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Insights into Fischer—Tropsch
catalysis: current perspectives,
mechanisms, and emerging
trends in energy research

Arthur Keunecke, Marcel Dossow?*, Vincent Dieterich,
Hartmut Spliethoff and Sebastian Fendt*

Chair of Energy Systems, Technical University Munich, Garching bei Munchen, Germany

Fischer-Tropsch (FT) synthesis is an important module for the production of
clean and sustainable fuels and chemicals, making it a topic of considerable
interest in energy research. This mini-review covers the current literature on
FT catalysis and offers insights into the primary products, the nuances of
the FT reaction, and the product distribution, with particular attention to the
Anderson—Schulz—Flory distribution (ASFD) and known deviations from this
fundamental concept. Conventional FT catalysts, particularly Fe- and Co-
based catalysis systems, are reviewed, highlighting their central role and the
influence of water and water—gas shift (WGS) activity on their catalytic behavior.
Various mechanisms of catalyst deactivation are also investigated, and the
high methanation activity of Co-based catalysts is illustrated. To make this
complex field accessible to a broader audience, we explain conjectured reaction
mechanisms, namely, the carbide mechanism and CO insertion. We discuss the
complex formation of a wide range of products, including olefins, kerosenes,
branched hydrocarbons, and by-products such as alcohols and oxygenates.
The article goes beyond the traditional scope of FT catalysis by addressing
topics of current interest, including the direct hydrogenation of CO, for power-
to-X applications and the use of bifunctional catalysts to produce tailored FT
products, most notably for the production of sustainable aviation fuel (SAF). This
mini-review provides a holistic overview of the evolving landscape of FT catalysts
and is aimed at both experienced researchers and those new to the field while
covering current and emerging trends in this important area of energy research.

KEYWORDS

Fischer—Tropsch synthesis, reaction mechanism, CO, hydrogenation, bifunctional
catalysts, sustainable aviation fuel

1 Introduction

Fischer-Tropsch synthesis (FTS) is enjoying a renaissance due to its critical role
in producing cleaner fuels and sustainable energy. In view of the global climate
crisis, the increasing pressure on the petrochemical industry manifests in publicly

Abbreviations: ASFD, Anderson—Schulz—Flory distribution; FT, Fischer—Tropsch; FTO, Fischer—Tropsch
to olefin; FTS, Fischer-Tropsch synthesis; GHSV, gas hourly space velocity; HTFT, high-temperature
Fischer—Tropsch; LTFT, low-temperature Fischer—Tropsch; o/p, olefin/paraffin; WGS, water—gas shift.
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expressed ambitions of stakeholders to substitute fossil-based fuels
with sustainable alternatives.

The Fischer-Tropsch (FT) process was developed by Hans
Fischer and Franz Tropsch (Fischer and Tropsch, 1926) to produce
synthetic fuels and chemicals. Since then, it has been successfully
established and commercialized, including for producing synthetic
aviation fuel. This mini-review provides an overview of the most
important FT reactions and their product distribution, focusing on
conventional FT catalysts. Their function, behavior, and challenges
of Fe- and Co-based catalysts are investigated in particular. The
effects of water and water—gas shift (WGS) activity are examined,
and the deactivation mechanisms of catalysts, especially the distinct
methanation activity of Co-based catalysts, are presented. To
simplify this complicated field, conjectured reaction mechanisms
such as the carbide mechanism and CO insertion are presented.
While the specific details of aviation fuel production are not
extensively covered, crucial topics related to sustainable aviation
fuel (SAF), covering the complexities of product formation, which
includes olefins, paraffins, branched hydrocarbons, and by-products
such as alcohols and oxygenates, are explained. The review also
extends to current FTS research needs, including direct CO,
hydrogenation for power-to-X applications and the application of
bifunctional catalysts to customize FT products. A comprehensive
overview of FT catalysis is provided, highlighting current and future
trends in energy research.

2 State of the art

FTS is a heterogeneously catalyzed reaction that occurs
at elevated pressure and temperature in slurry, fixed bed, or
fluidized bed reactors. Figure I provides an overview of the
reactor technologies, their advantages and challenges, the effects of
operating conditions on product distribution, and the catalysts used.

2.1 Fischer—Tropsch reaction and product
distribution

The main FT reactions are based on the hydrogenation of
CO over metallic catalysts. Highly exothermic polymerization or
chain extension reactions form a mixture of organic compounds
by chain growth through the gradual addition of C species
(Mena Subiranas et al., 2008):

nCO +2nH, — —(CH,),, — +nH,0, AHY(250°C) =n(-~158.5) kJ
(1)

The Anderson-Schulz-Flory distribution (ASFD) estimates the
product mixture’s chain-length distribution using the chain growth
probability « (de Klerk, 2011). However, the ASFD alone does not
describe the ratio of olefins and paraffins formed (see Section 2.1.1)
or how branching and isomerization (see Section 2.1.2) occur. In
addition, it can be overcome by using other functional materials,
such as porous carriers, bifunctional catalysts, or additional metals.

