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ABSTRACT: Support eﬀects in heterogeneous catalysis are evolving as an
important ﬁeld of investigation to optimize catalyst properties. The cobalt-based
Fischer−Tropsch (FT) catalysts usually consist of metallic cobalt nanocrystallites dispersed on a support material. The present review surveys the
progress that has been made over the last couple of decades in the area of the
eﬀect of the support and its surface modiﬁcations in cobalt-based FT synthesis.
Diﬀerent catalyst supports such as alumina, silica, titania, niobia, zirconia, zeolite,
ceria, carbon-based materials, silicon carbide, aluminum phosphate, hydrotalcite,
metal−organic frameworks, and metal foams are discussed and compared with
classical supports like alumina or silica wherever permitted. Properties such as
metal−support interactions, the support-induced size and morphology of the
cobalt nanocrystallites (textural properties of the support), changes in the
electronic properties of the cobalt clusters, and the acid/base nature of the
support are examined, and wherever possible the activity and/or selectivity in FT
synthesis is discussed. This review also summarizes ﬁndings on new and promising supports for FT catalysts. Guidance for
support modiﬁcations and choice of the support as functions of the product selectivity in the FT process is also proposed.

1. INTRODUCTION
Limited petroleum reserves have called for the strengthening of
research activities on Fischer−Tropsch (FT) synthesis.1 It
aims to produce synthetic fuels and value-added chemicals
from synthesis gas (syngas, containing mainly CO and H2)
obtained from non-petroleum resources such as coal, natural
gas, biomass, and wastes. Cobalt2 and iron3 are the most
widely used metal catalysts in FT synthesis. Cobalt catalysts are
preferred over iron catalysts for the low-temperature FT
synthesis because of their increased stability, signiﬁcant
resistance toward oxidation by the steam formed during the
course of the FT reaction, poor activity in the water-gas shift
reaction, and increased selectivity for long-chain linear
paraﬃns.4,5 The overall FT reaction that yields straight-chain
alkane (paraﬃn) products is represented by the simpliﬁed eq
1:
nCO + (2n + 1)H 2 → CnH 2n + 2 + nH 2O

(n ≥ 1)
(1)

Industrially used cobalt-based FT catalysts (Co catalysts)
with cobalt loadings in the range of 10−30 wt % are usually
supported on alumina (Al2O3), silica (SiO2), or titania
(TiO2).6,7 The use of other supports such as carbon-based
supports,8 mesoporous materials (SBA-15, MCM-41), 9
zirconia (ZrO 2 ),10 niobia (Nb2 O 5 ), 11 ceria (CeO 2 ), 12
zeolites,13 and SiC14 has also been reported in the literature.
The Co catalysts are often promoted with noble metals (Ru,
Pt, Re, and Pd in the range of 0.05−1 wt %) to enhance the
reducibility of cobalt oxide particles, to improve cobalt
dispersion, inhibit catalyst deactivation, increase the number
of hydrogen activation sites, and consequently augment the

intrinsic reactivity of active sites.15 In addition, transition metal
oxides such as zirconia, chromia, and manganese oxides and
some rare-earth metal oxides such as lanthanum oxide, ceria,
and thorium oxide have also been employed as structural
promoters (in the range of 1−10 wt %) to improve the
dispersion of the active phase and its stability, consequently
leading to increased catalytic activity.16 Because of the
overlapping eﬀects of structural promoters that inﬂuence the
formation and stability of the active phase, textural promoters,
and electronic promoters that aﬀect elementary steps involved
in each turnover on the catalyst, it is diﬃcult to precisely deﬁne
the function of a promoter.16
The support is a porous refractory oxide that is thermally
stabilized at elevated temperatures to secure the strength and
stability of the material. Generally, increasing the calcination
temperature of the support leads to the formation of a more
inert surface with reduced surface area, creation of larger pores,
and condensation of surface hydroxyl groups. The eﬀect of the
support is an important ﬁeld of investigation in heterogeneous
catalysis.17 The primary functions of the support are to
disperse the active metal, yield a high surface area of the
catalytic phase, and provide mechanical strength and thermal
stability to the active phase. Furthermore, the support’s
chemical nature also inﬂuences several important properties
such as the reducibility of metal precursors, heat and mass
transfer in an exothermic or diﬀusion-limited reaction, the

