excursions can occur, with catalyst surface
temperatures substantially exceeding the measured bulk bed temperature during exother-
mic processes. These thermal gradients can potentially accelerate undesirable structural
transformations, including particle sintering, which represents a significant deactivation
mechanism in iron-based Fischer—Tropsch catalysts [56].
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Figure 3. (a) CO consumption rate before, during, and after regeneration of Fe-FTS catalysts [59]
(reprinted with permission from Gorimbo, J. et al., Copyright 2017 American Chemical Society); (b)
in situ XRD patterns of unpromoted, promoted iron oxide samples [61] (reprinted with permission

from Coombes, M. et al., Copyright 2021 Elsevier).

3.2.2. Kinetic Analysis of Various Coke Morphologies

Detailed kinetic studies using thermogravimetric analysis have revealed that the ox-
idation of carbonaceous species on iron catalysts follows a multi-stage profile. The first
stage corresponds to the removal of reactive amorphous carbon, which can be distin-
guished from graphitic carbon and carbidic carbon using electron energy loss spectros-
copy (EELS). The second stage involves the oxidation of more ordered graphitic carbon
species, which exhibit different oxidation characteristics due to their stable sp>-hybridized
structure [63]. The regeneration temperature window is thus defined as the range where
carbon deposits can be oxidized while preserving the iron phase structure.

Controlled oxidation protocols utilize the kinetic divergence between different car-
bon species. By maintaining dilute oxygen concentrations during the initial regeneration
phase, amorphous carbon is removed gradually. Subsequently, the temperature is in-
creased at a controlled rate to facilitate the oxidation of more refractory carbon species
while ensuring that the heat of reaction is dissipated uniformly, preventing structural deg-
radation of the catalyst [64].

In situ X-ray diffraction studies have confirmed that this controlled approach helps
prevent the formation of fayalite (Fez5iOs), a deactivation product that forms when iron ox-
ides react with silica supports under high-temperature conditions. The iron-silica interac-
tion during catalyst processing has been shown to produce an amorphous Fe-O-Si matrix,
which, given sufficient thermal energy, transforms into crystalline fayalite (Figure 3b) [61].

https://doi.org/10.3390/catal16070609


https://doi.org/10.3390/catal16070609

Catalysts 2026, 16, 609

11 of 22

3.3. Reductive Reconstruction of Active Phases from Oxidized Catalysts

Following the exhaustive removal of carbonaceous deposits and waxes, the catalyst
exists in a highly oxidized state, predominantly consisting of a-Fe20s (hematite) or FesOu
(magnetite). The final and most critical phase of regeneration is the conversion of these in-
active iron oxides back into catalytically active Hagg carbide (x-FesCz) and other iron carbide
phases [65,66]. Extensive studies have confirmed that x-FesC2 is the active phase for Fischer—
Tropsch synthesis, playing an essential role in CO hydrogenation and C-C chain growth.
This conversion represents a delicate structural reorganization that must accommodate the
inherited strain and promoter distribution from the catalyst’s previous lifecycle [6]. The
structural complexity and dynamic evolution of iron-based catalysts under reaction condi-
tions impose significant challenges for understanding and controlling the phase transfor-
mation process. The choice of the reducing environment, whether pure hydrogen, carbon
monoxide-rich syngas, or emerging non-thermal energetic fields, critically dictates the final
dispersion, phase purity, and long-term stability of the regenerated catalyst.

3.3.1. Hydrogen-Induced Reduction

The use of pure Hz remains the most traditional approach for cleansing the iron sur-
face and restoring the metallic iron state. The thermodynamic pathway of H> reduction
typically follows the sequence a-Fe20s — Fe3sOs — a-Fe at temperatures below 570 °C; the
intermediate FeO phase only appears at higher temperatures (Figure 4a) [67]. In the con-
text of regenerated catalysts, this pathway is fraught with structural risks. Because the
iron crystallites have already undergone thermal stress during the preceding oxidation
stage, their anchoring to the support is often weakened [68]. As the reduction progresses
toward metallic iron, the particles exhibit enhanced surface mobility at elevated tempera-
tures. This mobility frequently leads to Ostwald ripening, where smaller Fe? clusters coa-
lesce into larger, inactive grains [12]. The Ostwald-ripening-like growth mechanism in
iron-based catalysts involves the cyclic formation-decomposition of iron carbonyl inter-
mediates that transport iron species from small particles to large ones.

