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Abstract: The structural properties of some carbon-based supports can prevent the formation of hot spots and 
improve catalyst stability at Fischer Tropsch Synthesis (FTS) temperature. Special attention and some examples 
are given to iron-based catalysts and their performance in FTS. The carbon supports’ structural properties such 
as metal-support interaction, effect of particle size, the confinement effect, graphitization degree of graphene, 
and interrelationship of catalyst properties, are linked to their function in FTS for supported catalysts. The 
modification effects of the catalysts with functional groups, promoters and heat treatment are related to FTS 
performance. The potential research areas and challenges posed by carbon support structural properties’ 
relationship to FTS performance are identified.
Keywords: Carbon support; Fe-catalysts; Fe-catalysts modification; Fischer-Tropsch synthesis; Hot spot 
formation

1. Introduction

The world has been facing problems relating to 
the production of clean energy over the past 
few centuries, and the twenty-first century 

is not immune to this problem[1]. In the twenty-
first century the problem is worse, due to the rapid 
increase in population, which has led to a rise in energy 

demand[1]. This accelerated increase in population has 
resulted in energy demand problems and has caused 
a problem for the environment as pollution is rapidly 
increasing. Fossil and oil-derived fuels have been 
used as a major energy source since the last century. 
Reserves of these fuels are becoming depleted at 
such a rate that the world needs an alternative clean 
and environmentally friendly source of energy[2]. The 
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Fischer-Tropsch Synthesis (FTS) reaction is one of the 
most promising solutions to address this energy supply 
problem.

FTS is a catalytic-polymerization reaction that 
hydrogenates carbon monoxide to produce useful 
products such as paraffins, diesel oil, alkanes, alkenes 
and oxygenates[3]. Iron-based catalysts can be used 
in high-temperature FTS (300-330 °C) and have the 
advantage of suppressing the production of methane[2]. 
Iron is one of the most abundant metals on earth and 
the cheapest[4]. Researchers have performed studies on 
iron-based catalysts to ascertain the catalytic activity, 
selectivity and stability in FTS[3]. Supports, such as 
silica, titania and alumina, or carbon supports, have 
been used to allow maximum dispersion of the active 
phase, easy separation of the catalyst from the reaction 
products, and improved catalyst stability[5].

The disadvantages of  s t rong metal-support 
interaction with silica, titania and alumina have been 
well-documented[5,6]. Reducing iron on these supports 
is a challenge because of the presence of mixed oxides, 
which increase the reduction temperature required[1,6]. 
Carbon supports have been shown to have weak metal-
support interaction, which prevents the formation of 
mixed oxides[1,6,7]. Carbon supports are cheaper than 
conventional supports, are resistant to both acidic and 
basic media, are stable at a high temperatures, and can 
be prepared in a variety of macroscopic shapes[8]. 

The structural properties of carbon supports 
compared to conventional supports, such as high 
thermal conductivity and mechanical strength, are 
essential in high-temperature FTS reactions for 
catalyst stability. The high thermal conductivity and 
mechanical strength of some carbon supports like 
graphene and carbon nanotubes (CNTs) are important 
in the prevention of hot spots formation and catalyst 
decomposition[1]. The most common carbon supports 
in FTS include graphene, CNTs, carbon nanofibers 
(CNFs), carbon spheres (CSs), activated carbon 
(AC), and ordered mesoporous carbon (OMC). 
These supports have different shapes, which are very 
important for their applications. For instance, CNTs are 
tubular in shape, which is a very important feature for 
confining catalytic metals inside the support, allowing 
longer contact time and preventing sintering due to the 
high temperature. A similar phenomenon is also seen 
in ordered mesoporous carbon, which also confines 

catalytic species inside the porous channels.
Even though several reviews have been published 

on carbon supports dealing with their synthesis and 
properties[9] there is a lack of reviews relating to their 
structural properties with regard to performance in 
FTS[10-15]. In iron-based catalysts, properties such 
as the confinement effect, thermal conductivity and 
mechanical strength improve catalyst stability. Carbon 
supports such as graphene, CNTs and CNFs have high 
thermal conductivity, essential for suppressing hot 
spot formation and improving the catalysts’ stability 
at a high temperature during FTS. The current review 
is structured as follows: The structural properties of 
carbon supports and their differences are discussed. 
The review relates structural and electronic properties 
of carbon supports such as metal-support interaction, 
iron phases, effect of particle size and the confinement 
effect, the degree of graphitization of graphene, as 
well as interrelationship of catalyst properties in FTS 
performance for iron-based catalysts. The modification 
effect of functional groups, promoters and heat 
treatments are also discussed. Finally, carbon foam that 
can be synthesized cheaply from agricultural waste, 
and which has excellent structural properties such as 
high thermal conductivity and mechanical strength, is 
brought to researchers’ attention as a potential carbon 
support.

2. Structural Properties of Carbon Supports
Carbon materials’ properties such as mechanical strength, 
thermal and electrical conductivity, the confinement effect, 
surface areas and porosity are necessary for differentiating 
carbon supports[16]. The carbon material properties are 
dependent on the method of synthesis, and these structural 
properties determine their applications[16]. This section 
looks at graphene, CNTs, CNFs, CSs, AC, CSs and OMCs 
structural properties.

2.1 Graphene
Graphene has a two-dimensional structure, developed 
porosity, a large active surface area, excellent electronic 
properties, and mechanical and thermal stability[17]. 
Graphene possesses a conjugated sp2 hybridized 
planar structure, and this quality gives graphene high 
mechanical strength and ultra-high electrical and 
thermal conductivity[18]. It is an ideal thermal conductor 
showing ballistic and isotropic thermal conductance, 
and its thermal conductivity reaches values of 5000 
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W/(m·K) for a suspended single-layer graphene sheet 
at room temperature[19-21]. This value is greater than 
that of diamonds, graphite and CNTs. In terms of heat 
conductance, graphene can outperform most carbon 
materials such as CNTs[22].

Graphene has two different but equivalent carbon 
sublattices in the crystal structure that give graphene 
its unique electronic band structure and charge carriers' 
unusual behaviour. The structural defects of graphene 
are essential in catalysis, and it is easier to tailor the 
localized properties of graphene[23]. These lattice 
defects and functional groups help during graphene 
functionalization and in the anchoring of nanoparticles 
on graphene[18].

2.2 CNTs
CNTs are divided into single-walled carbon nanotubes 
(SWCNTs) and multi-walled carbon nanotubes 
(MWCNTs). The SWCNTs are made from graphene 
sheets that have hexagonal crystal structures as a result 
of sp2 hybridized carbon atoms, rolled up into cylinders 
and closed by two caps. The MWCNTs are concentric 
with a larger diameter than SWCNTs. The MWCNTs 
can have double wall with an external diameter of up 
to 100 nm[8]. This material has no microporosity, which 
eliminates diffusion and interparticle mass transfer[17]. 
CNTs have high mechanical strength because of the C-C 
bonds and the geometrical structure. The C-C bond in 
the basal plane of graphite is known to be one of the 
strongest chemical bonds in nature. 

The SWCNTs behave like quantum wires in that 
electrons are confined along the tube axis. In this 
material, the electronic properties are controlled by 
two factors - tube diameter and helicity - and this 
depends on the way graphene layers are rolled up. 
The curvature of graphene sheets in these materials 
introduces substantial modification of the electronic 
properties.  The electronic properties of these 
materials are further modified by the presence of 
defects such as pentagons, heptagons, impurities and 
vacancies. On the other hand, MWCNTs electronic 
properties are like those of ultimate carbon fibres. 
The CNTs are known to be very conductive for 
phonons in the axial direction, whereas thermal 
conductivity is very low in the transverse direction. 
Theory predicts a high value for thermal conductivity 
for CNTs of 6000 W/(m·K)[8,17].

2.3 CNFs
There are three kinds of CNFs. Firstly, the herringbone 
in which the graphene layers are arranged obliquely 
with respect to the fiber axis. Secondly, the platelet in 
which the graphene layers are arranged perpendicular 
to the fiber axis. The way graphene sheets are 
aligned in CNFs determines the surface chemistry 
and reactivity[24]. The edges of CNFs are active for 
anchoring nanoparticles because of graphene sheets 
that have anchoring functional groups[24]. Thirdly, the 
ribbon. In this type, the graphene layers are arranged 
parallel to the growth axis. 

The CNFs contain a conductive substrate that 
displays electronic properties like that of graphite. One 
study showed that CNFs have high mechanical strength 
with a tensile strength of 2.9 GPa and Youngs modulus 
of 240 Gpa[25]. The fibres have high electrical and 
thermal conductivity, and when heated to 3000 °C the 
thermal conductivity is four times that of copper[26].

2.4 CSs
CSs can be crystalline or semi-crystalline, with a 
solid, hollow or core shell morphology[11]. CSs have 
a low density and a high surface area, are thermally 
stable and have unique electronic properties. CSs are 
classified into three categories, based on the diameter: 
well-graphitized CSs with a diameter in the 2 nm to 
20 nm range; less graphitized CSs with a diameter 
of 500 nm to 1000 nm; carbon beads with a diameter 
greater than 1000 nm[11]. The tensile strength of CSs 
have been measured by some researchers and were 
found to behave in a linear fashion[11]. CSs require no 
purifications to remove impurities from residual metal 
catalysts as in the case of CNTs and CNFs[27].

2.5 AC
The most important properties of AC are surface 
area, porosity, and pore size distribution[16,17]. The AC 
surface area depends on the raw materials used during 
synthesis and the degree and mode of activation[16]. 
The micropore volume of AC is reported to be up to 
1.2 cm3/g[8]. The AC has a larger surface area than 
conventional supports such as alumina and silica, and 
it is easy to control the porosity of AC. Still, most of 
the AC surface area is in the micropores, which are 
not accessible to the reactants. The AC porosity is 
responsible for the high adsorption capacity of these 
materials. Different researchers found AC thermal 
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conductivity values of 2.47 W/(m·K), 10 W/(m·K) and 
30 W/(m·K)[28].