electronic state of the active metal, diﬀusion of reagents and
reaction products, and the stability of the active phase against
morphological change during the reaction.18,19
The textural properties of the support, such as the surface
area, pore structure, and surface chemistry, greatly aﬀect cobalt
dispersion. For example, high-surface-area supports provide
high cobalt dispersion and most likely give rise to highly active
FT catalysts, with the condition that there are no detrimental
metal−support interactions that yield catalytically inactive
species.20 The acidity of the support is known to play a role in
determining the selectivity for methane, short-chain hydrocarbons, or long-chain hydrocarbons.21 Since the FT reaction
is exothermic, the support also plays an important role in
dissipating heat and thereby reducing the temperature
gradients, especially in ﬁxed-bed reactors. Therefore, the
choice of the carrier material is of vital importance in FT
synthesis.22 Comparison of the site activities of Co catalysts on
diﬀerent supports in FT synthesis is not straightforward, most
likely because of the great variability of intrinsic textural
properties among the diﬀerent support materials and catalyst
testing conditions. For example, a study of CO hydrogenation
over cobalt catalysts supported on diﬀerent carriers (3 wt % Co
loading) at 1 atm and 225 °C displayed speciﬁc activities for
CO hydrogenation in the following order: Co/TiO2 > Co/
SiO2 > Co/Al2O3 > Co/C > Co/MgO.22 On the contrary,
another study2 showed that the turnover frequency for CO
conversion on Co catalysts (dispersion range, i.e., fraction of
surface atoms, of 0.01−0.12) was independent of the support
(Al2O3, SiO2, TiO2, SiO2-modiﬁed TiO2, and MgCr2O4) under
typical FT reaction conditions (20 bar and 200 °C). In a
diﬀerent study,23 the cobalt site activity for CO conversion and
methane selectivity remained unaﬀected by the identity of the
support (Al2O3, SiO2, and TiO2); however, modifying the
support with Y2O3, MgO, or ZnO (by coating) reduced the
site activity, thus demonstrating the importance of the nature
of the interface between the support and the metal.
Research concerning the development of new catalyst
carriers and their surface modiﬁcations to support cobalt has
been active over the last couple of decades to decode the eﬀect
of the support in FT synthesis. Although results about support
eﬀects have been summarized partly in general reviews,5,19,24,25
a general review speciﬁcally on this topic is still missing,
probably because of the complexity of the eﬀect of the support
on the catalytic behavior and the diﬃculty of comparing
supports subjected to diﬀerent experimental conditions. Rytter
and Holmen26 attempted to discuss the impact of alumina and
aluminates in FT synthesis, but the discussion was limited only
to γ-Al2O3, α-Al2O3, magnesium aluminate, and nickel
aluminate.
During the last decades, much research work has been
devoted to the valorization of biomass and wastes using
thermal conversion processes (pyrolysis, gasiﬁcation). Biomass
and waste-derived syngas generally contain complex and
variable pollutants, including particulate matter, tars, sulfurcontaining compounds, nitrogen-containing compounds, halide-containing compounds, and even metals. Puriﬁcation of
this syngas is diﬃcult because of the variable nature of biomass
and wastes as pyrolysis/gasiﬁcation feedstocks. Thus, the
valorization of this biomass- and waste-derived syngas via
catalytic processes such as FT synthesis needs new catalysts
that are highly resistant to pollutants.27,28 A survey of the latest
developments on FT synthesis catalysts appears pertinent at
this point.

In this review, we attempt to examine the state of the art on
support eﬀects, including most of the supports used in FT
synthesis from research publications over the last two decades.
Supports that have been surface-modiﬁed by the introduction
of inorganic oxide and organic precursors before impregnation
of the cobalt metal precursors are also surveyed in this review.