The a-value and thus the ASFD depends on the employed
catalyst, operating conditions, such as the gas hourly space velocity
(GHSV), temperature, pressure and H,/CO ratio, the reactor, and
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their complex interactions. The overview provided in Figure I
includes product distribution trends regarding the operation
conditions. Temperature mainly affects the FT termination
mechanisms (Quek etal., 2011). Consequently, high-temperature
FT (HTFT) synthesis at approximately 300-350°C produces rather
shorter and more complex products, such as olefins, aromatics,
and oxygenates, while low-temperature FT (LTFT) synthesis at
approximately 200-250°C yields mostly heavier paraffins (Dry,
2004).

Recognized deviations from the ASFD within the classic FTS
have been documented in the literature (Todi¢ et al., 2015). These
variations mainly concern selectivity as a function of catalyst and
operating conditions:

e Elevated methane production, particularly notable in Co-
based catalysts.

e Reduced production of C2 compounds.

e An increase in a-values with increasing carbon number.

While the reasons for these deviations are not unambiguously
solved, several explanatory approaches have been proposed and
are explored in the subsequent sections. The general reaction
mechanisms used to describe the formation of FT products are
reviewed and discussed in Section 2.3.

The main primary products of the FTS are a mixture of
paraffins/alkanes followed by olefins/alkenes and oxygenates of
different chain lengths (Shafer et al., 2019). The primary co-products
of the process are H,O and CO,. Secondary reactions also lead to
the formation of cyclic and branched hydrocarbons (Adeleke et al.,
2020).

2.1.1 Olefins and paraffins

The principal FT products, namely, paraffins, originate from the
complete hydrogenation of C,H, intermediates or the re-adsorption
of olefins (Rytter et al., 2020). However, manipulation of common
catalysts by promoters or the use of oxide-zeolite compounds can
significantly increase the olefin selectivity (Yu et al., 2022). Also,
Fe-based catalysts naturally exhibit higher olefin selectivity than
Co-based catalysts (Ma et al., 2020). The conjectured formation
mechanisms are investigated in Section 2.3.1.

According to Schulz, Co has a higher hydrogenation rate than Fe,
which leads to more paraffins due to re-adsorption (Schulz, 2007).
Yu et al. (2013) showed that Co-based catalysts can be significantly
more active for alkene hydrogenation than Fe catalysts. This could
help to explain why Fe catalysts produce more complex products.

A facilitated desorption of olefins and inhibition of secondary
hydrogenation is favorable for olefins. By reducing the H,/CO ratio,
the hydrogenation activity is reduced, and thus, the olefin/paraffin
(o/p) ratio increases. Furthermore, low pressure and higher GHSV
increase the o/p ratio (Zhaietal., 2021). The o/p ratio decreases
exponentially with chain length. Most explanations are based
on a higher residence time for heavier hydrocarbons leading to
hydrogenation via re-adsorption (Masuku et al., 2012). Moreover,
higher a-values are witnessed for high selectivity toward paraffinic
FT products (Shafer et al., 2019).

FT to olefin (FTO) processes trade between chain length and
o/p ratio and mostly yield shorter hydrocarbons. Wang et al. (2023a)
managed to produce 40% C,,+ olefins via the Kolbel-Engelhardt
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Overview of the state of the art in Fischer=Tropsch synthesis, including reactor setup comparison, influence of key process parameters on product

distribution, used catalysts and supports, and bifunctionality based on slurry/fixed bed/fluidized bed (Guettel et al., 2008; Dieterich et al.,, 2020); trends
of operation parameters (Mena Subiranas et al., 2008; Horacek, 2020); promoters (Chun et al., 2020; Gholami et al., 2021); supports (Keyvanloo et al.,
2014; Munirathinam et al., 2018); and bifunctional operation (Martinez-Vargas et al., 2019).
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synthesis of CO and H,O over PtCO,Mo,N and Ru particles. One
of the major challenges is sufficient carbon usage, as C1 (CO,CH4
and CO,CO,) is not desired. Yu et al. (2022) addressed this issue
and synthesized an Na-promoted and silica-supported Ru catalyst
that yields less than 5% C1 at 45.8% CO conversion and 80.1% olefin
selectivity. They assume a reduced H, reactivity through Na, which
minimizes the CI selectivity.

2.1.2 Branched and cyclic hydrocarbons

Schulz obtained a length-dependent branching probability
decreasing with increasing product length for LTFT, which
is attributed to spatial confinement (Schulz, 2020). However,
according to Shi et al. (2005), branching does not depend on carbon
number at LTFT conditions and increases with chain length in
HTFT. Branching on Fe and Co is proposed to follow the alkylidene
mechanism, that is, by re-adsorption of olefins (Shi et al., 2014).