2.6 OMCs
Porous materials are divided into three classes: 
microporous with a pore size lesser than two nanometres 
(< 2 nm); mesoporous with a pore size of 2-50 nm; 
and macroporous > 50 nm[29]. OMC has been used as a 
support because of well-developed mesopores, thermal 
and chemical stability, high surface area and a conductive 
framework[24]. The OMC has a confining geometry of 
uniform nanometre sized mesopores in the range 2-10 
nm[29]. This favours the formation of an active phase in 

the nanometre scale, which is excellent for catalysis[24]. 
The OMC denoted as CMK-3 has a hexagonal structure. 
It has a large surface area and pore volume because of 
mesoporosity generated after the removal of the silica 
template and microporosity[30]. The structure of OMC 
is affected by the nature of the carbon precursor and the 
conditions applied during the polymerization and the 
pyrolysis steps. It is advantageous to use OMC in catalysis 
because of large pores that facilitate mass transport and 
a very high surface area, allowing catalytic metals to be 
well dispersed[30]. The properties of carbon supports are 
summarised in Table 1. 

Table 1. Summary of structural properties of various carbon supports

Supports Diametera 
(nm)

Apparent 
density (g/cm3) SBET (m2/g) Porosity 

(cm3/g)
Tensile 

strength (GPa)
Thermal conductivityd 

W/(m·K) Ref.

SWCNTs 0.5-2 
(1-1.5) 0.5-1 400-00

Microporous: 
V micro: 0.15-
0.3

45-150 1000-6000e [8]

MWCNTs 5-200
(10-40) 0.02-0.3b 150-450 Mesoporous: 

V meso: 0.5-2 3-30 to 150c 300-3000b [8]

CNFs 10-500
(50-100) 0.3-1.4 10-250 Mesoporous: 

V meso: 0.2-2 3-30 to 150c 800-2000 [8]

OMCs 2-50 1.283 400-1000 Mesoporous: 
0.7-3.8 0.042 10.34-14.50 [31-34]

CSs 2-1000 and 
above 0.16 2-1200 Microporous: 0.0378 1.7-15.9 [35-38]

AC 2-50 and 
above 2.0-2.1 500-2000 Microporous: 

1.2 0.03 2.47, 10 and 30 [31,39-41]

Graphene 15.1 0.2-0.4 2630 Mesoporous: 
1.28 130 5000 [19-21]

a: Typical values are in brackets; b: The lower value is powder; the upper value is for short MWCNTs; c: Defect-
free MWCNTs; d: Axial thermal conductivity at room temperature (25 °C); e: A single rope of SWCNT

2.7 Synthesis of Carbon Supports
The synthesis and application of activated carbons 
have been investigated by different authors[42]. 
The synthesis can be from different carbonaceous 
materials[42]. For instance, the coal, agriculture by-
products or lignocellulosic materials are the two main 
sources for the production of commercially activated 
carbons[43]. Among the applications of AC, it can be 
used as a support after synthesis and to further enhance 
its properties during catalysis, it is modified with 
promoters and treated with acids such as nitric acid to 
introduce nitrogen functional groups on the support.

The synthesis of CSs is like that of CNTs and CNFs. 
The CSs synthesis is performed using arc discharge, 
laser ablation, shock compression and chemical vapour 
deposition[11,44]. In the arc discharge technique, the 

discharge causes negative carbon electrode to sublimate 
at high temperatures and the carbon reconfigured as it 
cools and collected on the cathode in the reactor and 
the CSs are formed[44]. The laser ablation method uses 
a pulsed laser which vaporises a graphite target in a 
high temperature reactor and inert gas is blend into the 
reactor[44]. The carbon nanoparticles develop on the 
cooler surface of the reactor[44]. The shock compression 
method uses fullerenes as carbon source at high 
pressures to make CSs. Moreover, the chemical vapour 
deposition method is also used to synthesize CSs. 
This is where a volatile carbon source is converted 
into a solid non-volatile carbon product[44]. Cheng et 
al.[45] synthesized CSs using biomolecule dopamine 
containing carbon and nitrogen atoms as shown by 
Figure 1. 
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Figure 1. a) Illustration of the formation of nanospheres; b) TEM image of PDA nanospheres; c-e) SEM images of PDA 
nanospheres at molar ratio of ammonia to dopamine hydrochloride: c) 5.3, d) 8.0, e) 10.6. Adapted from ref. [45]

The CNTs are synthesized using laser ablation, chemical 
vapour deposition and arc discharge. In the laser ablation, 
the pulsed laser vaporises a graphite target containing 
a metal catalyst. In this method, the graphite target is 
placed in the furnace at the temperature of about 1200 °C 
in an inert atmosphere. The CNTs are deposited on the 
surface of the reactor as the vaporized carbon condenses. 
In chemical vapour deposition method, decomposition of 
hydrocarbons takes place in the presence of a particular 
transition metal catalyst for example Fe, Co, and Ni. The 
advantage of this method is that it is scalable to produce 
mass production of CNTs and is cheap. In the production 
of CNTs, the hydrocarbon vapour passes from a tubular 
reactor which have a high temperature furnace in the 
presence of a catalyst material at high temperatures of 

600-1200 °C to decompose the hydrocarbons.
The arc discharge method is also used to synthesize 

CNTs. This method is the most common and the easiest. 
During the synthesis, two carbon rods are separated 1 nm 
to 2 mm in a closed environment filled with inert gases 
such as helium and argon at low pressures of 50 mbar and 
700 mbar. Then a direct current of about 50 A to 100 A 
and 20 V are applied and this creates a high temperature 
of about 4000 K discharged between the two electrodes. 
The discharge vaporizes the rod in the anode and forms a 
small rod-shaped deposit on the rod in the cathode. Figure 
2 shows CNTs and CNFs synthesized with chemical 
vapour deposition method. The CNTs are modified with 
promoters and functional groups to enhance activity, 
selectivity, and stability of the catalysts during FTS.

Figure 2. Representation of sp2 carbon materials: a) graphite; b) C60; c) single-walled carbon nanotube; d) multi-walled carbon 
nanotube; e) carbon nanofiber. Adapted from ref. [8]
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The synthesis of graphene using chemical vapour 
deposition has been reported by many researchers. Reina 
reported the synthesis of few layer graphene on Ni films 
using chemical vapour deposition at the atmospheric 
pressure[31,46]. The same group induced precipitation of 
graphene on annealed polycrystalline Ni surface[46]. This 
method was used to produce a large single and bilayer 
graphene sheet where CH4 was pyrolyzed at 1000 
°C. Other researchers reported synthesis of few layers 

graphene using ZnS as a template by chemical vapour 
deposition. The decomposition of CH4 at 700 °C on ZnS 
template and acid treatment to dissolve ZnS to produce 
graphene nanoribbons. The other alternative to produce 
graphene nanoribbons is by exfoliation of graphite. Figure 
3 shows a method used by Lee et al.[47] to synthesize iron 
carbide supported on graphene. This method uses melt 
infiltration sequence of hydrated iron salts and sequential 
thermal treatment under flow of carbon monoxide. 

Figure 3. Synthesis of Fe5C2 on graphene flake catalyst. Adapted from ref. [47]

The synthesis of OMC is done by nano casting 
ordered mesoporous silica or zeolite templates or by 
templating triblock copolymer structure directing 
species[42]. In a typical synthesis of OMC, carbon 
precursor is infiltrated into the pores of ordered silica 
template, polymerized and then pyrolyzed in inert 
atmosphere to produce silica-carbon composite[42]. 
Then silica template is dissolved in HF leaving the 
desired material. The correct choice of silica template 

leads to tuneable pore sizes in the range of nanometers 
to micrometers and produce a three-dimensional 
ordered uniform structure having interconnected voids. 
For example, Liu et al.[48] the synthesized nitrogen 
functionalized mesoporous carbon using hard template 
assisted sol-gel polymerization method using phenol 
and formaldehyde as carbon precursors and melamine 
as nitrogen precursor as depicted by Figure 4. 

Figure 4. Scheme shows synthesize of nitrogen doped mesoporous carbon (NMCs) and iron metal supported on NMCs. 
Adapted from ref. [48]
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The catalytic chemical vapour deposition is used 
to synthesize CNFs, as well as thermal and plasma 
methods are used to synthesize CNFs. In the catalytic 
chemical vapour deposition, the gas phase molecules 
are decomposed at high temperatures and carbon is 
deposited in the presence of transition metal catalysts 
on the substrate and then the growth of the fiber around 
the catalyst particle is realized. The process of catalytic 
chemical vapour deposition involves numerous stages 
such as gas deposition, carbon deposition, fiber growth 
and thickening as well as graphitization. The nanofiber 
diameter depends on the catalyst particle size. The 
catalytic chemical vapour deposition is divided into 
two categories which are fixed catalyst process (batch) 
and floating catalyst process (continuous). Tibbetts 
developed batch process, where they used mixture of 
hydrocarbon (CH4), hydrogen and helium which was 
passed over crystalline aluminium silicate substrate with 
fine iron catalyst particles deposited at 1000 °C. They 
achieved fiber growth with several centimetres. In batch 
process method, the fiber length is controlled by gas 
residence time in the reactor. The continuous process 
method yields carbon fibers in the submicrometer 
diameters and few lengths of 100 µm and the definition 
of carbon nanofibers was derived from this method. 
During synthesis using continuous process method, 
organometallic compounds dissolved in solvent such 
as benzene yield a mixture of ultra-fine catalysts 
particles of 5-25 nm in diameter in hydrocarbon gas 
at temperatures of 1100 °C. The catalysts preparation 
can have a direct influence on the physicochemical 
properties of the catalysts. The FTS catalysts are usually 
prepared using wet impregnation, incipient wetness 
impregnation, coprecipitation and homogeneous 
deposition precipitation. Ghogia et al.[49] has reported on 
the preparation methods of carbon supports. 