2. ALUMINA-SUPPORTED CATALYSTS
Alumina (Al2O3) is the most commonly used carrier material
in industry because of its low cost, good thermal and
mechanical stability, and ability to yield a highly dispersed
active phase. Al2O3 can be obtained in diﬀerent crystallographic forms, i.e., γ-Al2O3, θ-Al2O3, and α-Al2O3 derived from
boehmite or η-Al2O3 resulting from bayerite.29 γ-Al2O3 is the
most employed support in FT catalysts. Al2O3 is known to
interact with cobalt ions and yield a well-dispersed active
phase. As a result of metal−support interactions that arise from
the diﬀusion of cobalt ions into alumina lattice sites of
octahedral or tetrahedral geometry (forming CoAl2O4 species)
during calcination, the reducibility of the catalysts is hindered,
and a portion of the metal ions remain catalytically inactive.30
Complete diﬀusion of cobalt ions into lattice sites (tetrahedral)
is attained only at low concentrations (i.e., ca. ≤2 wt % Co),
and the percentage of cobalt ions interacting with the carrier
decreases with increasing cobalt loading and decreasing
calcination temperature.31 A study of cobalt catalysts
supported on Al2O3, SiO2, and TiO2 showed that the metal−
support interactions aﬀect the reduction of cobalt species, and
the strengths of such interactions for diﬀerent supports
decrease in the order Al2O3 > TiO2 > SiO2.32 The varied
metal−support interactions give rise to diﬀerences in
reducibility and dispersion of the active phase on diﬀerent
supports, consequently aﬀecting the speciﬁc activity of cobaltbased FT catalysts. Cobalt reducibility is one of the major
limitations of Al2O3-supported cobalt FT catalysts that arise
from the detrimental metal−support interactions. It is
circumvented in most cases by promotion with a noble
metal such as Ru, Re, Pt, or Pd, which has been discussed in
several reviews.5,15,16 In the following sections, the eﬀects of
the textural properties and crystalline phase of alumina, surface
modiﬁcation of alumina by diﬀerent metal oxides and organic
molecules, and the acid/base properties of alumina on the
catalytic activity/selectivity in FT synthesis are discussed.
2.1. Eﬀect of the Textural Properties and Crystalline
Phase of the Alumina Support. Textural properties such as
surface area, pore volume, pore size distribution, and crystalline
phase of alumina are known to inﬂuence the activity/selectivity
in Co-based FT synthesis through varied degrees of Co
reducibility or formation of a cobalt aluminate phase.24,25 The
support pore size plays a role in controlling the size of cobalt
(Co3O4) particles, with the formation of small particles in
narrow pores and large particles in wide pores.33−36 Borg et
al.35 showed that the degree of Co reduction increased with
increasing catalyst pore size and Co3O4 particle size.
Furthermore, they observed positive correlations between the
cobalt particle size and the C5+ selectivity and between the
catalyst pore size and the C5+ selectivity, with small variations
in the cobalt site-time yields related to the chemical purity of
the catalyst samples. Low-surface-area alumina (α-Al2O3) was
found to display better C5+ selectivity compared with highsurface-area alumina (γ-Al2O3).36,37 A macroporous-structured
(MPS) Al2O3 support synthesized from Al2O3 nanoparticles
using polystyrene beads as a sacriﬁcial agent seemed to

Figure 1. Eﬀect of Zr loading and pore size on (a) CO rate, (b) CH4 selectivity, and (c) C5+ selectivity. Reaction conditions: 220 °C, 22 bar, H2/
CO = 2.1, XCO = 49−51%. Adapted with permission from ref 49. Copyright 2014 Elsevier.

