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With an increase in energy consumption globally, Fischer-Tropsch (FT) synthesis is a good alternative for
producing fuels and chemicals from coal, natural gas or biomass. Among them, coal to liquids has been put into
production in countries that have large coal reserves. In this process, Fe-based catalysts are commonly used due
to their earth abundance, comparatively wide operation range and ready availability to handle low H,/CO ratio from

coal.
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| 1. Fischer-Tropsch Synthesis

Fischer-Tropsch (FT) process has been widely investigated for almost 100 years. In the 1920s, German scientists
Franz Fischer and Hans Tropsch first developed this process, in which a mixture of H, and CO (synthesis gas) can
be converted to valuable long-chain hydrocarbons like gasoline, diesel fuel and chemicals (olefins, alcohols or
acids) W2, The FT process was first commercialized in Germany prior to the Second World War. It could offer
synthetic fuel for the German war machine due to the abundant domestic coal supplies used for producing
synthesis gas 2. After the Second World War, the development of this process stalled because low crude oil prices
led to a strong growth and dominance of the petroleum oil industry . The interest in the FT synthesis was revived
in South Africa during the Apartheid regime in the 1970s. During this period, the supply of oil in South Africa was
cut off due to international sanctions, but through the FT synthesis, South Africans were still able to produce the
required fuels and chemicals from coal. At the same time, the energy crises in 1973 and 1978 have also stimulated
the global interest and exploration of alternative fuel production by expanding the commercialization of FT
processes 2. Besides coal, natural gas and biomass are also considered as important alternatives. The process to
convert these carbon sources to valuable chemicals is often referred to as “X to liquid” (XTL), in which X stands for
the feedstock from which synthesis gas is derived, e.g., coal (CTL), natural gas (GTL) or biomass (BTL) .
Although most of these embodiments still rely on fossil resources, CTL and GTL enable the production of clean
transportation fuels that are free of heavy metals, aromatics or contaminants such as nitrogen and sulfur. Currently,
large XTL processes are operated in Malaysia by Shell, in Qatar by Shell and SASOL, and in South Africa,
Uzbekistan and Nigeria by SASOL. Among them, CTL is of large interest in areas with abundant coal resources, for
example China and South Africa. Currently, a large number of CTL demonstration plants and industrialization

projects are commissioned in China using Fe-based catalysts 7.
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The CTL process generally consists of four chemical conversion steps (Figure 1). In the first step, coal gasification
is performed in gasifiers to produce synthesis gas, a mixture of CO and H,. Due to the low H/C ratio of coal, the
derived synthesis gas has a typical H,/CO ratio below 1 . In the second step, the water-gas shift (WGS) reaction
(Equation (1)) is used to increase the H,/CO ratio tailored for the desired product distribution in the subsequent FT
synthesis step. Usually, a constant amount of CO, is removed in the overall CTL process, either in a WGS step
prior to the FT synthesis or in the FT synthesis reactor itself when a catalyst is used that exhibits sufficient WGS
activity. CO, produced in the FT reactor not only decreases CO conversion, but also leads to a higher energy
consumption for separating the gas effluent from the reactor. When the main WGS conversion is conducted in a
separate WGS reactor, CO, capture becomes more viable 2. After cooling and purification, the synthesis gas is
introduced into the FT synthesis reactor and converted into long-chain hydrocarbons (Equation (2)). Traditionally,
these processes are realized in either fixed and fluidized bed reactors or slurry bubble reactors. Fixed beds are
suitable for wax production, as for instance is conducted in Shell FT plants in Malaysia and Qatar 2%, The
separation of products from catalysts are more cost-effective in fixed bed reactors. On the other hand, the pressure
drop in such reactors leads to higher operational costs than other reactors. Moreover, as it is costly to replace the
catalyst inventory, catalysts should exhibit a long lifespan. As the FT reaction is highly exothermic, it is important to
rapidly remove the heat of reaction in order to avoid overheating the catalyst 11, Compared to fixed bed reactors,
fluidized bed reactors can realize a very homogeneous temperature distribution because of the rapid and turbulent
gas/liquid movement. Another important advantage of fluidized bed reactors is that a deactivated catalyst can be
removed from the bottom of the reactors by gas flushing, and new catalysts can be added to replenish the spent
ones for longer production runs. A drawback of such reactors is the difficulty in separating the catalyst from the
products. Fluidized bed reactors are considered to be a promising technology for the production of lower-
molecular-weight products on Fe-based catalysts at high temperature 12, Similar to fluidized bed reactors, slurry
bubble reactors can meet the requirement of an online removal/addition of a catalyst and can be operated under
isothermal conditions. Catalysts that feature high mechanical strength and attrition resistance are required for
slurry bubble reactors. As the catalysts are suspended in the wax, separating the catalyst from wax is a major

challenge 23],
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Figure 1. Schematic representation of the CTL process.