2.8 Iron Phases in FTS
The iron-based catalysts in FTS tend to show different 
iron phases under FTS reaction conditions. The iron 
phase changes have been reported by several authors 
to follow this order: Fe oxide (starting catalyst) →Fe 
metallic (reduced catalyst) → Fe carbide (active catalyst)
[50]. The FTS reaction catalysts are in the form of iron 
oxide which are hematite (α-Fe2O3), maghemite (γ-Fe2O3) 
and magnetite (Fe3O4)

[50]. The iron oxides are not active 
in forming hydrocarbons in FTS[51]. As a result of none 

activity of iron oxides, before FTS the iron oxides are 
reduced to metallic iron for example using gases like 
hydrogen or carbon monoxide. When this metallic iron 
is exposed to H2/CO, during FTS reaction, the metallic 
iron reacts to form different iron carbides phases for 
instance, Fe2C and Fe3C

[52]. Other authors can have 
decided to expose iron oxide to FTS reaction conditions 
for example H2/CO. in this case, active iron carbides 
for FTS are formed along with iron oxide reduction to 
metallic iron[52]. During reduction of iron oxide with 
hydrogen temperatures ≥ 350 °C are used together with 
adequate time to reduce FexOy to metallic iron. The most 
stable form of iron carbide (θ-Fe3C) decomposes around 
temperatures of 500-600 °C into metallic iron and carbon 
species. The most observed iron carbide during FTS 
reaction is Hägg carbide (χ-Fe5C2). The carbides are also 
seen as έ-Fe22C, Fe2C, ε-Fe2C, ε-Fe3C. The most observed 
iron carbides under FTS conditions are θ-Fe3C (cementite) 
and Fe7C3 (Eckstörm-Adcock carbide) for further reading 
about iron carbides in Fischer-Tropsch synthesis, work 
by Paalanen and Weckhuysen can be consulted[52].

2.9 Structural and Electronic Properties of Carbon 
Supports
The shape and properties of carbon supports distinguish 
one from another. Table 1 and Figure 5 illustrate the 
properties and different shapes of carbon supports, 
respectively. The graphene, CNTs, and CNFs values for 
surface area, porosity, thermal conductivity and tensile 
strength are theoretical values. The thermal conductivity 
of OMCs, CSs and ACs are the experimental values 
from various studies as from Table 1. The CNTs are 
tubular or cylindrical in shape, which gives a choice of 
depositing catalytic metals on the interior or exterior 
of the tube. The advantage of depositing catalytic 
metals on the interior surfaces is that they are not as 
easily deactivated at a high temperature as the exterior 
of the CNTs. On the other hand, OMCs have ordered 
mesoporous channels. These ordered channels are a 
great advantage when the catalytic metals are located 
on the inside of the channels and, as with CNTs, they 
cannot be deactivated easily at a high temperature. The 
name CSs encompasses the different shapes of this 
support, which are an onion-like shape, microbeads, 
carbon balls and carbon nanospheres. The catalytic 
metals can be located inside CSs and in this case they 
are used as nano reactors. These supports function best 
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when catalytic metals are on the inside, as opposed to the outside.

Figure 5. SEM images of: a) activated carbon[53]; b) carbon nanospheres (NCS-500)[45]; c) purified carbon nanotube[35]. TEM 
images of: d) carbon nanofibers[54]; e) ordered mesoporous carbon (CMK-1)[55]; f) graphene support[56]

The AC has a slit shape, so the location of metals is 
just on the surface. The CNF fibers are in a herringbone 
arrangement, or a platelet or ribbon shape (Figure 5). 
They also have catalytic metals on the surface of the 
fibers. the shape of graphene is sheet-like, so the catalytic 
metals are also found on the surface. These three supports, 
because of the location of the catalytic metal on the 
surface, can easily be deactivated at a high temperature. 

It is not only the location of catalytic metals on the 
supports, which is crucial. Maximum surface area is 
also needed for catalysis. Surface area is important 
for maximum dispersion of catalytic metals to avoid 
agglomeration into larger particles that are deactivated 
quickly during the reaction. Looking at these carbon 
supports, graphene, AC and OMCs have larger surface 
areas than the other supports as illustrated in Table 
1. It can be advantageous to use these supports where 
a larger surface area is required, but at moderate 
temperatures. The CNTs, CNFs and CSs have a 
minimum surface area as indicated in Table 1. Where 
a larger surface area is not a major priority for the 
catalysts, these supports can be used, and they have the 
advantage of the confinement effect.

The location of catalytic metals is dependent on the 
porosity of a support. The porosity of the support is 
crucial for its application. The same reactants can be 
used in a reaction but if the porosity of the support is 
changed, for instance, from microporous to mesoporous, 
different products will be obtained. The porosity of 
carbon supports is important for their application. 

Table 1 shows that supports like AC and SWCNTs 
have micropores, which means they can be selective to 
certain products during the reaction, in comparison, the 
MWCNTs, OMCs and CNFs have mesopores.

CNFs have high mechanical strength and thermal 
conductivity. Among carbon supports, graphene is 
the most ordered followed by CNTs, CNFs, CSs, 
ACs and OMCs. This is because most of these carbon 
supports are made from graphene sheets. CNTs are 
graphene sheets rolled in a tubular form, and CSs are 
just graphene sheets in a spherical form. The high 
thermal conductivity and mechanical strength can 
prevent hot spot formation and catalyst decomposition, 
resulting in improved catalyst stability. The CNTs are 
tubular, and OMCs have channels, which means they 
can confine catalytic metals, while CSs are spherical. 
This means that they can be used as nanoreactors. The 
AC, graphene and OMCs have larger surface areas, 
which is good for the maximum dispersion of catalytic 
metals. The porosity of the support is important as it is 
selective to specific products. 

The supported iron catalysts have gained interest 
due to their low rate of deactivation as compared to the 
unsupported iron catalysts[57]. The conventional supports 
such as titania, silica and alumina are known to have 
strong metal-support interaction which is unfavourable 
because the active species (iron carbide) are hindered by 
the support. To counteract this problem of strong metal-
support interaction, carbon materials were introduced as 
supports in FTS. The carbon supports have high surface 
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area for metal dispersion, thermal and mechanical 
stability, and their surface properties are easily tailored 
and have weak metal-carbon interaction[57]. The weak 
metal-carbon interactions result in a facile reduction 
and formation of iron carbides phases. Moreover, 
carbon materials can be used both in acidic and basic 
solutions. The carbon materials have versatile surface 
chemistry which makes it easy to add functional 
groups on their surfaces and to vary their density by 
activation and post-treatments[2]. The carbon supports 
have oxygen containing groups on their surface which 
allows the tuning of support acidity, and this could affect 
the interaction between the support and iron species. 
The porous texture of carbon supports could lead to 
encapsulation of iron species inside of carbon support[2]. 
The confinement of iron inside carbon nanotubes modify 
the redox properties of encapsulated iron oxides and this 
enhances the activity of iron catalysts in FTS[58]. 

Carbon nanofibers are based on ordered parallel 
graphene layers arranged in a specific conformation. 
Carbon nanofibers are less prone to coke formation as 
compared with inorganic supports and in the case of 
deactivation it could be easy to recover active phase[59]. 
Carbon nanofibers have more defects in their structure 
which leads to high porosity as compared with carbon 
nanotubes[59]. Activated carbons have advantages such 
as resistance to acidic and basic media, stable at high 
temperatures in inert or reducing atmosphere, wide range 
of pore structures but the activated carbons have micro-
porous structure which causes transport limitations 
to occur in the reaction[60]. On the other hand, carbon 
nanotubes have meso-porous structure which prevents 
the transport limitations which is observed in activated 
carbons. Graphene is a single layer material with unique 
electronic, thermal and mechanical properties and it has 
large specific surface area as well as high adsorption 
capacity. The moderate interaction of carbon supports, 
and iron can render high degree of reduction and 
carburization. The nanosheets like structure of graphene 
facilitates fast desorption of reaction intermediates[61]. 

Carbon spheres have curly graphitic flakes with sp2 
hybridization. Carbon spheres are considered as model 
supports because of nonporous and inert properties[62]. 
Porous supports such as mesoporous carbon are 
important for uniform active phase dispersion and to 
prevent severe agglomeration of active phase. Porous 
materials are good candidate for FTS because of high 

chemical stability and good thermal conductivity and 
weak metal-carbon interaction[63]. Porous carbons have 
enough contact time with active phase which facilitates 
the formation of iron carbides which is active phase 
in FTS hence high activities[36]. Carbon have a great 
advantage as outstanding reducing agent which can 
enable metal oxides to be reduced to metallic phases in 
the inert atmosphere what is termed as autoreduction[64]. 
The unique intrinsic properties and multifunctionality 
of metal/carbon have been shown to have important 
role in the formation of special products for FTS[65]. 
The carbon supports structural and electronic properties 
are linked to function in FTS for iron-based catalysts, 
as discussed in section 3.

3. How Structure Fits Function in FTS
Carbon in different forms and shapes has been applied 
as a support in FTS[66,67]. The performance of the 
various iron-carbon supported catalysts is strongly 
dependent on the structural properties of the carbon 
support used. Some of these carbon supports are 
derived from graphene, so they inherit high thermal 
and electrical conductivity from graphene sheets. This 
is important for removing excess heat from highly 
exothermic FTS reactions. The mechanical strength is 
almost the same as that of graphene. For this reason, 
they are very stable at high temperatures and under 
harsh reaction conditions. The structural properties that 
this review deals with are metal-support interaction, the 
confinement effect of CNTs and OMC, the degree of 
graphitization of graphene, surface area and porosity, 
as well as iron carbon-supported catalyst modification 
in FTS. The structural properties and modification of 
iron-based catalysts with functional groups, promoters, 
heat treatments and the impact on activity, selectivity 
and stability are reviewed in the following section.