combine the advantages of α-Al2O3 and γ-Al2O3 as support
materials, with activity and selectivity comparable to those of
Co/γ-Al2O3 and Co/α-Al2O3, respectively.38 Vosoughi et al.39
demonstrated the synthesis of mesoporous alumina using
Pluronic F127 as a structure-directing agent that contributed to
a high surface area and large pore volume and pore diameter of
the support. The structure of the thus-prepared support
collapsed upon impregnation with aqueous cobalt nitrate
solution, but shifting the impregnation medium from aqueous
to organic (ethanol or acetone) reinstated the textural stability
of the mesoporous alumina. The cobalt catalyst supported on
mesoporous alumina revealed higher CO conversion (8.3%),
higher hydrocarbon yield (18%), and lower CH4 selectivity
(2.6%) compared with its counterpart supported on γ-Al2O3.
In a more detailed study, diﬀerent alumina phases (δ-, θ-, and
α-Al2O3) prepared by thermal treatment of small-pore (11−19
nm) and medium-pore (21−36 nm) γ-Al2O3 were charged
with a constant Co loading (12 wt %) containing cobalt
particle sizes in the range of 8−10 nm.40 It was found that the
medium-pore catalysts were reduced at lower temperatures and
also exhibited higher selectivity for C5+ compared with the
small-pore catalysts (12 wt % Co, 210 °C, 20 bar, H2/CO = 2).
In addition, higher C5+ selectivity was observed for δ- and αAl2O3 phases compared with θ- and γ-Al2O3, with α-Al2O3
giving the highest selectivity. The site-time yield for cobalt
supported on alumina did not vary systematically with the
support variations investigated. These studies clearly established the role of textural properties of the support in
controlling the particle size, reducibility, activity, and selectivity
of the catalyst in FT synthesis.
2.2. Eﬀect of Surface Modiﬁcations on the Alumina
Support. Modiﬁcation of the alumina surface is one of the
options to weaken the interaction between the alumina support
and the cobalt oxides, thereby limiting or suppressing the
direct Co−Al interactions and helping to increase the
reducibility of cobalt particles. Precoating of cobalt aluminate
on the surface of common alumina (γ-Al2O3) exhibited higher
cobalt speciﬁc activity, higher C5+ selectivity, higher C5+ spacetime yields, and lower methane selectivity than conventional
catalysts in the FT synthesis.41 The enhanced catalytic
performance was ascribed to the formation of the more active
hexagonal close-packed (hcp) Co phase on the aluminatemodiﬁed alumina-supported cobalt catalysts, as opposed to the
face-centered cubic (fcc) phase, which was supported on
unmodiﬁed alumina. In addition, the modiﬁed catalysts
exhibited lower reduction temperatures and a more intense
bridged CO adsorption mode that generally yields long-chain

hydrocarbons. In the following sections, both inorganic oxides
and organic molecules that have been used to prevent the
direct interaction of cobalt with the support are discussed.
2.2.1. Surface Modiﬁcations with Inorganic Oxides.
2.2.1.1. Modiﬁcation with Magnesia and Barium Oxide.
Studies have shown that modiﬁcation of γ-Al2O3 with magnesia
(MgO) increased the reducibility of cobalt oxide, positively
impacting the catalytic activity in CO hydrogenation.42,43 It
was found that the addition of small amounts of magnesia to γAl2O3 improved the activity of cobalt catalysts in FT synthesis.
However, larger amounts of magnesia (>0.8 wt %) restrained
the reduction of the catalysts because of the formation of a
MgO−CoO phase, consequently decreasing the activity and
increasing the methane and CO2 selectivity.42 A Mg (10 wt
%)-modiﬁed α-Al2O3 (MgAl2O4−α-Al2O3) support prepared
by incipient wetness impregnation of γ-Al2O3 with Mg(NO3)2
and calcination in air at 1140 °C for 10 h displayed better
mechanical strength compared with unmodiﬁed α-Al2O3,
making it more suitable to operate in slurry or ﬂuidized-bed
reactors.44 The reduction of CoO to Co0 decreased with
increasing Mg loading (≥1 wt %), consequently impacting
negatively both the catalytic activity and selectivity. The
negative eﬀect of Mg was attributed to a chemical/site
(electronic) eﬀect similar to that observed for alkali metals
(Na, K, and Li), in which case the surface H concentration was
decreased and CO adsorption and dissociation were
increased.45
Cobalt catalysts supported on barium modiﬁed γ-Al2O3
displayed improved cobalt reducibility when barium is added
in smaller amounts (≤2 wt %) and thus led to more cobalt
active sites on the catalyst surface.46 These catalysts tested in a
continuously stirred tank reactor presented higher CO
conversion (ca. 36% versus 32%) and C5+ selectivity (ca.
83% versus 80%) compared to unmodiﬁed catalyst in FT
synthesis (2 wt % Ba, 15 wt % Co, 10 bar, 235 °C and H2/CO
= 2). On the contrary, catalysts with high BaO loadings
showed negative eﬀects on the activity and selectivity for high
hydrocarbons owing to low cobalt reducibility. Therefore,
choosing the right amount of the modifying material is
necessary to gain improvement in the catalytic performance.
2.2.1.2. Modiﬁcation with Zirconia. A cobalt catalyst
supported on a zirconium-modiﬁed γ-Al2O3 support displayed
a decrease in the content of the CoAl2O4 spinel phase with
increasing zirconium loading (0.5−15 wt %) on the γ-Al2O3
support, resulting from minimization of the direct metal−
support interactions.47 Zr addition improved the CO hydrogenation activity and C5+ selectivity of the Co/γ-Al2O3 catalyst