Furthermore, metallic iron is not the active phase for FTS; it must subsequently un-
dergo a carburization induction period when syngas is introduced. Studies have shown
that catalysts reduced with Hz exhibit a loose structure and poor mechanical strength, and
while they typically have higher initial activity, they suffer from higher deactivation rates
compared to catalysts activated via direct carburization methods [70]. The phase transfor-
mation during activation influences catalyst performance, with Hz-reduced catalysts pro-
ducing more methane and gaseous hydrocarbons than CO- or syngas-pretreated catalysts
[71]. Consequently, while H2 regeneration provides a clean starting point, it often results
in a lower density of active sites and reduced mechanical integrity compared to direct
carburization methods.
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Figure 4. (a) In situ XRD patterns and in situ TEM images of Fe2Os reduction [67] (reprinted with
permission from Nielsen, M.R. et al., Copyright 2020 Elsevier); (b) dependence of the magnetization
on temperature during the temperature ramp and exposure of the flow of CO and H2/CO =1 [69]
(reprinted with permission from Chernavskii, P. et al., Copyright 2016 Wiley).

3.3.2. Syngas-Driven Activation

To circumvent the sintering risks associated with metallic iron, modern industrial
protocols favor direct syngas-driven activation. By utilizing a H2/CO mixture, the catalyst
can be transformed from magnetite (FesOs) directly into iron carbides, bypassing the Fe®
state entirely (Figure 4b) [69]. The catalyst activation proceeds in two steps: reduction of
hematite into magnetite, followed by magnetite carbidization into Hagg carbide (x-FesC2).
The transformation of magnetite to carbide causes the crystals to break down into smaller
crystallites of the carbide phase, a phenomenon that is essential for obtaining Fischer—
Tropsch synthesis activity [72]. This in situ carbide formation preserves the high surface
area of the oxide precursor.

Moreover, syngas activation facilitates the redispersion of alkali promoters such as
potassium. Density functional theory (DFT) studies have demonstrated that the K2O pro-
moter can increase CO adsorption energy while modifying the dissociation capabilities of
carburization gases on iron catalyst surfaces [73]. On the reactive x-FesC: surface, K20
strengthens the adsorption of CO, H, C, and CH intermediates, resulting in faster C-O
bond dissociation and enhanced chain-growth probability while decreasing CHa selectiv-
ity [74]. The K2O promoter facilitates electron transfer to Fe surface atoms, leading to a
lower overall barrier for CO dissociation and higher barriers for hydrogenation of surface
intermediates. Studies have also shown that the interaction between potassium and struc-
tural promoters significantly influences the formation of iron carbides [75].
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3.3.3. Advanced and Non-Thermal Regeneration Technologies

Beyond the dualism of Hz and syngas, there are other emerging approaches for cata-
lyst reactivation, including non-thermal plasma (NTP) and supercritical fluid-assisted
(SFA) methods. NTP-assisted regeneration utilizes high-energy electrons and reactive
radicals to drive reduction processes at significantly lower temperatures compared to con-
ventional thermal methods [47,76]. Studies have demonstrated that atmospheric pressure
plasma treatment can lower the reduction temperature of iron oxides while avoiding par-
ticle sintering [77]. By operating under conditions that minimize thermal stress, plasma-
induced reactivation offers a potential route to mitigate the sintering issues commonly
associated with high-temperature regeneration.

Parallel to plasma, supercritical fluid-assisted reactivation has been explored as an
alternative approach. The unique properties of supercritical fluids, including gas-like dif-
fusivity, liquid-like density, and zero surface tension, enable effective transport of reac-
tants into the catalyst pore structure [54,78]. This technique utilizes the superior mass-
transfer characteristics of the supercritical phase to facilitate uniform treatment across the
catalyst particle, potentially preventing the non-uniform deactivation profiles often ob-
served in industrial-scale reactors. Experimental studies have demonstrated that super-
critical media can restore some of the lost activity and selectivity of Fischer-Tropsch cat-
alysts during washing stages [79].

While these technologies are currently at laboratory or pilot scale, their ability to op-
erate under milder conditions than traditional thermal regeneration makes them promis-
ing components for future catalyst management strategies.