Fe-based catalysts show a selectivity toward branched products
of approximately 25%, which is approximately five times higher
than Co-based catalysts (Shi et al., 2014). Acid-providing zeolites are
used to selectively increase the isoparaffin. Larger pores are assumed
to be favorable toward higher iso/n-paraffin ratios. In addition,
increasing the acidity and mass ratio of the zeolite will increase
the iso/n-paraffin ratio until a certain threshold, where it reduces
the chain length by excessive cracking. Xing et al. (2021) obtained
up to 35.5wt% of isoparaffin with Co/SiO, + ZSM-5. Feng et al.
(2022) combined ZnAlOx with SAPO-11 12 zeolite and synthesized
a stable catalyst to obtain high iso/n-paraffin ratios of up to 48 within
the gasoline range. They attribute their success to methodically
increasing the number of external acid sites on the zeolite and
assume a positive linear correlation between external acid sites and
the iso/n-paraffin ratio. Cyclic hydrocarbons are favored by higher
temperatures, facilitating desorption and increasing the likelihood
of ring formation (Maitlis and de Klerk, 2013). No literature reports
relevant amounts of cycloalkanes by CO or CO, hydrogenation
in a single pass. Current research focuses on lignin, a biomass
waste, as a platform to synthesize jet fuel cycloalkanes in multiple
steps (Gundekari and Kumar Karmee, 2021). However, aromatics
can be produced with one pass by CO, or CO hydrogenation.
Wang et al. (2020) used Na-Fe@C/H-ZSM-5-0.2 and a combination
of olefin-selective promoted-Fe combined with tailored acid sited
for aromatic formation and obtained relevant amounts of aromatics
from CO, hydrogenation. Weber et al. (2021) combined an olefin-
selective Fe catalyst with H-ZSM-5 zeolite to successfully convert
syngas to aromatics in a single pass.

2.2 Conventional Fischer—Tropsch
catalysts

Fe, Co, Ni, and Ru exhibit a sufficient reaction rate and
polymerization probability to be used in FTS (de Klerk, 2011).
Because Ru is very cost-intensive and Ni produces mainly light
hydrocarbons during FTS, only Fe- and Co-based catalysts are used
in industry today (de Klerk, 2011; Liu et al., 2017; Mahmoudi et al.,
2017). Thus, only Fe- and Co-based catalysts are considered in
this review. Their characteristics depend on surface structure,
adsorption behavior, and the ability to promote CO dissociation,
CO insertion, hydrogenation, and chain growth (Chuang et al,
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2005). The overview provided in Figure 1 shows the key differences
between Fe- and Co-based systems and the respective commonly
used supports.

Co is less available and more costly than Fe and, therefore, is
highly dispersed on supports (Shafer et al., 2019), thus enhancing
the mechanical stability of such a Co-based system (O’Brien et al.,
2000). Fe-based catalysts, on the other hand, have problems with
abrasion in reactors (Lin et al, 2021). The intrinsic activity of Fe
is lower than Co (Ma etal., 2020), whereas the selectivity on Fe
is less prone to differences under operating conditions (Schulz,
2007; Botes et al., 2013). In general, Fe is more likely to produce
more complex products than Co, which yields mostly paraffins
(Shafer et al., 2019). The reaction temperature and H,/CO ratio must
also be selected carefully for Co-based catalysts to avoid excessive
methane formation at high reaction temperatures (see Section 2.2.3)
(Zhang et al., 2010). Thus, Fe is used for both high- and low-
temperature FTS, while Co is only deployed at low temperatures
(Speight, 2016).

The active phases for Fe-catalyzed FTS are carbides
(Gholami et al., 2022). This is in accordance with the required
activation period, in which Fe forms mostly carbides (Zhao et al.,
2021). Opeyemi Otun et al. (2021) comprehensively reviewed the
structure, synthesis, and performance of carbides and reported
that y-Fe5C2, e-Fe2C, £-Fe2.2C, ¢-Fe3C, 0-Fe3C, and Fe,C; have
been identified in FTS so far. There is no consensus on which
phase is the most active toward FTS. Further investigation of all
inherent characteristics will lead to a systematically synthesized
optimal catalyst. The active species for Co-based catalysts have
been thoroughly investigated (ten Have and Weckhuysen, 2021).
The main active phase is metallic Co. Co-oxide, which is only
active for FTS when supported by a reducible metal oxide support.
Co,C is reported to increase olefins and oxidized products when
stabilized or promoted by an oxidic compound or an alkali promoter
(ten Have and Weckhuysen, 2021). When promoted by reducible
oxide ceria as support, oxygenate selectivity on Co increases
significantly (Shafer et al,, 2019). Studies without these promoters
declare Co-carbide as an inactive phase (ten Have and Weckhuysen,
2021).