The final step of the overall XTL process is product upgrading. The mixture of products formed during the FT
process (e.g., long-chain hydrocarbons or oxygenates) need to be processed in order to obtain high-value
transportation fuels and base chemicals using processes such as hydrotreating, hydrocracking and hydro-
isomerization. The in-reactor upgrading of the products of FT reactions by adding zeolites to Fe-based catalysts
has also been investigated 1451 Among a variety of hydrocarbons, linear a-olefins (LAOs) production and
separation are gaining widespread attractions. LAOs are highly valuable intermediates for the chemical industry
(161 | ower olefins (Co—C4 LAOS) are mainly used as building blocks, commonly produced by the steam cracking of
ethane or naphtha and the dehydrogenation of propane 4. The process to produce lower olefins via FT reaction is
referred to as “Fischer-Tropsch to olefins” (FTO). A substantial amount of work has been conducted to develop
highly efficient catalysts to directly convert synthesis gas to lower olefins 18131 However, traditional FTO is limited
by ASF distribution and suffers from high CH, selectivity. To address these issues, recently, the development of
oxide—zeolite bifunctional catalysts to selectively convert synthesis gas to lower olefins has seen significant
progress. The separation of CO activation and C—C coupling onto two different types of active sites can tune Co—Cy4
LAOs selectivity as high as 80% at a fair CO conversion 29211 | AOs with more than four carbon atoms, especially
in the Cs—C19 range, are even more valuable than lower olefins because of their use as co-monomers in
polymerization and as feedstocks for lubricants and detergents [22. Currently, there remains no commercial
process for directly converting synthesis gas to higher LAOs which do not meet consumer demand, thus
hampering industrial development globally.
CO+HyO - CO+Hz (1)

NCO + (2n + 1)Hy — CnHonsz + NH20 (2)
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| 2. Catalysts

A general aspect of FT chemistry is the dissociation of CO in atomic C and O on metal surfaces 23, although there
are also pathways that involve the hydrogenation of CO prior to C-O bond cleavage. Group VIII metals with
unoccupied d-orbitals are capable of CO dissociation. Based on Brgnsted-Evans-Polanyi (BEP) relations, transition
metals with a lower d-band filling that will bind the dissociated C and O atoms strongly will lead to low activation
barriers for CO dissociation 24, The termination of the chain-growth reactions are also important as they determine
the length of the hydrocarbons obtained 22!,

From left to right in the periodic table, the d band of transition metals is filled 23, Catalysts with a lower C and O
binding energy to the right will hardly produce long-chain hydrocarbons, because the CH, growth monomers are
easily hydrogenated by H,, resulting in high CH, selectivity. Therefore, CO hydrogenation on Ni mainly produces
CH,. For Cu- and Rh-based catalysts, the main products for CO hydrogenation are alcohols due to their low CO
dissociation ability. Metals such as Ru, Co and Fe bind C and O stronger than Ni, Cu and Rh, resulting in a higher
probability for CH, intermediate to couple to long-chain hydrocarbons. Hence, Ru-, Co- and Fe-based catalysts are
the most suitable for the FT reaction 28, The product distribution of CO hydrogenation on transition metals is

shown in Figure 2.
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Figure 2. The product distribution of CO hydrogenation on transition metals.

Ru-based catalysts display outstanding performance for CO hydrogenation in terms of activity, selectivity and
stability. Despite this, Ru cannot serve as a base for catalysts at the industrial scale because of the high price of
this cheapest of noble metals 27 5o far, only Co and Fe have been used as the active phase for industrial FT
catalysts.
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Co-based catalysts outperform Fe-based catalysts at low temperature (200-240 °C), often referred to as low-
temperature Fischer-Tropsch (LTFT). Moreover, the WGS activity of Co is much lower than that of Fe, limiting
undesired CO, formation. On the other hand, the higher CH, selectivity on Co-based catalysts restricts its
application at high temperature (250-350 °C), which is referred to as high-temperature Fischer-Tropsch (HTFT). In
HTFT, Fe-based catalysts are preferred to reduce the amount of CH, formed [XZ. Another advantage of Fe
catalysts is that they can handle the low H,/CO ratio of synthesis gas derived from coal and biomass, owing to the
substantial WGS activity 28, On the other hand, Co-based catalysts are typically used in combination with natural
gas as a source of the synthesis gas feedstock. Overall, the operation conditions for Fe-based catalysts are more
flexible and they can also be used in LTFT. Paraffins, such as wax, is the main product for Co-based catalyst in
LTFT, whereas Fe is mainly used for producing olefins and oxygenates in HTFT. Metallic Co is regarded as the
active phase for the FT reaction, while Fe has a high tendency to form Fe-carbide because of a strong Fe—C bond.