3.4. Thermal Redispersion and Mitigation of Grain Sintering

Thermal sintering, characterized by the migration and coalescence of iron nanopar-
ticles, results in a significant reduction in the active carbidic surface area [80]. During
Fischer—-Tropsch synthesis, average iron particle diameters have been reported to increase
by a factor of 4 over 600 h on stream, with some particles exceeding 150 nm [81]. To coun-
teract this agglomeration, regeneration strategies employ redispersion mechanisms, most
notably the oxidation-reduction (OR) cycle. Controlled oxidation causes structural expan-
sion and fragmentation of sintered particles, and subsequent reduction produces a new
generation of smaller, active particles, with studies showing approximately 20% smaller
crystallites after the second reduction step compared to the initial reduction [82].

To prevent re-sintering of regenerated particles, promoter reinforcement is inte-
grated into the regeneration protocol. Structural promoters such as SiO: act as physical
spacers that increase the activation energy for surface diffusion [83]. Silica-supported iron
catalysts exhibit initial activity 20-40% higher than precipitated (unsupported) iron cata-
lysts, whereas Al2Os supports show approximately 50% lower activity, demonstrating the
critical role of promoter—support interactions in stabilizing dispersed iron phases [8]. The
redistribution of potassium further stabilizes the catalyst through electronic effects that
influence selectivity and phase stability [80,84]. Together, these redispersion and pro-
moter reinforcement strategies provide a framework for restoring and maintaining cata-
lyst activity over multiple operational cycles.

3.5. Chemical De-Poisoning and Recovery of Contaminated Sites

Coal-derived impurities, primarily sulfur (HzS, COS) and chlorine (HCl), form stable
chemical bonds with iron that are thermodynamically resistant to simple thermal treat-
ment. Unlike thermal regeneration methods that rely on high-temperature decomposi-
tion, which often exacerbates sintering or promotes undesirable phase transformations,
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the removal of these strongly bound poisons requires dedicated chemical leaching strate-
gies that selectively break the poison-metal bonds without compromising the catalyst’s
structural integrity.

The interaction between sulfur and iron catalysts has been extensively studied, with
foundational work establishing that the extent of sulfur penetration depends critically on
the exposure conditions. At low H2S concentrations (<2 ppm), sulfur forms monolayer
surface sulfides on iron; at higher concentrations or lower temperatures, bulk iron sulfides
(FeSy) develop, representing a more severe and irreversible form of poisoning (Figure 5a)
[59,85]. This mechanistic understanding has informed the development of regeneration
protocols that target both surface and bulk sulfur species. The most established approach
for sulfur removal is oxidative alkaline leaching. This two-step process exploits the differ-
ential solubility of iron sulfides versus their oxidized counterparts. During controlled ox-
idation, FeSx can be converted to more soluble oxidized sulfur species. A well-established
approach for sulfur removal involves roasting the spent iron-based catalyst in the pres-
ence of alkali carbonates (such as sodium or potassium carbonate) at temperatures not
exceeding 400 °C, which converts sulfur into water-soluble salts that can subsequently be
removed by water leaching [86]. This method has been demonstrated for the regeneration
of iron catalysts contaminated with carbon and sulfur, yielding a catalyst substantially
free of sulfur after the leaching step. The effectiveness of alkaline-based sulfur removal
has been further supported by studies on iron-containing catalysts for gas desulfurization.
Research on Fe-KOH/LSB catalysts for low-temperature catalytic hydrolysis of carbon di-
sulfide showed that water washing could remove sulfates from the catalyst surface, and
that the regeneration process involving alkaline treatment helped recover catalytic activ-
ity [87]. More recent studies have further elucidated the sulfur—iron interaction under re-
action conditions. Research on a-Al:Os-supported iron catalysts with varying sulfur load-
ings (S/Fe = 0.001 to 0.05) revealed that trace amounts of sulfur can actually promote the
reduction of FeO to metallic iron during hydrogen reduction. However, at higher sulfur
concentrations, CO dissociation and iron carbide formation are significantly inhibited,
and product selectivity shifts from Cs+ hydrocarbons toward Cz-Cxs light gases [85]. This
suggests that sulfur removal strategies must be sufficiently aggressive to reduce sulfur
content below the threshold where these adverse effects manifest.