in FT synthesis (15 wt % Co, 230 °C, 10 bar, H2/CO = 2).
The enhanced catalytic performance was attributed to an
increase in the number and reducibility of cobalt active sites.
On the contrary, Rohr et al.48 reported that modiﬁcation of the
Al2O3 (boehmite phase) support with Zr (3−10 wt %)
improved neither the reducibility nor the dispersion of cobalt,
which might be ascribed to the diﬀerent pretreatment
conditions of the support and catalyst preparation. Nevertheless, both the activity and selectivity for higher hydrocarbons increased compared with the unmodiﬁed catalysts (5−
20 wt % Co, 245 °C, 5 bar, H2/CO = 9). Ma and co-workers49
systematically studied the impact of the Zr loading (1−5 wt %)
and pore size (10.8 and 25 nm) of the Al2O3 support in cobaltbased FT synthesis at a CO conversion level of ca. 50% (25 wt
% Co, 220 °C, 22 bar, H2/CO = 2.1) (Figure 1a). They found
that the cobalt site density of wide-pore catalysts increased by
25−55% compared with narrow pore catalysts. The catalytic
test results indicated that Zr-modiﬁed alumina supports
signiﬁcantly improved the activity per gram of catalyst (gcat),
but the catalyst deactivation rate was increased. Furthermore,
the pore size (wide or narrow) and loading of Zr promoter
(1−5 wt %) did not change the cobalt intrinsic activity.
However, addition of Zr (1−5 wt %) decreased the CH4
selectivity and increased the C5+ selectivity for the narrow-pore
25% Co/Al2O3 catalyst, whereas the opposite trend was
observed with the wide-pore Co catalyst (Figure 1b,c). The
diﬀerences in the selectivity trends were attributed to the
variances in the pore size and cobalt distribution.
2.2.1.3. Modiﬁcation with Titania. Surface modiﬁcation of
γ-Al2O3 with small quantities of titanium (0.2−0.5 wt % Ti−
Al2O3) was found to reduce direct detrimental metal−support
interactions and stabilize the grain boundary of Al2O3−TiO2,
consequently altering the density of surface acidic sites, which
in turn led to a homogeneous size distribution of cobalt
clusters with increased reducibility.50 Cobalt catalysts
supported on Ti−Al2O3 displayed high CO conversion (ca.
50% vs 34%) and C5+ selectivity (80% vs 76%) compared with
their counterparts on unmodiﬁed alumina (20 wt % Co, 240
°C, 20 bar, H2/CO = 2). The enhanced activity of the Timodiﬁed FT catalyst was ascribed to the suppressed
aggregation of cobalt clusters and the better reducibility of
Co3O4 particles. α-Al2O3 supports usually have low speciﬁc
surface area, and in the direction of improving the speciﬁc
surface area, Liu et al.51 demonstrated the preparation of a
hierarchical composite material, titania/carbon nanotubes/αAl2O3 (TiCNTA), consisting of TiO2-modiﬁed multiwall
carbon nanotubes (CNTs) decorating a macroscopic host
structure of α-Al2O3. The composite material exhibited a
moderate speciﬁc surface area and very open porous structure
as well as a strong interaction with the deposited cobalt phase,
which in turn signiﬁcantly improved the dispersion of cobalt
nanoparticles and the mass diﬀusion during the FT reaction.
The catalyst supported on TiCNTA showed higher cobalt time
yield (6.6 vs 4.2) and C5+ selectivity (95% vs 92%) compared
with its counterpart on the unmodiﬁed support, CNTs/αAl2O3 (10 wt % Co, 200 °C, 20 bar, H2/CO = 2). The catalyst
also exhibited higher stability compared with other traditional
FT synthesis catalysts as a function of time on stream, which
was attributed to the medium interaction between the TiO2
and cobalt NPs. Such stable catalysts will be very useful in
application to the biomass-to-liquid process, where some
impurities that could be detrimental to the catalyst life cycle
are present.