When Fe and Co catalysts are combined, the formation of
different Fe-Co alloys, as well as common metallic and carbide
phases of Co and Fe, is observed. Based on their experimental
work, Aluha etal. (2015) proposed that the Fe-Co alloys (Co-Fe,
Co,Fe,, and Fe;Co,) are not reactive for FTS. Yet, the employment
of such catalysts leads to various results in selectivity, reactivity,
and conversion (Jahangiri et al., 2014). While no general advantage
regarding catalyst properties is recognizable for conventional FTS,
hybrid catalysts may offer benefits for direct CO, hydrogenation (see
Section 3.1).

2.2.1 Influence of water and water—gas shift
activity

Water is a primary co-product in FTS. On Co-based catalysts,
H,O leads to an increase in C5+ selectivity (Borgetal., 2014;
Rytter and Holmen, 2017). Furthermore, an increase in H,O partial
pressure leads to irreversible deactivation of the catalyst (Borg et al.,
2014; Wang et al., 2017). The smaller the pores of the support, the
more sensitive it is to increased amounts of H,O because water vapor
most likely condenses in smaller pores and blocks diffusion paths
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(Rytter and Holmen, 2017). Both the deactivation mechanism and
the reversibility depend on the selected support. Deactivation due to
H,0 on Si0, is reported to be mostly permanent, on Al,O; partially
reversible, and on TiO, mostly reversible (Storsater et al., 2005).
Other deactivation mechanisms are discussed in Section 2.2.2.

While the WGS reaction has negligible influence on Co-based
catalysts, its activity on Fe is significant (Méndez and Ancheyta,
2020). On Fe-based catalysts, H,O increases the WGS reaction rate
and oxygenate selectivity while reducing CH, selectivity. Here, H,O
also reversibly decreases catalyst activity until a feed composition
of approximately 40 mol% after which the deactivation becomes
completely irreversible (Satterfield et al., 1986).

No definite explanation exists regarding the active phase of the
WGS reaction (Puga, 2018). The WGS reaction consumes H,O
and CO from the FT reaction in favor of H, and CO,. When the
amount of H,O in FTS increases with increasing syngas conversion,
the WGS reaction becomes more active, leading to an increased
H,/CO ratio. Consequently, when Fe is used, a lower H,/CO feed
ratio is applicable (Ostadietal., 2019). As the WGS reaction is
influenced by the partial pressure of water, it has less influence on
overall product distribution at low conversions with low H, O partial
pressure. The WGS reaction passes the equilibrium at a particular
H,/CO feed ratio and CO conversion and gains influence when both
are increasing. This potentially leads to lower-weight hydrocarbons
through a shift toward higher H,/CO usage ratios at high CO
conversion and H,/CO feed ratios (Bukur et al., 2016).

The selectivity of CO, is influenced by the WGS reaction (see
also Section 2.2.1) (Maitlis and de Klerk, 2013).

As the WGS reaction involves CO,, it can alter the CO,
selectivity on Fe-based catalysts. Although for Co-based catalysts,
the CO, yield does not exceed a few percent, on WGS-promoting
catalysts, CO, selectivity can be up to 50% (Maitlis and de Klerk,
2013). However, based on experiments and density functional
theory (DFT) calculations, Liu et al. (2018) suggest the Boudouard
mechanism (CO + CO- > CO,+C) as the predominant pathway for
CO, formation on y-Fe;C,, while H,O formation is hindered. To
overcome this effect, Wang et al. (2018) prepared &-Fe carbides that
are stable under Fe conditions and produce significantly less CO,. It
is assumed that the oxygenation reaction of CO to CO, prevails and
is further altered by the (r)WGS activity (Krylova et al., 2012).

2.2.2 Catalyst deactivation mechanisms

Catalyst lifetime is a crucial aspect of economic operation and
resource efficiency. It is limited by mechanical abrasion and chemical
deactivation. Poisoning substances are H,S, HCI, HBr, HBf, NH,,
and others, with H,S being the most crucial (Davis et al., 2011).