Chlorine represents a particularly challenging poison for iron-based catalysts due to
its tendency to form stable iron chlorides (Figure 5b) [88]. Early studies on iron—copper
Fischer-Tropsch catalysts demonstrated that chloride ions act as a permanent poison,
with catalysts prepared from solutions containing up to 0.92% Cl exhibiting significantly
reduced activity, confirming that even trace chlorine contamination can severely compro-
mise catalytic performance [89]. XANES spectroscopy investigations have further eluci-
dated the poisoning mechanism, revealing that chlorine is present on the catalyst surface
with a structure similar to MCl compounds following HCl exposure. At the Fe K-edge,
the white line was observed to be slightly increased relative to the clean catalyst, indicat-
ing that Cl adsorption intercepts electron density from the iron carbide active phase, re-
sulting in less back-donation and thereby hindering the scission of CO molecules (Figure
5b) [90]. To address chlorine contamination, several regeneration approaches have been
developed. For Fe-ZSM-5 catalysts used in Fischer-Tropsch synthesis, oxidative regener-
ation using a mixture of O2/N: or air at 300-500 °C for 8 h under atmospheric pressure,
followed by reduction in H2/N2 mixture and activation at 270 °C, has been demonstrated
to restore catalyst activity and selectivity [64]. Alternative methods employ alkaline solu-
tions or organic solvents to wash the catalyst, effectively removing copper chlorides and
polymerization constituents from the catalyst surface. These approaches have proven ef-
fective for removing chloride contaminants while preserving catalyst structural integrity,
providing viable pathways for the regeneration of chlorine-poisoned iron catalysts.
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Figure 5. (a) The effect of incorporation of sulfur into a Fe/a-Al2Os catalyst on the CO conversion
[85] (reprinted with permission from Xu, J.-D. et al., Copyright 2016 Elsevier); (b) effects of hydro-
halic acids in syngas on a precipitated Fe-based catalyst [88] (reprinted with permission from Ma,
W. et al.,, Copyright 2015 American Chemical Society).

Arsenic, lead, and other heavy metal poisons represent a distinct class of contami-
nants that act as permanent site-blockers even at trace concentrations. These elements
form stable compounds with iron that are resistant to conventional oxidation or hydro-
thermal treatment, necessitating more specialized removal strategies. Hydrometallurgical
approaches have been demonstrated for the recovery of iron values from spent catalysts.
Contacting wax-coated spent iron-based low-temperature Fischer—Tropsch catalysts with
concentrated nitric acid at elevated temperatures can recover up to 75% of the iron into
metal nitrate solution [91]. However, wax separation during dissolution presents chal-
lenges, leading to investigations of pretreatment methods. Comparative studies have
shown that wax removal by solvent extraction using Co—Cn paraffin followed by low-tem-
perature treatment (<500 °C) yields greater than 80% metal recovery, and the resulting
metal nitrate solutions can be used to prepare fresh catalysts with activity comparable to
standard commercial formulations [91].

Collectively, these chemical de-poisoning strategies address the full spectrum of coal-
derived contaminants encountered in iron-based Fischer-Tropsch catalysis. Oxidative al-
kaline leaching provides an effective route for sulfur removal, capitalizing on the differ-
ential solubility of sulfides versus sulfates. Hydrothermal treatment with acid solutions
offers a complementary approach for chlorine remediation. For the most recalcitrant poi-
sons, including arsenic, lead, and other heavy metals, selective chelation provides the nec-
essary selectivity to remove contaminants while preserving the catalyst’s active compo-
nents. The integration of these methods with advanced separation techniques such as su-
percritical fluid extraction enables comprehensive catalyst recovery, supporting the long-
term operational viability of coal-to-liquid facilities.

3.6. Structural Upcycling and Management of Mechanical Degradation

Mechanical degradation, including attrition in slurry-bed reactors, often renders a
catalyst physically unusable even if its chemical activity can be restored. In slurry bubble
column reactors, iron-based Fischer-Tropsch catalysts undergo severe attrition due to vig-
orous particle movement, inter-particle collisions, and phase transformations during acti-
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vation and reaction, generating sub-micron fines that can clog filters and escape the reac-
tor system [40]. Studies on spray-dried iron catalysts have shown that the formation of
fines (<10 pm) is a critical issue, and the addition of silica binders significantly improves
attrition resistance; catalysts with spherical particle morphology exhibit considerably
higher resistance than irregularly shaped particles [40]. Instead of discarding these fines,
they can be collected and subjected to structural re-granulation. This approach involves
milling the spent catalyst into a fine powder, mixing it with a fresh binder (such as silica
sol or alumina sol), and re-subjecting the slurry to spray-drying, followed by calcination
to create a secondary-generation catalyst. A related method for recycling catalyst support
material involves crushing the used catalyst support obtained by leaching catalytic com-
ponents from spent catalysts, then admixing it with new catalyst support material to
achieve the required particle size distribution [92].