3.1 Metal-support Interaction in FTS
Metal-support interaction is one of the significant 
factors that affect the FTS reaction in terms of activity, 
selectivity and catalyst stability[68]. Earlier works have 
shown that where silica, titania and alumina have been 
used as supports in FTS, they exhibit a strong metal-
support interaction[20,68]. The strong metal-support 
interaction in these supports is seen with high reduction 
temperatures, which stem from mixed oxides. On the 
other hand, researchers have taken advantage of the 
weak metal-support interaction of carbon materials[20,68]. 
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For example, in the study conducted by Karimi et 
al.[39], their supports which were graphene and carbon 
nanotubes for cobalt had a methane selectivity of 
8.2% and 12.5% respectively. On the other hand, the 
study conducted by Abrokwah et al.[69], using 12% 
Ru/TiO2 had a methane selectivity of 90% at 150 °C, 
as temperature was raised to 220 °C the methane 
selectivity decreased to 49%.

The carbon-based supports can lead to more olefin 
selectivity. The iron-based catalysts deposited on 
carbon based supports have been widely used for CO2 
hydrogenation due to its unique properties in hydrogen 
adsorption and spillover[70]. The catalyst prepared on 
carbon-based supports have influence on electronic 
properties. Carbon nanotubes are different from other 
carbon supports. Carbon nanotubes are graphene layers 
with tubular morphology. Some theoretical studies 
have revealed that deviation of graphene layers from 
planarity causes π- electron density to shift from the 
concave inner surface to the convex outer surface 
leading to an electron deficient interior surface and an 
electron enriched exterior surface[32]. This phenomenon 
can influence the structure and electronic properties 
of substances in contact with either surface[58]. Carbon 
based catalysts have advantage in terms of heat transfer 
of the reaction, for instance, large contact surface in 
nanosheets of graphene improve activity during FTS 
by providing a large surface density for reactants and 
decreasing mass transfer limitations[39].

 The support that is required in FTS should have 
large surface area for metal dispersion, thermally 
and mechanically stable as FTS is performed at high 
temperatures for example at 220 °C and 20 bars so 
stability helps in terms of deactivation of the catalyst. The 
carbon supports are suitable for FTS reaction because 
are thermally stable, they are inert which makes easier 
to study the effect of other parameter on FTS such as 
particle size effect on activity and selectivity. In addition, 
carbon supports do not form mixed oxides as compared 
with conventional supports such as silicon oxide and 
titanium oxide. These mixed oxides make it difficult to 
reduce either cobalt or iron on the surface of conventional 
supports because of strong metal-support interaction.

3.1.1 Case studies in metal-support interaction
The metal-support interaction is affected by the nature 
of the support, the metal loaded and promoters[71]. Ma 

et al.[71] studied metal-support interaction on activated 
carbon using iron (Fe/AC) using a catalyst promoted 
with copper and potassium. They found that the 
addition of copper promotes the reduction of iron oxide 
to iron (FeO to Fe)[71]. In another study, Oschatz et 
al.[72] also studied the effect of sulphur and sodium as 
promoters for iron catalysts in relation to metal-support 
interaction[72]. They found that 15wt% and 30wt% 
sodium led to complete deactivation of the catalyst. 
This is because the high percentages of promoters 
block active sites and migration of the active phase on 
the surface of the support because of very weak metal-
support interaction[72]. Kangvansura et al.[66] used Fe/
NCNT promoted with potassium (K) and manganese 
(Mn). The unpromoted catalyst produced methane, 
compared to the K-promoted catalyst K/Fe/NCNT. The 
large production of methane was associated with strong 
metal-support interaction in unpromoted catalysts 
compared to the K-promoted catalysts that provided 
active iron for carbide formation, which is known to be 
highly active in FTS[66].

In another work, Ni et al.[73] used graphitic carbon (GC) 
to fabricate the Fe@SiO2-GC core shell nanoparticles. 
The study results indicated strong interaction of 
dispersed FeO with Si-OH groups from SiO2, as shown 
by the high reduction temperature of 522 °C. The 
reduction peak for FeO to Fe  in one of the catalysts, 
Fe@SiO2-GC-1, was 382 °C because of graphitic carbon 
modification that had weakened the interaction between 
FeO-SiO2 and also decreased Fe and Si-OH interaction, 
which in turn promoted the reduction of FeO to Fe[73]. 
Table 2 summarizes the reduction temperatures from 
different studies. The reduction temperatures on the 
supports are strongly linked to metal-support interaction. 
For example, the higher the temperature the stronger the 
metal interaction with the support.

Table 2. Various carbon supports and the reduction 
temperature, as per various authors

Support Reduction temperature (°C) Ref.
Fe3O4 to FeO FeO to Fe

Graphene - 382 [73]
CNTs 411 567 [58]
CNFs 688 783 [59]
CSs 331 501 [40]
ACs 410 470 [4]

OMCs 360 603 [48]
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The metal-support interaction is affected by 
certain factors such as the preparation method for the 
catalyst and the functionalization of the support with 
functional groups such as nitrogen and oxygen. These 
can introduce defects in the support which affect 
the formation of iron carbide by either increasing or 
decreasing the reduction temperature. The promoters 
also affect the metal-support interaction, which also 
affects the formation of iron carbide during reduction.

Wei et al.[41] used thermal pre-treatment in argon 
to reduce the strong interaction between graphene 
oxide and iron oxide. They found that the reduction 
peak for the catalyst Fe/GO-500 was shifted to lower 
temperatures, confirming weak interaction between GO 
and iron oxide[41]. The same group of Wei et al.[74] went 
further to study the interaction of graphene oxide with 
iron oxide using the hydrothermal method with three 
different iron precursors: ferrous acetate Fe2(C2H3O2)2 
denoted as Fe/G-A; ferric oxalate Fe2(C2O4)3 denoted 
as Fe/G-C; ferric nitrate Fe(NO3)3 denoted as Fe/G-N. 
The catalyst Fe/G-C had a weaker Fe-GO interaction, 
which promoted reduction and carburization. 

Xiong et al.[75] used iron supported on CSs in FTS. 
They prepared iron supported on functionalized 
CSs using impregnation and incipient wetness 
impregnation. They observed that the addition of K as 
a promoter decreased catalytic activity, but increased 
olefin selectivity. They found that the addition of Cu 
improved iron reduction and suppressed gasification 
on CSs support. The good performance of the catalysts 
was attributed to reduced metal-support interaction 
compared to oxide supports[75].

The carbon materials have weak metal-support 
interaction with catalytic metals. The large percentages 
of promoters affect metal-support interaction negatively 
as iron particles bond strongly to the support, which 
reduces the number of active sites. The graphitic 
carbon can also be used as a modification to tune 
metal-support interaction.

3.2 Effect of Particle Size in FTS
The effect of particle size of cobalt or iron on FTS 
have been studied by several author[54,76]. Furthermore, 
Bezemer et al.[77] performed a study to determine the 
effect of cobalt particle size on the activity on Fischer-
Tropsch synthesis and carbon nanofiber was used as a 
support. In this study cobalt particle size in the range of 

2.6-27 nm were used to correlate their effect on activity 
and selectivity. They found that as cobalt particle size 
decreased from 16 nm to 2.6 nm, the  selectivity also 
decreased from 85% to 51%[77]. In addition, Hirsa et 
al.[54] studied iron particle size effect on the production 
of lower olefins from synthesis gas. The study was on 
the effect of iron carbide particle size on promoted and 
unpromoted catalyst supported on carbon nanofibers. 
They performed FTS at reaction conditions of 340-350 
°C, H2/CO = 1 and pressure of 1 and 20 bars. They found 
that the initial activity of unpromoted catalysts at 1 bar 
increased 6-8 folds when particle size of iron carbide 
decreased from 7 nm to 2 nm and the selectivity of lower 
olefins as well as methane were not affected[54]. On the 
other hand, as particle size decrease from 7 nm to 2 nm 
for catalysts promoted with Na and S at 20 bars, they 
noticed a 2-fold increase on TOF based on the initial 
activity and this was caused by a higher yield of methane 
for the smallest particle size[54]. The effect of particle size 
in FTS is of paramount importance, in other studies like 
the one conducted by Bezemer et al.[77] as cobalt particle 
size decrease from 16 nm to 2.6 nm  selectivity also 
decreased while on the study conducted by Hirsa et al.[54] 
as iron carbide particle size decreased from 7 nm to 2 
nm, they have seen an increase of 6-8 folds of lower 
olefins. Therefore, there is still some controversy on the 
effect of particle size on FTS hence more studies are still 
required on this issue.

3.3 Confinement Effect in FTS
Among the carbon supports used in FTS (graphene, 
CNTs, CNFs, CSs, AC, CNFs and OMCs), only 
CNTs and OMCs have a confining ability due to the 
structure[33]. CNTs are tubular, allowing the catalytic 
metals to be deposited on the inside or outside of 
the tube. The deposition of catalytic metals on the 
inside of CNTs provides enough contact time between 
the catalysts and the reactants (syngas), resulting in 
improved activity and selectivity[33]. In addition, when 
catalytic metals are located on the inside of CNTs they 
are not easily deactivated compared to when they are 
located outside the CNTs[33].

3.3.1 Confinement effect of CNTs in FTS
Carbon nanotubes have unique properties such as 
uniform pore size distribution, meso and macro pore 
structure, inert surface properties and resistance to 
acid[33]. Carbon nanotubes are tubular in shape therefore 
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this can allow catalytic species to be deposited on the 
inside or outside of carbon nanotube, when the catalytic 
species are on the inside of carbon nanotubes it is 
termed as confinement effect[58]. The confinement effect 
is important by allowing the reactant to have longer 
contact time with catalytic species and it is also useful 
in improving the stability of the catalyst by preventing 
easy migration of catalytic species[33].