The most significant differences between Co- and Fe-based catalysts are shown in Table 1.

Table 1. Comparison of Co- and Fe-based FT catalysts [22139],

Property Co Fe
Cost expensive cheap
Reaction temperature 200-240 °C 250-350 °C
FT activity high relativliey low
WGS activity neglible active
Carbon source Natural gas Coal and biomass
H,/CO ratio &2 0.5-2.5
Active phase Metallic Co Fe-carbides
Methane selectivity high low
Products Wax (paraffins) C,—C1s, olefins, oxygenates
Sulfur tolerance Very sensitive sensitive

In addition to mono-Co or Fe-based catalysts, the construction of bimetallic catalysts incorporating both Co and Fe
has attracted a wide range of attention. Yang et al. revealed that adding Co in x-FesC, enhances the FT
performance because Co is more capable of dissociating CO B, The synergistic effect of Co—Fe alloy not only
leads to a higher FT activity, but is also conducive to grow long-chain hydrocarbons 2. |t was also reported that
bimetallic catalysts were more stable against deactivation compared to pure Co-based catalysts, even though they

still suffered from deactivation at high CO conversion due to high H,O partial pressure 331,

| 3. Fe-Based Catalysts
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In the Earth’s crust, Fe is the fourth most abundant element, mainly existing in the form of Fe-oxide. This
abundance means that Fe is very cheap and an excellent choice for the FT catalysis. For the industrial FT
synthesis, precipitated or fused Fe in unsupported form are mainly used as catalyst precursors 24, Practically,
precipitated Fe is employed in fixed bed or slurry bed reactor in LTFT, predominately producing long-chain
hydrocarbons, e.g., wax (351, On the other hand, fused Fe is mainly consumed in fluidized beds in HTFT for olefins
production 12, The poor mechanical strength of unsupported catalysts may lead to the plugging of the catalyst bed
in fixed bed operation or to the fouling of downstream equipment in fluidized bed operation. Supported Fe catalysts
display an enhanced dispersion of the active phase and may withstand the mechanical degradation that threatens

unsupported catalysts.

Upon activation, the Fe-oxide precursor is usually converted into a mixture of metallic Fe, Fe-carbides and Fe-
oxides and the composition of catalyst depends on many parameters such as the catalyst precursor, catalyst
pretreatment and the FT reaction conditions (28, Despite the complexity of the composition in the working condition,
a correlation between Fe-carbide content and FT activity has been widely observed and Fe-carbide formation is
believed to be the necessary step to obtain good FT activity BZ. Fe-oxide, on the other hand, is considered to be
active for the WGS reaction, which leads to the production of excessive CO, B8 |n itself, CO, production
represents a loss of valuable carbon products. As some WGS operation is needed in CTL and BTL processes, it
can be worthwhile to remove CO, to reduce the greenhouse gas emissions of the process. A distinct feature of Fe-
carbide is that it is air sensitive 2J and readily oxidized in air at room temperature, leading to the formation of Fe-
oxide 49, Thus, activation or carbide formation is preferably performed in situ before starting the FT reaction [,

For research purposes, the passivation of the catalyst in diluted O, is usually employed 2],

During FT reaction, g(’)-carbide, x-FesC, and ©-FesC are commonly observed in Fe-based FT catalysts [43I44],
They are classified as interstitial carbides, because C atoms occupy the interstices of the Fe lattice. According to
the way in which C atoms occupy the hexagonally close-packed (hcp) lattice, their structure can be divided into two
categories. In g(’)-carbide, C atoms occupy Fe octahedral interstices ascribed to octahedral carbides, while the C
atoms in ©-Fe3C and x-FesC, are situated in trigonal prismatic interstices. The main differences between these

three Fe-carbides are listed in Table 2.