The chosen catalyst, support, and promoter determine the
amount of poison a catalyst can tolerate (Davisetal, 2011). In
general, Fe is more resistant to poisoning than Co (Lin etal,
2021). Hydrothermal sintering on Co and Fe is favored by high
temperatures, small particle sizes, and high partial water pressures
(Rytter and Holmen, 2015; Wolf et al., 2020). Oxidization strongly
depends on the support (Wolf et al., 2020). It is favored by high
water pressure inhibiting H, from reacting with the dissociated O
to H,O (Duvenhage and Coville, 2006; Wolf et al., 2018). However,
oxidation of the active phase under FT conditions is a matter
of concern, mainly for small clusters in the order of a few
nanometers (Corral Valero and Raybaud, 2013). Fouling in FTS

Frontiers in Energy Research

05

10.3389/fenrg.2024.1344179

is characterized by the deposition and physical blocking of active
sites by long and complex hydrocarbons or deposited carbon
(Ghofran Pakdel et al., 2019). The latter is only harmful in a graphite
state, whereas amorphous carbon deposition can easily be removed
by hydrogenation during operation (Chen et al., 2018a).
Accumulation of wax within the pores of the catalyst alters the
product selectivity and activity. Unglaub and Jess (2023) deployed
periodical hydrogenolysis by switching the inlet from syngas to H,
to extract the wax. Hydrogenolysis is governed by the predominant
cracking of the terminal bond and the desorption of the remaining
alkane, which depends on chain length, partial H, pressure, and
temperature through the adsorption strength of H, and paraffin.
They reported achieving a higher overall selectivity toward the jet
fuel range over the common operation (Unglaub and Jess, 2023).

2.2.3 Methanation activity of Co-based catalysts
Different explanations have been proposed for disproportionate
methanation taking place on Co-based catalysts. One approach
suggests different sites that are more available on Co than on
Fe (Schulz, 2007). Experimental work indicates that terrace sites
occurring in Co-based catalysts could be more likely to produce
methane. The deposition of graphitic carbon on Co terrace
sites by the Boudouard reaction decreases CH, formation while
C2+ selectivity remains unchanged (Chen et al., 2018a). Moreover,
secondary hydrogenolysis, which means a-scission at the terminal
carbon and hydrogenation of it for Fe and Co (Matsumoto, 1971),
has been mentioned in this context. Co is regarded to be more active
for hydrogenolysis (de Klerk, 2011). An alternative explanation may
reside in the fact that the activation energy for the methanation of Co
is ideal, whereas Fe exhibits an excessively strong adsorption force
(van de Loosdrecht et al., 2013). The promotion of Co with Zn leads
to stronger CO adsorption, thus higher C/H surface ratios and less
methane, according to DFT calculations (Fang et al., 2020).

2.3 Conjectured reaction mechanisms

FTS is a mixture of very complex reactions. Reaction
mechanisms are proposed to explain the variety of FT products
including initiation, growth, and termination steps. The mechanisms
can help understand the known deviations from the ASFD
encompassing over-selectivity toward CH,, under-selectivity toward
C2 compounds, and a carbon-number-dependent over-selectivity
for longer-chain products, as discussed in Section 2.1.

Many possible detailed pathways have been proposed, for
example, by Davis (2001) and Lualdi (2012). Some mechanisms have
been proposed in the literature to explain the deviations, including
increased C2 reactivity leading to C2 being incorporated into
other hydrocarbons (Fortsch et al.,, 2015) and van der Waals-related
desorption rates that can cause an « increase with increasing chain
length (Todic et al., 2014). One approach to address the deviations
from the ASFD is to use various a-values corresponding to
different product types or chain-length groups, thereby accounting
for distinct Fischer-Tropsch mechanisms (Patzlaff etal,, 2002).
Patzlaff et al. (1999) argued for two distinct mechanisms because
their model with two different a-values fit well for Fe catalysts,
excluding the influence of secondary chain growth reactions.
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FIGURE 2

Simplified representation of widely recognized carbide mechanism and CO insertion describing the production of Fischer—Tropsch products based on
H-assisted carbide mechanism initiation (Ojeda et al., 2010); carbide mechanism termination to oxygenates (Teng et al., 2005); carbide mechanism
termination to olefins/paraffins (Mahmoudi et al., 2017); branching (Shi et al., 2005); direct CO insertion initiation (ten Have and Weckhuysen, 2021);
enol mechanism initiation (Davis, 2001); CO insertion termination to oxygenates (Teng et al.,, 2005); CO insertion termination to paraffins/olefins
(Shafer et al., 2019); and secondary reactions and bifunctional reactions (Sineva et al., 2023).

The two predominant mechanistic theories in FTS are the
carbide mechanism and CO insertion, as explained in Section 2.3.1.
Within the scope of this review, the enol mechanism, which is similar
to CO insertion only with COH, as an intermediate, is considered
a sub-class of the CO insertion mechanism (van Santen and
Markvoort, 2013). Furthermore, several kinetic models have been
developed based on the carbide mechanism and the CO insertion
mechanism that have already been successfully implemented
and could predict the product distribution (Todicetal., 2014;
Marchese et al., 2019).