Researchers have studied the impact of the 
confinement effect using CNTs as a support for iron-
based catalysts[34]. Chen et al.[34] studied how the 
confinement of the catalytically active components 
within CNTs affect the catalytic performance in FTS. 
They found that the reducibility of the confined catalyst 
was remarkably improved in either H2 or CO[34]. They 
observed a substantial increase in the yield of  
hydrocarbons with confined iron, which was twice that 
of the iron on the outside of CNTs[34]. This is because 
trapping the intermediates inside CNT channels 
prolongs the contact time with the iron catalyst, which 
favours the growth of longer chain hydrocarbons[33]. 
Casavola et al.[37] used iron as a catalyst. The catalyst 
Fe/CNT-T-350 catalyst had 59% selectivity towards 
C2-C4 olefins. The good performance of the catalyst 
in terms of stability was attributed to the ability of 

CNTs support to confine iron nanoparticles inside the 
tubes[33,38]. Lama et al.[21] reported synthesis of Fe/
NCNTs and used sodium and sulphur as promoters. 
The catalyst was stable during time on stream because 
of the confinement effect of CNTs[68,78]. 

Other researchers embedded iron carbide into hollow 
CSs to improve the stability at a high temperature[79]. 
The TEM images showed that the catalyst possesses a 
well-defined hollow sphere morphology with embedded 
Fe particles. They reported improved selectivity of 
C2-C4 olefins and  hydrocarbons. This was because 
of the hollow structure of CSs ,which allowed good 
dispersion, robustness and resistance to sintering[79]. 

Abbaslou et al.[58] developed a method to manipulate 
the catalytic site positions on the interior or exterior 
surface of the CNTs. The catalysts used were denoted in-
Fe/CNT and out-Fe/CNT to distinguish their position on 
the CNT. The results from TEM confirmed that 70%-80% 
of the iron oxide particles were controlled to be deposited 
on the interior of CNTs. Both catalysts in-Fe/CNT and 
out-Fe/CNT had a CO conversion of approximately 
90% (Figure 6). The out-Fe/CNT catalyst experienced 
deactivation within a period of 125 h on stream because of 
sintering due to lack of the confinement effect compared 
to the in-Fe/CNT catalyst[58]. 

Figure 6. Change in % CO conversion with time on-stream for in-Fe/CNT and out-Fe/CNT catalysts. (Process conditions: 2 Sl/
g-cat/h, P = 2 MPa, H2/CO = 2, T = 270 °C, TOS of 125 h). Reproduced with permission from ref. [58]

3.3.2 Surface reaction on CNTs
The reaction on CNTs can take place on the interior 
or exterior of the CNTs. The immobilization of metals 
on the exterior and interior surfaces of CNTs have an 

impact on the FTS in terms of selectivity and activity. 
Other researchers have compared the activity and 
selectivity on CNTs interior and exterior surfaces. Chen 
et al.[34] compared the interior and exterior of CNTs 
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and AC in terms of activity and selectivity in FTS. 
They prepared three catalysts, denoted Fe-in-CNT, 

Fe-out-CNT and Fe/AC. The results of the study are 
summarized in Table 3.

Table 3. Catalyst location in the support and their performance in FTS[78]

Carbon support Performance Hydrocarbon (selectivity %)
Catalysts CO conversion (%) Yield (g /Kgcat.h) CO2 selectivity (%) CH4 C2-C4

Fe-in-CNTs 40 440 18 12 41 29
Fe-out-CNTs 29 210 12 15 54 19

Fe/AC 17 61 5 15 71 9

Yang et al.[80] prepared FeN nanoparticles supported 
on CNTs for FTS. The catalysts used were denoted 
FxN-in-500 and FxN-out-500. These catalysts were 
nitridated at 500 °C, and it was found that the confined 
FeN was more active than the FeN on the outside of 
CNTs. The FxN-in-500 catalyst had 22.9% selectivity 
for  compared to the FxN-out-500 catalyst that 
had 20.9%. Xiong et al.[57] prepared an iron catalyst 
supported on nitrogen-doped CNTs. The purified CNTs 
had a surface area of 91 m2/g and pore volume of 0.34 
cm3/g, while the N-CNT-700 catalyst had a surface area 
of 85 m2/g and a pore volume of 0.30 cm3/g. The Fe/
CNT-m catalyst had a C1 selectivity of 30% and the Fe/
N-CNT-m catalyst had a C1 selectivity of 63.5%.

3.3.3 Confinement effect of OMCs in FTS
The inorganic substrates give catalysts stability by 
preventing particle growth and mechanical breakdown[81]. 
Moreover, the chemical properties, pore size, pore 
geometry and pore connectivity have a significant impact 
on the size and dispersion of catalytic metals[27]. Ordered 
mesoporous substrates come in different varieties 
such as ordered mesoporous silica (SBA-15), ordered 
mesoporous carbon (CMK-3) and ordered mesoporous 
silicon carbide (OM-SiC)[64,82]. Ordered mesoporous 
substrates are important because of their long-range 
ordered pore structure with a high geometry and narrow 
pore size distribution[36]. In addition, the stability of 
catalysts is increased by the encapsulation nature of 
ordered mesopores system compared to support with 
large and disordered mesopores[36]. 

The confining ability of OMC during FTS has been 
demonstrated by other researchers[48,82]. Oschatz et al.[83] 
used CMK-3 with different nitrogen functional groups 
as support for Fe based catalysts and sodium and 
sulphur as promoters in FTO. The oxygen functional 
groups were found to bind strongly to the confined 
Fe particles during calcination and this blocked iron 

active sites. The promoters gave 3 to 5 times higher 
activity[83]. CMK-3 confined the Fe nanoparticles, but 
did not prevent particle growth, which led to a decrease 
in catalytic activity under FTO conditions[83,84]. In 
addition, the effect of SBA-15, CMK-3 and OM-SiC 
and that of sodium and sulphur promoters was studied 
by Oschatz et al.[85] using FTO as a model reaction. 
They ascribed excellent stability and selectivity of 
CMK-3 to the confining channels of CMK-3[65,85].

Sun et al.[29] synthesized CMK-3 support with 
uniform metal containing nanoparticles using a 
chelate assisted multicomponent co-assembly method. 
The TEM images of the results showed that the 
nanocomposite of the Fe-C-z samples had a stripe-
like, hexagonally arranged pore morphology, which is 
associated with an ordered mesostructure with a two-
dimensional pore symmetry. The catalyst Fe-C-8 had 

 selectivity of 68% and CH4 selectivity of 8.2%[29]. 
They took advantage of the semi-exposed structure 
of CMK-3 where iron nanoparticles were partially 
embedded in the carbon framework and the remaining 
part exposed in the mesopore channels[29]. This unique 
structure provided excellent confinement and also 
exposed catalytic sites for catalysis[29].

The confinement effect of CNTs and OMC supports 
is important in the stability of iron-based catalysts at a 
high temperature. Iron nanoparticles on the outside of 
the tubes of CNTs and out of the channels of OMC are 
likely to be deactivated. In some cases, the confinement 
effect of CMK-3 did not prevent particle growth, which 
led to lower activity.

3.4 Graphene Graphitisation in FTS
An important property of graphene is that it can be 
graphitized compared to other carbon supports due to 
its sheet like shape[47,73,86]. It is easy to orientate fibers in 
graphene in the same direction compared to AC, CNTs, 
CNFs, OMC or CSs. Graphene can undergo different 
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kinds of defects that can change its structure and 
physicochemical properties[87]. The defects can change 
the topology or curvature of graphene[87]. In addition, 
the defects on graphene change its chemical activity[87]. 
Promoters increase defects on graphene, which 
modify its surface chemistry[56]. Raman spectroscopy 
is used to determine the defects on carbon materials 
such as graphene. The G band originates from sp2 
hybridized carbon atoms and the D band arises from 
structural disorder due to defects on graphene[56]. The 
ratio of D band to G band (ID/IG) is a measure of the 
disorder in carbon materials that is linked to the degree 
of graphitization. The degree of graphitization of 
graphene depends on the degree to which the fibers that 
make up the graphene layers are aligned. The thermal 
and electrical conductivity of graphene depends on 
the degree of graphitization, which in turn affects the 
performance of the graphene support in applications 
such as in FTS.

The ratio of the D and G bands has been used by 
some researchers to investigate the defects in their 
prepared catalysts[56]. Cheng et al.[56] fabricated a 3D 
honeycomb like structured graphene (HSG) supported 
potassium promoted magnesium ferrite catalyst for 
FTS. The HSG showed Raman peaks at 1346 cm-1 
for D band and at 1584 cm-1 for G band. The ratio 
of ID/IG was 1.08, which indicates that HSG was 
highly defective. Cheng et al.[88] studied the effect of 
potassium in reduced graphene oxide supported iron 
catalysts for FTO. The catalysts FeK2/rGO and Fe/rGO 
showed bands at 1345 cm-1 for the D band and 1585 
cm-1 for the G band. The ID/IG ratio of both catalysts, 
Fe/rGO and FeK2/rGO, was found to be 1.26. This 
study correlated well with the previous study performed 
by the same group[56] in terms of the importance of 
defects on graphene. The defects acted as nucleation 
sites to anchor the active phase.

In another study, Tian et al.[89] synthesized an 
iron carbide catalyst encapsulated in graphene by 
pyrolysis of an iron glucose precursor. The catalyst 
was promoted with potassium (0wt% 5wt%). The 
Raman spectroscopy of the catalyst 2wt% K-Fe3C@C 
showed a peak at 1350 cm-1 for D band and a peak at 
1580 cm-1 for G band. The ID/IG ratio of catalyst 2wt% 
K-Fe3C@C was 0.99, which indicated that the catalyst 
was well graphitized. The addition of potassium 
increased defects on graphene layers and facilitated 

the formation of iron carbides[89]. These results are 
in agreement with the study carried out by Moussa 
et al.[90], who synthesized a catalyst promoted with 
potassium. The authors explained the high activity and 
selectivity of the catalyst as being a result of defects 
within the graphene lattice, which acted as nucleation 
sites to anchor the iron nanoparticles[39,47]. 