For catalysts that have reached the end of their chemical life or are too fragmented
for re-granulation, material upcycling serves as the final management strategy. Recovery
processes have been developed that utilize solvent extraction to separate heavy hydrocar-
bons from spent iron catalysts. Using light liquid paraffin (initial boiling point 210 °C) as
solvent at elevated temperatures (120-160 °C), heavy hydrocarbon recovery rates of 95—
98% can be achieved, with the recovered catalyst containing less than 0.5% residual hy-
drocarbons. Additionally, spent catalyst can be regenerated by roasting with alkali car-
bonates (sodium, potassium, or calcium) at temperatures not exceeding 400 °C to convert
sulfur into water-soluble salts, followed by water leaching to obtain a catalyst substan-
tially free of carbon and sulfur [86]. Magnetic separation techniques have also been devel-
oped to selectively recover iron-based catalysts from slurry streams based on their mag-
netic properties, enabling efficient recycling of catalyst fines [93]. These holistic manage-
ment strategies ensure that the lifecycle of the iron catalyst ends not as landfill waste, but
as a valuable secondary resource for other industrial applications.

4. Challenges and Outlook

The maturation of CTL technology has positioned Fe-FTS as a cornerstone of global
energy security and chemical feedstock diversification. However, as the industrial catalyst
usage transitions from a continuous disposal consumption model to a circular model, sev-
eral formidable barriers emerge. The transition toward sustainable catalyst management
requires reconciling the microscopic physics of deactivation with the macroscopic realities
of industrial economics and environmental policy.

4.1. Challenges

The persistent hurdles in Fe-FTS regeneration are not isolated to a single discipline
but are interconnected across scientific, technical, and economic domains. A comprehen-
sive understanding of these challenges is essential for advancing catalyst regeneration
technologies toward industrial viability.

From a fundamental scientific perspective, the primary challenge is the irreversible
chemical sinking of active iron. Over thousands of hours of operation, a thermodynamic
drive forces iron atoms into stable, non-reducible crystalline lattices with the catalyst sup-
port. Studies have shown that iron catalysts lose activity due to the conversion of active
phases to inactive phases, loss of active surface area from crystalline growth (sintering),
and chemical poisoning [94]. The deactivation of iron catalysts at high operating temper-
atures is particularly problematic, as it can lead to agglomeration and sintering that per-
manently alter the catalyst structure. Furthermore, the stochastic nature of promoter mi-
gration remains a challenge; while promoters such as K or Cu redistribute during regen-
eration, controlling their atomic-scale replacement to replicate the initial state is difficult,
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leading to selectivity drift where the balance between CO dissociation and H-C coupling
is perpetually altered [95].

Technologically, the shift from ex situ to in situ regeneration represents a significant
engineering hurdle. Currently, most regeneration requires unloading the catalyst from
slurry-bed reactors, which is labor-intensive, risky, and economically draining due to re-
actor downtime [96]. Developing an in situ protocol that can handle wax extraction, oxi-
dative decoking, and reductive activation within large-scale reactors without damaging
internal cooling coils or gas distributors is a monumental task. The removal of heat gen-
erated by the exothermic Fischer-Tropsch reaction remains the main challenge during re-
actor design and operation, and any regeneration protocol must operate within these ther-
mal constraints [96]. Furthermore, the management of waste streams requires integrated
on-site treatment facilities that many older CTL plants lack.