2.3.1 Carbide mechanism and CO insertion

The widely recognized carbide mechanism and CO insertion
mechanism are illustrated in Figure 2. The carbide mechanism is
characterized by the dissociation of CO or COH, followed by
hydrogenation of C to CH, monomer participating in chain growth
(van Santen et al., 2013). Initially, Fischer and Tropsch posited
that carbide species were responsible for supplying the carbon
atoms (Fischer and Tropsch, 1926). However, Kummer et al. (1948)
demonstrated that the reduction of Fe carbides yields only minimal
amounts of carbon. Consequently, contemporary understanding
suggests chemisorbed species as the source of carbon.
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For the carbide mechanism to apply, the CO to CH, coupling,
that is, the C-O bond cleavage and hydrogenation of C to CHx
and monomer, must both be fast versus chain termination and CO
insertion (van Santen et al., 2013). However, this implies that step
sites must be viable for fast direct CO dissociation (Qi et al., 2015).
At the same time, the activation energy of direct CO dissociation
is considered to be too high to be consistent with FT reactivity on
flat and less reactive surfaces (Chen et al., 2017). Thus, several H-
assisted mechanisms with decreased activation energy have been
proposed for flat surfaces (Zhang et al., 2020). An experiment on
a Co-based catalyst supports the assumption of particular sites for
direct CO dissociation by disclosing that only a small fraction of
the surface can dissociate CO without H, at viable rates (Chen et al.,
2018b). Therefore, the chain length could be controlled by the chain-
terminating hydrogenation rate on step sites (van Santen et al., 2014)
and by CH, formation on flat surfaces (van Santen et al., 2014).

The assumed CH, monomers, however, cannot explain the
formation of oxygenates. Therefore, Pichler and Schulz (1970)
proposed the CO insertion mechanism for the first time in 1970. It
is characterized by CO for chain initiation or growth by insertion
into an existing chain and cleavage of the C-O bond only after
insertion by condensation with H to H,O (van Santen et al., 2013;
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Todic et al., 2014). For this mechanism to apply, chain growth,
that is, CO insertion followed by C-O bond cleavage, must be fast
compared to chain termination and direct CO dissociation. The
mechanism is commonly regarded as surface insensitive because it
is a condensation reaction (van Santen and Markvoort, 2013).

Chenetal. (2017) experimentally proved that the carbide
mechanism is possible. A surface covered with C but no CO
was obtained after feeding CO to their reactor setup, followed by
evacuation of the reactor. In a further step, H, was fed to the
reactor, and C,-C; hydrocarbons were obtained. By co-feeding
marked C;Hj to syngas, they showed that the chain decoupling is an
important step in FTS, and CH, must be active as a monomer. The
marked C atoms were observable at any chain length (Chen et al.,
2017).

Zhou et al. (2021) conducted experiments over an Fe catalyst,
obtaining arguments for both mechanisms. With an inlet stream
only composed of H, and alkenes as a single carbon source, the
occurrence of FT reactions is a plausible argument in favor of
the carbide mechanism because no CO molecules are available for
insertion. In favor of the CO insertion mechanism is the fact that
co-feeding oxygenates to the common inlet leads to a parallel shift in
the product distribution where only the CO insertion pathway offers
the possibility of oxygenates as chain initiators (Zhou et al., 2021).

Corral Valero and Raybaud (2013) found, based on Co DFT
calculation, that Co flat surface models favor the CO insertion
while kinetic considerations that take a more versatile surface
into account argue in favor of the carbide mechanism. They
conclude that the active mechanism is probably a trade-off of
thermodynamic properties. Okonye etal. (2023) studied the
temperature dependency of both mechanisms on Ru catalysts. They
proposed that CO insertion dominates at a lower temperature, while
Co dissociation takes over at higher temperatures. Jamaati et al.
(2023) thoroughly investigated the literature regarding FTS
mechanisms. Direct CO dissociation is more structure-sensitive
than H-assisted dissociation. Higher CO coverage is presumably
favorable for the CO insertion mechanism.

3 Novel research areas
3.1 CO, hydrogenation

In power-to-liquid processes and in biomass-to-liquid
approaches, relevant amounts of CO, in the FT feed gas typically
make a reverse WGS reaction step before the FT reactor mandatory.
However, direct CO, hydrogenation would eliminate the need for
this additional level of complexity (Briibach et al., 2022).

Different from Co, the CO, conversion in FT is viable on Fe and
Fe-Co catalysts as CO, has vastly different effects over Fe- or Co-
based catalysts in FTS.