2.2.1.4. Modiﬁcation with Lanthanum. Lanthanummodiﬁed alumina (γ-Al2O3 preimpregnated with lanthanum
nitrate before cobalt addition) was reported to inﬂuence the
dispersion of the metallic cobalt phase, but the extent of its
inﬂuence depends on its loading.52 At low La3+ loadings (La/
Al atomic ratio ≤ 0.026), the presence of La had little eﬀect on
the structure of the cobalt catalyst or the CO hydrogenation
activity, but the selectivity for long-chain hydrocarbons and
oleﬁnic products increased with increasing La content (10 wt
% Co, 185 °C, 1 bar, H2/CO = 3). At higher La3+ loadings
(La/Al atomic ratio > 0.026), the turnover frequency (TOF)
for CO hydrogenation was decreased, probably because of the
formation of a La−Co mixed oxide, which eventually decreased
the amount of catalytically active cobalt phase. Cai et al.53
demonstrated the preparation of lanthana-modiﬁed alumina
supports by both impregnation and coprecipitation. They
found that cobalt catalysts on the modiﬁed supports displayed
better reducibility and that more CO molecules were adsorbed
on cobalt species, which in turn led to higher activity and lower
methane selectivity than with their counterparts on the
unmodiﬁed support in FT synthesis. Brabant and co-workers
systematically studied the eﬀect of the La/Co ratio on the
structure of alumina-supported cobalt catalysts in FT synthesis
by varying the amount of La (0, 5, 10, 25, 20 wt %)
preimpregnated on alumina.54 They found that impregnation
of the support with 10 wt % lanthanum reduced the
concentration of barely reducible cobalt aluminate and also
maximized the cobalt metal dispersion. At similar conversions
in FT synthesis (10 wt % Co, 220 °C, 20 bar, H2/CO = 2),
lower selectivity for methane and higher selectivity for heavy
hydrocarbons were obtained for cobalt catalysts on lanthanummodiﬁed supports. Nevertheless, they displayed higher
deactivation rates after several hours of time on stream (60
h) compared with cobalt catalysts on unmodiﬁed alumina.
They speculated that sintering and the formation of inert
carbon phases were possible reasons for catalyst deactivation.
2.2.1.5. Modiﬁcation with Phosphorus. The chemical
modiﬁcation of γ-Al2O3 with phosphorus is widely used in
hydrotreatment reactions. The strong aﬃnity between Al and P
leads to the formation of AlPO4, which is known to weaken the
metal−support interaction, enhance the reducibility of metal
precursors, and stabilize the active phase.55 The use of
phosphorus-modiﬁed γ-Al2O3 (P-Al2O3) in FT synthesis was
reported by Bae and co-workers.56 They observed weak
interactions between cobalt and the phosphorus-modiﬁed
alumina surface due to the partial transformation of the γAl2O3 surface to AlPO4, which eventually enhanced the
reducibility of Co3O4 species and inhibited the sintering of
metallic cobalt nanocrystallites. The cobalt catalysts on the PAl2O3 support (1−2 wt % P) exhibited higher CO conversion
(ca. 40% vs 22%), C5+ selectivity (ca. 74% vs 81%), and
stability compared with their counterparts on bare Al2O3 in a
ﬁxed-bed FT synthesis (20 wt % Co, 220 °C, 20 bar, H2/CO =
2). The observed higher catalytic performance was attributed
to the good homogeneous dispersion of cobalt species with
high reducibility. The P-Al2O3 support also signiﬁcantly
suppressed the migration of cobalt particles to the outer
pore mouths by forming thermally stable Co−P oxo species on
the Al2O3 surface during the FT synthesis reaction, thus
helping to enhance the catalytic stability and activity.57
Furthermore, the cobalt catalysts supported on phosphorusmodiﬁed γ-Al2O3 tested in a slurry-phase FT synthesis reaction
displayed higher catalytic activity and stability. Modiﬁcation of