The most daunting challenge is perhaps the economic feasibility of regeneration. Iron
is fundamentally a low-cost commodity compared to cobalt or noble metals. Consequently,
the value-at-risk for a spent iron catalyst is low, making the economic justification for com-
plex, multi-stage regeneration difficult. However, emerging policy frameworks are begin-
ning to reshape this narrative. Techno-economic assessments of FTS plants have identified
capital expenditure and minimum fuel selling price as critical factors influencing commer-
cial viability [97]. Lifecycle assessment (LCA) studies have also highlighted the potential for
global environmental impacts associated with FTS plants, including atmospheric and toxi-
cological effects. Under stricter environmental regulations and carbon management poli-
cies, the cost of disposing of thousands of tons of hazardous spent catalysts may soon exceed
the cost of regeneration, making cyclic FTS catalysts a regulatory necessity.

4.2. Future Perspectives

To overcome the challenges outlined above, the next decade of FTS research is mov-
ing toward pre-emptive stability and intelligent regeneration. Instead of designing cata-
lysts solely for initial activity, future research is pivoting toward designed-for-regenera-
tion architectures. One promising direction involves the use of highly stable, non-reactive
supports that do not form irreducible spinels with iron. Carbon nanotubes (CNTs) have
emerged as attractive catalyst supports due to their unique properties, including high sur-
face area, excellent thermal conductivity, and chemical inertness. Studies have demon-
strated that iron catalysts supported on CNTs exhibit enhanced catalytic activity and sta-
bility in Fischer-Tropsch synthesis, with the support structure playing a crucial role in
determining the dispersion and reducibility of the iron phase [9,98]. The encapsulation of
iron carbide nanoparticles within thin, porous shells also offers a strategy to prevent sin-
tering during both reaction and regeneration cycles [99,100].

Another significant perspective involves shifting the burden from the catalyst to the
feedstock. Advanced deep desulfurization using metal-organic frameworks (MOFs) can re-
duce syngas impurities to parts-per-billion levels, effectively minimizing poisoning as a de-
activation mechanism. Research has shown that MOFs are effective materials for the desul-
furization of fuels, with the ability to selectively adsorb sulfur-containing compounds [101].
The development of improved gas purification technologies is critical because iron-based
Fischer—Tropsch catalysts are susceptible to sulfur poisoning even at trace concentrations;
studies have determined that the sulfur limit (sensitivity) for precipitated iron catalysts is as
low as 50 ppb H:S in the syngas feed [37,85]. By removing poisons before they reach the
catalyst, the intrinsic lifetime of the catalyst can be substantially extended.

Beyond catalyst development, reactor innovation is equally critical for advancing in-
dustrial Fe-FTS technology. In this context, microchannel reactors have emerged as a
promising alternative to conventional fixed-bed and slurry-bed designs, offering en-

https://doi.org/10.3390/catal16070609


https://doi.org/10.3390/catal16070609

Catalysts 2026, 16, 609 18 of 22

hanced heat and mass transfer that can improve product selectivity and process intensifi-
cation. With recent progress in modular reactor concepts (e.g., Velocys” microFTL tech-
nology), microchannel reactors are expected to gain increasing attention for decentralized
and small-to-medium-scale CTL applications, although their long-term industrial viabil-
ity remains to be demonstrated.

The integration of artificial intelligence (AI) and machine learning (ML) into catalyst
management represents the final frontier [102]. By developing digital twins of industrial
reactors, operators can use real-time sensor data, including temperature profiles and
product selectivity drifts, to predict exactly when the catalyst has reached the optimal re-
generation point. Digital twin technology has been increasingly applied in the chemical
industry to model reactor behavior, predict catalyst performance, and optimize regenera-
tion scheduling. Instead of waiting for severe deactivation, Al-enabled systems can trigger
mild, partial regeneration that maintains catalyst performance within optimal operating
windows. This proactive management approach, combined with advanced automation,
promises to minimize operational disruptions and maximize the recovery of the active
carbide phase throughout the catalyst lifetime.

4.3. Conclusions

The quest for efficient iron-based Fischer—Tropsch catalyst regeneration is no longer
just a scientific curiosity. It is a vital component of the global effort to decarbonize the
chemical industry and maximize resource efficiency. While the challenges of irreversible
phase change and economic parity remain, the emergence of regeneration-friendly mate-
rials, in situ processing, and Al-driven lifecycle management offers a clear roadmap for-
ward. By viewing the spent catalyst not as a waste product but as a sophisticated pre-aged
precursor, the CTL industry can finally close the loop on the Fischer-Tropsch process,
ensuring its relevance in a sustainable, circular energy future.
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