Table 2. Comparison of g(')-carbide, x-FesC, and ©-Fe;C.

g()-Carbide X-FesCs, ©-Fe3C
Space group P63/mmc Colc pnma
Crystal structure hexagonal monoclinic orthorhombic
Cl/Fe 0.45~0.5 0.4 0.33
. . . High (low T, Low (high T, Low (high T,
Required carbon chemical potential high H,/CO) low H,/CO) low H,/CO)

Among these three carbides, ¢(')-carbide is the generic term for e-FeoC and €'-Fe, 2C. e-FezC and ¢'-Fe, 2C share

the same space group and lattice parameter, but differ in the chemical environment of Fe atoms 2. The site
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occupancy of C in e-Fe,C and ¢'-Fe, »,C is 0.5 and 0.45, respectively. (')-carbide formation is favored at a high
carbon chemical potential, which represents the condition of low temperature and high CO partial pressure €,
However, kinetic factors (lattice deformation, carbon diffusion) can prevent its formation at low temperature. Hence,
they are commonly observed in catalysts with relatively small particles and in the presence of a support material or
chemical promoters 4847 |f temperature exceeds 250 °C, £(')-carbide will transform to x-FesC, #8149 y.Fe-C, is
the most observed carbide phase in the context of FT catalysis. Several works show that x-FesC, is the main
active phase constituent at moderate FT conditions, owing to its relative thermodynamic stability at low carbon
chemical potential. When the temperature is further increased, x-FesC, will transform to @-Fe;C BY. The less
active ©-Fe;C can also evolve into a more active x-FesC, . The common feature of carbon-poor @-Fe;C is that
it can contribute to the buildup of carbonaceous deposits because of its near-metallic nature 28152 Excessive

carbonaceous deposits like graphite will cause the deactivation of the catalyst 531541,

Despite extensive research, it is still uncertain which phase is the most active in the FT reaction. The intrinsic
activity comparison between ¢(')-carbide and x-FesC, is widely investigated. Usually, a mixture of several Fe-
carbides is obtained during reaction, making it impossible to correlate activity with a specific phase 28153, Chang et
al. found that the intrinsic activity of x-FesC, is higher than g(’)-carbide through changing the pretreatment condition
81, However, Chun et al. found that £(')-carbide performs better than x-FesC, by introducing CO, in the feed, which
increased the amount of £(’)-carbide 7. Lu et al. also found that the content of £(')-carbide is more active than x-
FesC, 281, Another exploration by Wezendonk et al. pointed out that the weight-normalized activities (FTY) of x-
FesC, and g(’)-carbide are virtually identical B2, There are also some controversial conclusions in terms of the
product distribution on different Fe-carbide phases within an FT reaction B8IB2I5I60 The observed differences are
probably caused by various factors, such as particle size, exposed facet (phase morphology), surface carbon
deposition, support effect and the interference of other phases. To overcome these difficulties, surface-sensitive
techniques were applied to in situ measure the chemical and structural composition of well-defined catalysts
(single-crystal or flat-model catalysts) under operating conditions 6182l These systems were mainly focused on
studying time-, pressure-, temperature-dependent Fe carburization kinetics. To further establish a structure-activity
relationship on Fe-carbide in the FT reaction and study the underlying mechanism, synthesizing specific pure Fe-
carbide and realizing that the catalyst suffers from no phase change or deactivation during FT reaction is of

paramount importance.

Some endeavors have been made to synthesize oxide-free Fe-carbides. By using a rapid quenched skeletal iron
precursor, Xu et al. prepared a catalyst that mainly consists of €(')-carbide and it showed excellent FT activity at
relatively low temperature 43, Peng et al. took advantage of Raney Fe, which is porous and support-free and can
be used as a model catalyst to successfully synthesize phase-pure €(')-carbide by tuning carburization conditions.
The obtained &(')-carbide showed low CO, selectivity in LTFT reaction 2. The formed ¢(’)-carbide is also stable at
higher temperature and the phase composition does not change after operating at 250 °C. By stabilizing €()-
carbide into graphene layers, it can also catalyze HTFT reaction without transforming to x-FesC, [83]. Single-phase

X-FesC, was synthesized by Yang et al. using a facile wet-chemical route with the help of a Br agent (4. In their
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following work, a range of phase-pure metallic Fe and Fe-carbide nanoparticles were utilized in illustrating the FT

mechanism 62,
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