Graphene is  a  s ingle layer  material ,  which 
possesses unique optical, electronic, thermal as well 
as mechanical strength properties[39]. In another 
study, the group of Karimi et al.[39] performed a study 
where they were comparing the activity of 15wt% 
cobalt prepared with wet impregnation supported 
on graphene as well as in carbon nanotubes. It is 
well known that mass transfer limitations and cobalt 
dispersion play a crucial role in the rate of catalytic 
reaction and in the rate of conversion as well as 
product formation[39]. Cobalt supported on graphene 
was found to have particle size of 4.3 nm as compared 
with on carbon nanotube with particle size of 4.8 nm. 
The two catalysts had percentage reduction of 72% 
and 64% respectively. The average cobalt particle size 
decreases on graphene due to high surface area and 
lower degree of agglomeration[39]. Besides particle 
size, different supports have different internal mass 
transfer limitations based on their structures. Graphene 
based catalysts are highly active, very stable in harsh 
conditions (for instance, in high temperatures because 
of thermal and mechanical properties.) The structure of 
graphene is unique as it is nanosheets and almost has 
no limitations of internal mass transfer for the reaction 
hence excellent FTS results are obtained. In addition, 
the large contact surface in nanosheets of graphene 
also improve the activity during FTS by providing a 
large surface density for reactants and decreasing mass 
transfer limitations[39]. In the case of carbon nanotubes, 
it has been found that the deposition of cobalt 
nanoparticles on the outer of CNTs facilitates reactants 
diffusion but there are mass transfer limitations in the 
inner surface[39]. At the reaction conditions of 220 °C, 
1.8 Mpa, H2/CO = 2 and 0.6 g catalysts, Co/graphene 
had 88.75% of  and Co/CNTs had 84.16% of  and 
CH4 was found to be 8.2% and 12.5% respectively[39].

In summary, the defects on graphene act as 
nucleation sites that facilitate anchoring of iron 
nanoparticles; this prevents migration of iron 
nanoparticles from the graphene support, resulting 
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in high stability of graphene-based catalysts with 
excellent activity and selectivity. Graphene has no 
internal mass transfer limitations during reaction, and 
this enhances selectivity and activity in FTS.

3.5 Interrelationship of Catalysts Properties in FTS
The performance of the catalyst in FTS is influenced 
by several factors such as particle size, structural and 
electronic properties, surface area and porosity[16,91]. The 
catalyst can have large surface area for metal dispersion 
and large volume for accommodating large amounts 
of metal loadings. If the active species poorly interact 
with the support, the migration of active species will 
be seen regardless of large surface area and porosity or 
if metal-support interaction is strong the active phase 
will be hindered from catalysis which leads to poor 
activities and selectivities in FTS. Therefore, the well-
designed catalyst should have large surface area, large 
pore volume and excellent structural and electronic 
properties as these factors are highly interwoven for 
good performance of the catalyst in FTS.

Table 4 summarises the information regarding the 
types of carbon supports, the preparation methods, the 
reaction conditions, the BET surface properties and 
the products obtained during FTS using iron as the 
active phase. As can be seen in Table 4 (entries 2 and 

5), the AC support has a larger surface area (1170 m2/
g) than other supports, such as CSs (entries 6 and 7), 
CNTs (entries 15 and 16), OMCs (entries 11 and 12) 
and the graphene support (entry 10). The pore volume 
of the OMCs (entry 11) is the largest with 0.86 cm3/
g compared to the other entries. These studies support 
the statements made in section 2 where the structural 
properties of different carbon supports were discussed. 
Looking at the FTS performance of these supports, the 
CO conversion ranges from 24% (entry 7) for CSs to 
98% (entry 5) from AC support. The AC support has 
the largest CO conversion (%) and the largest surface 
area. Using  product as an example from the entries 
discussed, the  selectivity ranges from 53.7% from 
AC (entry 1) to 80% from CSs (entry 7). The  
selectivity did not depend on a large surface area, as 
CSs with a surface area of 411 m2/g had the highest  
selectivity. This shows that the structural and electronic 
properties of the support are very crucial. carbon 
spheres are made from curly graphene layers so they 
can be very stable at high temperatures as compared 
with activated carbons because of high thermal 
conductivity and mechanical strength as well as CSs 
act as nanoreactors during the FTS reaction which 
prevented migration of active species.

Table 4. Summary - carbon supports, preparation, reaction conditions, catalysts properties and FTS results, as per various authors

Entry Catalyst Preparation 
method Conditions Reactor

Surface 
area 

(m2/g)

Ore 
volume 
(cm3/g)

Ore size 
distribution 

(nm)

Particle 
size (nm) Results Ref.

1 Fe/AC IWI

Temp = 300 
°C
P = 20 bar
H2/CO = 2.1 
GHSV = 16 
Lh-1g-1

Fixed bed 558 0.4 -- --

XCO = 64.0%
iron time yield 
= 88.4

 = 53.7%
-  = 21.2%

-  = 17.3%
O/P = 1.2, CH4 
= 7.8%
CO2 = 34.1%

[2]

2 Fe/CQ IWI

Temperature 
= 240 °C
Pressure = 
20 bar
CO/H2 = 1:1
GHSV = 16 
NL g-1h-1

Stainless 
steel fixed 

bed
255 0.735 -- 3±0.1

XCO = 14%
 = 74%

C2-C4 = 18%
CH4 = 4%
CO2 = 4%
α = 0.742

[92]

3 FeK/CQ IWI As above As above 230 0.75 -- 7±0.2

XCO = 18.8%
 = 78.1%

C2-C4 = 12%
CH4 = 4%
α = 0.763

[92]
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Continuation Table

Entry Catalyst Preparation 
method Conditions Reactor

Surface 
area 

(m2/g)

Ore 
volume 
(cm3/g)

Ore size 
distribution 

(nm)

Particle 
size (nm) Results Ref.

4 K/Fe/CQ IWI As above As above 240 0.78 -- 5.3±0.1

XCO = 11.1%
 = 93%

C2-C4 = 1.7%
CH4 = 2.2%
α = 0.840

[92]

5 Fe-Cu-
Mn/AC

Co-
precipitation

Temperature 
= 300 °C
Pressure = 
20 bar
H2/CO = 4
GHSV= 2.0 
ghmol-1

Fixed bed 1170 -- -- --

XCO = 98%
Yield = 34%
C2-C6 = 42%
STY = 232 mg 
gh-1

[53]

6 10Fe/CS As above As above As above 402 0.22 2.8 12.9

XCO = 25%
 = 70%

C1 = 18%
C2-C4 = 12%
CO2 = 9%

[40]

7 5Fe-5Co/
CS

Deposition 
co-

precipitation
As above As above 411 0.24 2.4 14.4

XCO = 24%
 = 80%

C1 = 11%
C2-C4 = 9%

[40]

8 Fe5C2@
C/NPC Solid state

Temperature 
= 340 °C
Pressure = 
15 bar
H2/CO = 1

Fixed bed 
stainless 

steel
400 0.31 -- 17.2

XCO = 96.4%
FTY activity = 
4 .3×10 -4 mol 
g-1s-1

C5-C12 = 33.5%
α = 0.8183

[93]

9 Fe3@C/
NPC As above As above As above 336.4 0.26 -- --

FTY act ivi ty 
= 4.1×10-4 mol 
g-1 s-1

[93]

10 Fe5C2/G IWI

Temperature 
= 340 °C
Pressure = 
15 bar
H2/CO = 1.0
GHSV = 72 
NLg-1h-1

Fixed bed 193 0.25 3-4 14

XCO = 91.8%
FTY act ivi ty 
=  6 . 5 × 1 0 - 4 

molg-1s-1

 =  4 . 4 1  g 
g-1h-1

α = 0.832

[47]

11 40FeK/
SMC IWI

Temperature 
= 260 °C
Pressure = 
10 bar
H2/CO = 1

Fixed bed 356 0.86 9.7 --

XCO = 78.2%
T O F  = 
1.52×10-3s-1

 = 61.0%
C2-C4 = 22.9%
CH4 = 7.8%
CO2 = 47.1%

[36]

12 Fe/
PMC1 IWI

Temperature 
= 513-543 K
Pressure = 
20-30 bar
CO/H2 = 1:1

Slurry 147 0.23 2.4 --

XCO = 40%
C1-C4 = 47.3%
C5-C9 = 35.8%

 = 16.9%

[30]

13 Fe/
PMC2 As above As above As above 34 0.11 1.7 --

XCO = 45%
C1-C2 = 20.8%
C5-C9 = 70.3%

 = 8.9%

[30]
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Continuation Table

Entry Catalyst Preparation 
method Conditions Reactor

Surface 
area 

(m2/g)

Ore 
volume 
(cm3/g)

Ore size 
distribution 

(nm)

Particle 
size (nm) Results Ref.