On Co-based catalysts, CO, is inert yet competes with CO for
active sites. The CO, conversion only starts at a CO conversion of
100% and leads to a vast majority of methane (Gnanamani et al.,
2011). Moreover, the use of a hybrid catalyst with Co is not feasible
toward higher hydrocarbons as the attainable CO partial pressure
will not be sufficient (Riedel et al., 1999). On Fe catalysts, CO,
is reduced to CO, most likely by Fe-oxides via the reverse WGS
reaction (Einemann et al., 2020). CO then acts as a reactant for
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the FTS (Gnanamanietal.,, 2011). Thus, the CO, fraction must
be above a temperature-dependent threshold where the WGS
equilibrium shifts toward the reverse WGS reaction for the CO,
conversion (Kangetal, 2013). The product selectivity over Fe is
generally similar with CO or CO, as feed (Riedel etal., 1999).
However, deviations toward lighter (Gnanamani et al., 2011) and
heavier (Rafatietal, 2015) hydrocarbons can be found in the
literature.

Satthawong et al. (2013) found that the combination of Fe with
Co with a high Fe/Co ratio can enhance the activity and selectivity
when using CO, and H,. Wangetal. (2023b) proposed that Co
enhances the activity by its H, dissociation ability, which can be
altered by potassium to enhance the hydrogenation characteristics of
CO formation and additionally enhances the formation of Fe phases
that reduce CO, to CO.

3.2 Bifunctional Fischer—Tropsch catalysts

In an ideal ASFD chain growth model, the jet fuel hydrocarbon
range of C8-C16 is favored at an optimum «-value of 0.84, achieving
a maximum selectivity of approximately 40% (Dossow et al., 2022).
The use of bifunctional catalysts can enable an efficient and tailored
SAF production process that offers a selectivity of more than
70% toward jet fuel with a high isoparaffin content (Lietal,
2018). Bifunctional catalysts are special types of catalysts that have
two different types of catalytic sites, allowing them to drive two
different types of chemical reactions. In FT bifunctional catalysts,
metal nanoparticles are dispersed within the cavities of acidic
zeolite structures. Combining the functions of dehydrogenation and
hydrogenation with the acidic properties of the zeolite framework
makes these catalysts particularly interesting for FTS (Farrusseng
and Tuel, 2017; Sineva et al., 2023).

3.2.1 Acid sites and supports

The combination of both active materials can be realized by
the physical mixture of different particles, the acid material as a
binder or support, and a shell around a common catalyst particle
(Sineva et al., 2023). The acid sites can be provided by zeolites,
clays, alumina, silica, alumino-silicates, and carbon (Martinez-
Vargas et al., 2019). Zeolites are available in many variations as
H-ZSM, ZSM, Beta, NaY, Y, and other appearances, with different
characteristics and, therefore, different selectivities toward isomers,
olefins, and C ranges. Overall, they provide good acidity, high
thermal stability, and porosity (Sineva et al., 2023). The porosity can
be tuned within specific boundaries for different zeolites and sieve
products/reactants/intermediates (Mena Subiranas et al., 2008). The
acidity can also be tailored to influence the hydrocracking activity
of the catalyst (Shamzhy et al., 2019). Some downsides are strong
metal-support interaction and deactivation via coking (Martinez-
Vargas et al., 2019). Alumina and silica bifunctionality are based on
the same underlying ceramics, Al,O5, and SiO,, which are common
supports. Alumina provides good mechanical and chemical
stability, and its weak acidity must be enhanced for bifunctionality.
Silica has excellent chemical stability and must be modified
because it has no inherent acidity (Martinez-Vargas et al., 2019).
Functionalized carbon supports are overcoming the downside
of strong metal-support interaction and inertial compound
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formation. However, the functionalization via acid treatment
and longevity needs further research (Martinez-Vargas etal.,
2019).

3.2.2 Reaction mechanisms

FT bifunctional catalysts are especially useful for processes
like hydroisomerization and hydrocracking of alkanes (Farrusseng
and Tuel, 2017). The most important forms of cracking in a one-
stage process are hydrocracking and catalytic cracking (Sartipi et al.,
2014). The former, also known as bifunctional cracking, is
characterized by an active metal site (de)hydrogenating saturated
hydrocarbons and Brensted acid sites donating a proton to form
a carbenium intermediate (Weitkamp, 2012). Ideal hydrocracking
refers to conditions where (de)hydrogenation dominates over
the activity of the acid sites, and a particular isomerization
distribution emerges (Thybautetal,, 2005). Catalytic cracking
is mono-metallic cracking on acid sites that also leads to a
carbenium intermediate. It is favored at temperatures even higher
than HTFT, creating more isomeres than bifunctional cracking.
However, the high temperatures also lead to higher deactivation by
carbon deposition. The carbenium intermediate of both cracking
types is reactive for C-C cleavage and skeletal rearrangements
(Weitkamp, 2012).

With an increasing magnitude of acidity, the cracking
activity increases until it reaches a threshold of —140 kJ/mol
ammonia desorption heat, where other relationships must be
considered (Niwaetal, 2010). It is reported that the overall
conversion is proportional to the number of Brensted acid
sites (Deviana et al., 2023). Longer Chains are more likely to
be cracked (Abbot and Dunstan, 1997). Isomerization increases
with temperature until cracking prevails (Mena Subiranas et al,
2008).

3.2.3 Influence on product selectivity

Several researchers report the benefits of bifunctional catalysts
in tailoring FT product selectivity. Peng et al. (2015), for example,
reached 60 mol% selectivity toward C10-C20 at 40% CO conversion
on a mesoporous-Y zeolite-supported Co catalyst. They also
report that Co/H-Y-meso catalysts with Brensted acid sites
have more C4-C5 products caused by higher isomerization and
cracking activities, while the Co/Y-meso-Na catalyst without
Bronsted acid sites has more CH, and C10-C15 due to a high
hydrogenolysis activity (Pengetal, 2015). The pore structure
of the catalyst requires particular emphasis (Straf3-Eifert et al,
2021). Lietal. (2018) also showed that Co/Y-meso-Na could
effectively crack C21+ hydrocarbons and that Co/Y-micro-Na
catalysts with a different pore structure than the CO/Y-meso-Na
have higher CH, and C2-C4 selectivity. They further enhanced
the selectivity toward 72 wt% kerosene by substituting Na for La
and obtained excellent stability of CO conversion and selectivity.
Another study used a P-Fe catalyst mixed with H-ZSM-5 and
yielded CO conversion of 73%-78% with a C5-C20 selectivity
of 72 wt% vs. 36 wt% without H-ZSM-5 (Deviana et al.,, 2023).
Papeta et al. (2023) investigated Co with H-Beta zeolite and
reached 73.4 wt% toward C5+. By varying the relation between the
zeolite and Co, they effectively altered the split between C5-C10,
C11-C18, and C19+.
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4 Discussion and outlook

The comprehensive coverage of Fischer-Tropsch catalysis in this
review provides a basis for discussions on the current status and
future directions of this key area of energy research. The focus
extends beyond the conventional boundaries of FTS to include
promising avenues such as the direct hydrogenation of CO, and
the use of bifunctional catalysts for customized fuel production,
particularly for SAF. Because SAF production stands out as a crucial
application for FT products, future research in this area should
prioritize scalability, feasibility, and the development of catalysts
specifically tailored for drop-in applications. The combination of
direct CO, hydrogenation and the use of bifunctional catalysts opens
new possibilities for sustainable fuel production via FTS.

The direct hydrogenation of CO,
or biomass-to-liquid applications presents a promising new

for power-to-liquid

opportunity. Research is currently focused on the systematic
investigation and optimization of catalyst materials to improve
the efficiency and selectivity of the direct conversion of CO, in
FTS. Novel catalyst compositions, nanostructuring, and surface
modifications are under investigation to improve catalytic activity.
While catalyst stability and longevity are crucial to ensure long-
term performance, research on reaction kinetics, thermodynamics,
and mass transfer is required to ensure high conversion rates and
desired product selectivity on the process engineering side. Optimal
operating conditions in terms of temperature, pressure, and H,/CO,
ratios are under investigation.

Using bifunctional catalysts to enhance product selectivity
and to tailor FT products also opens novel possibilities for
achieving enhanced product selectivity, especially in producing SAE.
Therefore, it is necessary to understand how the synergies between
metal and acidic sites collectively influence reaction pathways. The
development of bifunctional catalysts with tailored active sites for
the desired reactions requires research on optimal combinations of
metal and acid sites to explore the catalyst’s ability to control product
distribution. Once again, optimizing the reaction conditions is key
to exploiting the bifunctional nature of the catalysts. This includes
fine-tuning parameters such as temperature, pressure, and H,/CO
or H,/CO, ratio, as well as testing novel reactor technologies.

Ultimately, it is essential to combine an understanding of
catalysis with the principles of chemical and process engineering
in FTS research. The transition from laboratory-scale studies to
real-world applications requires a comprehensive assessment and
close collaboration between academia, industry, and policymakers.
Bridging the gap between fundamental research and practical
implementation is essential to ensure the seamless integration
of novel FT technologies into the broader energy landscape.
Particularly, the in-depth exploration of SAF production and
selectivity necessitates a dedicated review coupled with original
research for a more exhaustive treatment of the topic. Meanwhile,
conventional catalyst research holds the potential to enhance SAF
selectivity up to an ASFD-defined maximum of approximately
40%. The exploration of advanced catalytic systems, particularly
bifunctional catalysts, presents a promising avenue to enhance FT
selectivity toward the jet fuel fraction far beyond this limitation.

In conclusion, the future of FT synthesis research lies in a
multidisciplinary approach, where innovation in catalyst design,
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process optimization, and practical implementation converge. By
addressing these challenges and pursuing promising avenues,
researchers can contribute significantly to the advancement of
Fischer-Tropsch synthesis as a key player in sustainable energy
production.
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