14 Fe/CNT-
fenton IWI

Temperature 
= 200 °C
Pressure = 
10 bar
H2/CO = 2/1
G H S V  = 
1066 h-1

Fixed bed 186.9 0.65 -- 4.5

XCO = 68%
FTS rate = 0.26 
gHC g-1h-1

 = 62.9%
C2-C4 = 21.6%
CH4 = 12.5%

[94]

15 Fe/CNT IWI

Temperature 
= 270 °C
Pressure = 
20 bar
H2/CO = 1
G H S V  = 
4500 mL/g h

Fixed bed 
stainless 

steel
196 0.53 11.0 --

XCO = 32%
 = 73.0%

C2-C4 = 11.8%
C10-C20 = 32.4%
CH4 = 15.2%
CO2 = 13.4%
Hydrocarbon 
t ime  y ie ld  = 
0.102
α = 0.76

[38]

16 Fe/CNT-
NaU As above As above As above 200 0.39 7.5 --

XCO = 60%
 = 90.8%

C2-C4 = 4.8%
C 1 0 - C 2 0  = 
52.0%
CO2 = 37.7%
CH4 = 4.4%
α =0.89

[38]

17 Fe/CNT Deposition 
precipitation

Temperature 
= 275 °C
Pressure = 8 
bar
CO/H2 = 1:2
G H S V  = 
2400 h-1

Fixed bed 
microreactor 123 0.28 -- 5-11

XCO = 46.4%
metal time yield 
= 35.8

 = 57.4%
C1 = 29.1%
C2-C4 = 13.5%
CO2 = 9.36%
O/O+P = 0.023
α = 0.53

[95]

18 Fe-24 /
NaCNT As above As above As above 85 -- -- --

XCO = 71%
metal time yield 
= 61.2

 = 71.8%
C1 = 6.0%
C2-C4 = 21.6%
CO2 = 14.24%
O/O+P = 0.78
α = 0.74

[95]

19 Fe-3Li/
CNT As above As above As above 106 0.31 -- 7-13

XCO = 62.2%
metal time yield 
= 54.8

=52.2%
C1 = 30.2%, C2-
C4 = 17.6%
CO2 = 10.31%
O/O+P = N/A
α = 0.52

[95]
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Continuation Table

Entry Catalyst Preparation 
method Conditions Reactor

Surface 
area 

(m2/g)

Ore 
volume 
(cm3/g)

Ore size 
distribution 

(nm)

Particle 
size (nm) Results Ref.

20 Fe-3K/
CNT As above As above As above 89 0.30 -- 8-12

XCO = 38.4%
metal time yield 
= 28.8%

 = 56.6%
C1 = 13.6%
C2-C4 = 29.9%
CO2 = 8.52%, 
O/O+P = 0.39
α = 0.68

[95]

21 Fe/CNT-
in IWI

Temperature 
= 350 °C
Pressure = 1 
bar
H2/CO = 1:1
GHSV = 3.4 
L/g.h
TOS = 10 h

Fixed bed 192.9 0.52 -- 4.9

XCO = 8.6%
FTY act ivi ty 
= 1.5×10-5 mol 
g-1 s-1

 = 16.0%
-  = 11.7%

-  = 40.4%

CH4 = 31.9%
CO2 = 29.2%
P/O = 3.45

[33]

22 FeBi/
CNT-in As above As above As above 183.3 0.52 -- 5.1

XCO = 25.6%
FTY activity = 
4.7×10-5 mol g-1 
s-1

 = 4.6%
-  = 6.5%

-  = 62.4%

CO2 = 37.3%
CH4 = 27.0%
P/O = 9.60

[33]

23 FePb/
CNT-in As above As above As above 187.8 0.50 -- 5.3

XCO = 35.9%
FTY activity = 
6.6×10-5 mol g-1 
s-1

 = 7.6%
-  = 58.9%
-  = 7.4%

CH4 = 26.1%
CO2 = 39.9%
P/O = 7.96

[33]

--: Not found; IWI: Incipient wetness impregnation; CVD: Chemical vapour deposition; GHSV: Gas hourly space velocity; α: 
Alpha value; TOF: Turnover frequency; XCO: Carbon monoxide conversion

4.  Iron Carbon-Supported catalysts 
modification in FTS
Carbon supports are known to be inert on their surfaces. 
Carbon supports have been used in FTS without any 
functionalization or promoters. Some researchers 
have seen low selectivities on inert carbon supports 
as compared with modified carbon supports[88,96]. 
For example, in entry 6 Table 5, Fe/CNT had lower 

selectivity towards  of 59.0% as compared with entry 
7 Table 5, Fe/CNT-Na where carbon nanotube support 
has been made chemically active with promoter sodium 
which showed a high selectivity of  of 88.5%. To 
tune this property of inertness functionalization or 
promoters are used. These modifications make the 
surface of carbon supports to be chemically active[21]. 
For instance, nitrogen functional groups can act as 
nucleation sites for catalytic species which improves 
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stability and dispersion, and the promoters can alter the electronic properties of the supports[21,96].

Table 5. Iron supported catalysts, reaction conditions and modifications used on the catalysts and FTS performance

Catalyst Reaction conditions Modifications Selectivity (%) Ref.
Functional group Promoter C2-C4

Fe5C2@C/NPC

T = 340 °C
P = 1.5 Mpa
H2/CO = 1
GHSV = 42 NL·g-1·h-1

N - - 33.5 [93]

Fe3C@C

T = 320 °C
P = 20 bar
H2/CO = 1
GHSV = 15000 mlg-1h-1

- - 31.0 - [89]

2K-Fe3C@C As above - K 41.9 - [89]

Fe/rGO
T = 340 °C
P = 20 bar
H2/CO = 1

- - 31 0.3 [88]

FeK2/rGO As above - K 68 6.7 [88]

Fe/CNTs

T = 270 °C
P = 2 Mpa
H2/CO = 1
WHSV = 4500 h-1

- - 6.4 59.0 [98]

Fe/CNTs-Na As above - Na 2.6 88.5 [98]

Fe@CNT

T = 370 °C
P = 15 bar
H2/CO2 = 3:1
8 Sccm

- - 62.5 3.5 [99]

Fe@NCNT As above N - 46.6 0.3 [99]

Na-Fe@NCNT As above N Na 52.5 20.0 [99]

Fe/OCNT

T = 340 °C
P = 25 bar
H2/CO = 1
GHSV = 50 Lg-1h-1

O - 15.4 [20]

Fe/NCNT As above N - 20.4 [20]

9Fe/CNF

T = 340 °C
P = 20 bar
H2/CO = 1
GHSV = 54000 h-1

- Na & S 60 27 [76]

Fe/NCSver T = 275 °C
P = 8 bar N - 26.1 51.6 [100]

Fe-AC

T = 320 °C
P = 2 Mpa
H2/CO = 1
GHSV = 3000 h-1

- - 16.0 37.4 [4]

Fe-10MnK-AC As above - Mn & K 39.4 29.7 [4]

Fe-AC

T = 320 °C
P = 2 Mpa
H2/CO = 0.97
GHSV = 15000 h-1

- - 31.2 16.5 [67]
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Continuation Table
Catalyst Reaction conditions Modifications Selectivity (%) Ref.

Functional group Promoter C2-C4

FeN-AC

T = 320 °C
P = 2 Mpa
H2/CO = 1
GHSV = 15000 h-1

N - 30.8 18.1 [67]

FeN-10MnKAC

T = 320 °C
P = 2 Mpa
H2/CO = 0.46
GHSV = 15000 h-1

N Mn & K 44.7 23.9 [67]

15.7Fe-0.94K/
AC (0Cu)

T = 280 °C
P = 300 psig
H2/CO = 0.68
GHSV = 3 NLg-1

- K 34.9 56.5 [71]

15.7Fe-2Cu-
0.94K/AC (2Cu)

T = 280 °C
P = 300 psig
H2/CO = 0.67
GHSV = 3 NLg-1

- Cu & K 35.2 56.9 [71]

Fe/NMCs

T = 260 °C
P = 1 Mpa
H2/CO = 1
W/F = 5 (g·h/mol)

N - - 67.0 [48]

Supports that have excellent properties are important 
for catalysis. The supports should have large surface 
area, good porosity. They should also have other 
structural properties such as the confinement effect 
in the case of CNTs, a high degree of graphitization 
as in the case of graphene, and moderate metal-
support interaction. These properties are optimized 
for excellent performance of the catalysts in FTS. In 
addition to these carbon supports’ structural properties, 
modifications with functional groups, promoters and 
heat treatments are used to further enhance iron carbon 
supported catalysts’ performance in FTS[96,97]. The 
carbon supports can be functionalized with hetero 
atoms such as oxygen and nitrogen groups[67]. The 
addition of promoters such as alkali metals sodium 
and potassium, as well as other metals such as nickel, 
lanthanium and noble metals such as gold and platinum 
have been used to improve selectivity and activity in 
FTS[97]. Heat treatments have also been used to modify 
the properties of the iron based catalyst in FTS[41].

4.1 Functional Groups Effect in FTS
The effect of functional groups has been studied by 
several researchers in FTS[67,101]. Functional groups 
such as nitrogen and oxygen have been found to 
have an effect on the structure of carbon supports[67]. 
Functionalization with these groups increases the 
number of defects and nitrogen functional group can 
donate electrons (electron donor effect) on the carbon 

supports[38,67]. The defects act as nucleation sites 
in these supports, which helps in the anchoring of 
catalytic metals. The defects also help to improve the 
catalytic metals dispersion on the surface of the carbon 
support. This is excellent for catalysis as many of the 
active sites of the catalysts are exposed[68]. In some 
instances, the functionalized carbon supports tend to 
promote reduction at a lower temperature compared to 
pristine supports[68].

The functionalization effects of iron-based catalysts 
in FTS are summerized in Table 5. For instance, 
looking at Table 5, consider entries 8, 9 and 10, the 
catalysts Fe@CNT pristine, Fe@NCNT with functional 
group nitrogen, and catalyst Na-Fe@NCNT with 
nitrogen functional group as well as sodium promoters. 
The catalyst Fe@CNT had the largest C2-C4 selectivity 
of 62.5%, followed by the catalyst Na-Fe@NCNT with 
selectivity of 52.5% and lastly the catalyst Fe@NCNT 
with 46.6% selectivity. Considering the same products, 
the  selectivity of the catalysts were: Na-Fe@
NCNT with 20.0%; Fe@CNT with 3.5%; Fe@NCNT 
with 0.3%. The pristine catalyst performed well as 
regards C2-C4 selectivity because in some instances the 
functional groups bind strongly to the active sites of the 
catalysts, decreasing the number of sites for catalysis. 
The catalyst Na-Fe@NCNT performed best with 
respect to . This may be because the introduction 
of sodium as a promoter may have interacted with the 
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support and the nitrogen functional group, which may 
in turn have reduced the interaction between nitrogen 
and the support. Nitrogen would then have minimal 
interaction with the iron catalytic metal, resulting 
in a many active sites being exposed for catalysis, 
compared to the catalyst Fe@NCNT.

Researchers  should  be  careful  when us ing 
functional groups as modification. The functional 
groups can bind strongly to the catalytic sites of the 
catalyst leaving only small numbers of active sites 
for catalysis[57]. This phenomenon is observed as 
indicated by lower selectivity and activity in FTS as 
revealed by Table 5.

4.2 Promoter Effect in FTS
Promoters such as alkali, alkaline and noble metals 
have been used by researchers in FTS[53,71,72]. Promoters 
like potassium can also increase the numbers of defects 
on the carbon supports[4,72]. In addition, the promoters 
also facilitate the formation of iron carbides during the 
preparation of the catalysts[4]. The promoters enrich 
the surface of the catalyst with electrons, which makes 
it hard for hydrogen to hydrogenate the unsaturated 
intermediates[66,89]. Promoters such as potassium 
supress the production of methane, methanol and 
the secondary hydrogenation of lower olefins[4]. In 
other studies promoters such as copper (2wt%) on 
the catalyst Fe-K/AC were found to enhance iron 
reduction[71]. By contrast a study performed by Xiong et 
al.[95] showed the opposite results when Na and K were 
used as promoters in the catalyst Fe/CNT. The addition 
of Na and K hindered the reducibility of the catalyst 
Fe/CNT by increasing the reduction temperature[95]. 
The promotion of the catalyst Fe-Cu-K/AC with Mo 
(6wt%) showed to have increased iron dispersion as 
well as decreasing iron carbide particle size[71,102]. The 
catalyst showed high stability in the reaction conditions 
and high activity. This was due to the addition of Mo, 
which prevented the agglomeration of iron carbide, and 
a larger number of active sites were then exposed in 
this catalyst.

The promoter effects in FTS are summerized in 
Table 5. Entries 6 and 7 in Table 5 for catalysts Fe@/
CNT-Na and Fe@/CNT were compared in terms of 
selectivity to . The catalyst Fe@/CNT-Na had a 

 selectivity of 88.5% compared to the Fe@/CNT 
catalyst with a selectivity of 59.0%. The catalyst 

Fe@/CNT-Na had excellent selectivity because of 
the sodium promoter, which provided an electron-
rich surface on the prepared catalyst[53,89]. The sodium 
promoter also facilitated the formation of iron carbide, 
which is known to be the active phase in FTS[76].

The promoters are of excellent use in FTS, as they 
promote the formation of iron carbide, which is the 
main active phase for catalysis. On the other hand, 
large amounts of promoters can lead to an increase in 
the size of iron carbide particles and the blocking of the 
active sites resulting in lower selectivity and activity 
being observed[72].

4.3 Heat Treatment Effect in FTS
Functional groups and promoters as well as heat 
treatments improve catalyst properties. Heat treatment 
can improve functionalization on the catalyst[65]. 
Some researchers have found that upon heating 
polymeric mesoporous carbon containing iron at 
elevated temperatures, the carbides phase was formed 
(θ-Fe3C, χ-Fe5C2)

[65]. The carbides are an important 
active phase in FTS. The catalysts FeCP500, FeCP600 
and FeCP700 were prepared at different calcination 
temperatures of 500 °C, 600 °C and 700 °C. The 
catalysts FeCP500, FeCP600 and FeCP700 had C5-C9 
selectivity of 34.3%, 37.1% and 41.0%, respectively. 
The reaction conditions were a temperature of 270 °C 
and a pressure of 30 atmospheres[65]. Other researchers 
have performed pre-treatment of the catalyst Fe/GO-
500 at 500 °C for 2 h[41]. Argon pre-treatment at 500 
°C increased the surface area and defects and also 
weakened the Fe-GO metal-support interaction, which 
exposed more catalytically active sites[41]. The catalysts 
Fe/GO-300 and Fe/GO-500 had a  selectivity of 
22% and 37.7%, respectively. The catalyst Fe/GO-500 
had high selectivity because of improved reduction, 
carburization and high stability in the reaction 
conditions[41].

5. Carbon Foam 
Though carbon-based materials have been used in FTS, 
most researchers do not emphasize the importance of 
thermal and mechanical properties of these supports[93]. 
Hot spot formation has caused many researchers to 
introduce different strategies to solve this problem, 
such as the use of nitrogen in the syngas feed to reduce 
heat generated[103,104]. The problem accompanying the 
addition of nitrogen is that total pressure should be 
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increased appropriately. If not, there will be a loss of 
productivity. The commercial gasifiers produce syngas 
with very low numbers of inlets (< 1%), so it is unlikely 
this approach could be used in industrial reactors[103]. In 
addition, the recycling of the hydrocarbons produced 
has been used to remove excess heat[103,104]. Both 
strategies consume time and resources. 

The CFs are carbonaceous materials that have three-

dimensional reticular structures of various shapes and 
sizes. CFs have been under-utilized in applications, based 
on their unique and tunable properties, such as high 
mechanical strength and high thermal conductivity. The 
CFs are synthesized using blowing and carbonization, 
template carbonization, compression of exfoliated 
graphite, and the assembly of graphene nanosheets[105]. 
Figure 7 depicts an example of carbon foam.

Figure 7. SEM image of carbon foam[106]

The CFs have good structural properties such as 
thermal conductivity and mechanical strength, high 
surface area and porosity as indicated in Table 6. The 
thermal and mechanical properties of carbon foams are 
strongly dependent on the raw material used during 

synthesis. CFs can be prepared from various carbon 
sources, which can affect mechanical and thermal 
conductivity differently. That being said, it has a 
wide range of thermal conductivity and mechanical 
strengths[107,108].

Table 6. Structural properties of carbon foams from different authors.

BET (m2/g) Vtotal (cm3/g) D (nm)
Thermal 

conductivity 
W/(m·K)

Electrical 
conductivity 

(S/cm)

Mechanical 
strength 
(KPa)

Young 
modulus 
(MPa)

Porosity 
(%) Ref.

1158 0.598 2.1 — — — — — [109]
— — — — 700 700 72.93 70 [110]
— — — 50-150 — — — — [111]

The CFs properties are easily tunable during synthesis 
by adjusting parameters like temperature, pressure and 
release time. The thermal conductivity and mechanical 
strength are greatly improved by carbonization 
and graphitization of CFs at a high temperature. 
Carbonization is performed at temperatures of 1000 °C, 
while graphitization is carried out at a temperature of 
2000 oC to 2800 °C. These three parameters affect the 
porosity, the thermal and electrical conductivity, as well 
as the mechanical strength of CFs. Most importantly, it 
is simple and cheap to prepare CFs compared to other 

nanostructured carbon materials that are even higher 
in cost than conventional oxides supports[15]. Table 6 
shows some properties of carbon foams, derived from 
different studies.

Carbon foam applications include use in batteries, 
sensors, supercapacitors, oxygen reduction, microwave 
absorption and water treatment[111]. This material has 
displayed excellent results in applications where it 
has been used for excess heat removal because of 
its high thermal and electrical conductivity and high 
mechanical strength[111].
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6. Conclusions and Future Perspectives
The structural properties of carbon supports have been 
linked to their function in FTS. The carbon supports 
exhibit weak metal-support interaction. The large 
percentages of promoters lead to strong metal-support 
interaction. The CNTs and OMCs have a confining 
ability, while CSs act as nanoreactors that protect 
catalytic metals from being easily deactivated. The 
studies reviewed show that the iron-based catalysts 
inside the CNTs are more stable, compared to catalysts 
on the outside of the tube. The confined catalysts can 
be used for longer periods on stream and are recyclable, 
which is vital for chemical industries in terms of 
environmental pollution. The defects on graphene act as 
nucleation sites that facilitate anchoring and maximum 
dispersion of the iron nanoparticles. The catalysts 
properties are highly interrelated for good activity and 
selectivity in FTS. Particle size effect is crucial in FTS 
but there are still controversies in studies hence more 
studies are still needed to bring clarification into this 
important issue. It is very important that iron oxides are 
reduced into iron carbides. These carbides studies have 
shown that are important as are most active phase in 
iron catalysts which are linked to excellent activity and 
selectivity in FTS.

The carbon support modifications lead to improved 
FTS performance. The functional groups act as the 
anchoring sites and increase the defects on the carbon 
support, which is important for metal dispersion. The 
well-dispersed catalysts have a high selectivity and 
activity, as active sites are exposed for catalysis. On 
the other hand, the promoters make the surface of 
the catalyst electron-rich, which makes it difficult for 
hydrogen to hydrogenate the unsaturated intermediates. 
The promoters facilitate the formation of iron carbide, 
the active phase in FTS. Heat treatment improves the 
properties of the catalyst, which enhances selectivity 
and activity in FTS.

Large percentages of functional groups in the 
catalysts bind strongly to the active phase, which leads 
to lower selectivity and activity, as well as catalyst 
deactivation. The large percentage of promoters 
increases the size of the active phase and blocks 
the active sites of the catalyst. This results in poor 
performance in FTS because of the growth in particle 
size and carbon deposition. Researchers should 

thoroughly study the relationship between functional 
groups and promoters as shown by Table 5 entries 
8-10.

This review shows that high thermal conductivity and 
mechanical strength are crucial in reactions performed 
at a high temperature. Supports with high thermal 
conductivity absorb the excess heat generated during 
the reaction, which improves the catalyst stability. 
High mechanical strength is important in harsh reaction 
conditions as it prevents decomposition of the support, 
which leads to catalyst deactivation. Researchers 
pay little attention to the thermal conductivity 
and mechanical strength of carbon supports. The 
confinement effect still poses a great challenge as to 
how to deposit iron nanoparticles inside the CNTs and 
OMCs' channels.

Researchers should explore the unique properties 
of carbon foam. The high thermal conductivity and 
mechanical strength of carbon foams have been clearly 
demonstrated in other fields such as in supercapacitors. 
In general, carbon foams have been used in heat 
management.
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