alumina by phosphorus not only suppressed the hydrophilic
properties and enhanced the hydrothermal stability of γ-Al2O3
but also reduced the deposition of polymeric carbons on the
catalytic surface formed during FT synthesis.58−60
2.2.2. Surface Modiﬁcations with Carbon/Organic Molecules. The carbon interlayer in carbon-covered aluminasupported cobalt catalysts is known to weaken the detrimental
metal−support interactions, thereby avoiding the formation of
catalytically inactive species.61 Jean-Marie et al.62 demonstrated that pretreatment of alumina with sorbitol resulted in
enhanced cobalt dispersion, but at the cost of the formation of
smaller cobalt oxide particles that possess lower reducibility.
The cobalt catalysts supported on alumina pretreated with
sorbitol exhibited a signiﬁcant increase in the FT reaction rate
(52.5 × 10−3 vs 18.9 × 10−3 mol h−1 g−1; FT reaction
conditions: 15 wt % Co, 212 °C, 20 bar, H2/CO = 2)
compared with their counterparts on unmodiﬁed alumina. The
eﬀect on the catalyst structure and catalytic performance was
less pronounced when sorbitol was introduced during
impregnation of the cobalt precursor or catalyst posttreatment. These diﬀerences were attributed to diﬀerent
mechanisms of decomposition of the cobalt precursor and
crystallization of the Co3O4 phase in the presence of sorbitol in
alumina-supported cobalt catalysts. When β-cyclodextrin was
added in very small amounts to the cobalt nitrate impregnating
solutions during the preparation of active alumina-supported
cobalt catalysts, their catalytic activity in FT synthesis was
almost 4 times higher than without the use of β-cyclodextrin.63
The increase in the activity was credited to enhancement of the
cobalt dispersion. Carefully choosing the organic molecules or
even biopolymers in right amounts with deﬁnite functional
groups that coat the support material and interact with metal
precursors via speciﬁc functional groups on the organic
moieties would provide a pathway to disperse metals
homogeneously on the support surface.
2.2.3. Silylation of γ-Alumina. The presence of a signiﬁcant
concentration of hydroxyl groups on the surface of γ-Al2O3
makes it hydrophilic in nature, and furthermore, its surface also
exhibits Lewis acidic and Brønsted acidic characteristics.29
Rytter and co-workers chemically modiﬁed the surface of γAl2O3 using organosilanes containing chloro or methoxy active
ligands to make the surface of alumina hydrophobic in nature
and investigated the eﬀect of surface acidity and hydrophobicity in FT synthesis (20 wt % Co, 210 °C; 20 bar; H2/
CO = 2.1).64 They found that preimpregnation with chloro- or
methoxyalkylsilanes led to silylation of the γ-Al2O3 support,
yielding a hydrophobic surface and preventing the formation of
highly dispersed cobalt oxide interacting with alumina.
However, postimpregnation (i.e., impregnation of silane on
the calcined γ-Al2O3-supported cobalt catalyst) showed no
detectable silylation of the support surface, and the reduction
of the catalysts was more challenging because a considerable
amount of silanes remained inside the pores. The catalysts
supported on γ-Al2O3 preimpregnated with silane provided the
possibility to improve the selectivity for higher hydrocarbons in
FT synthesis. It was hypothesized that silylation of γ-Al2O3
yielded a support surface that resembles α-Al2O3 and played a
role in improving the chain growth probability (αC2+).
The eﬀects of alumina surface modiﬁcations on the activity
and selectivity of cobalt-based FT catalysts are summarized in
Table 1. Certainly, the organic or inorganic modiﬁers play a
signiﬁcant role in altering the direct metal−support interaction,

Table 1. Eﬀects of Surface Modiﬁers on the Activity and
Selectivity of Cobalt Catalysts Supported on Alumina
catalyst

eﬀects

ref(s)

Mg

modiﬁer

Co/Mg/Al2O3

42−44

Ba

Co/Ba/Al2O3

Zr

Co/Zr/Al2O3

Ti

Co/Ti/Al2O3

La

Co/La/Al2O3

P

Co/P/Al2O3

sorbitol (C)

Co/C/Al2O3

silanes (Si)

Co/Si/Al2O3

• decreases Co−Al2O3 interaction
• increases Co reduction
• increases CO hydrogenation for
<1 wt % magnesia addition
• facilitates Co reduction for ≤2
wt % BaO addition
• enhancement in CO conversion
and C5+ selectivity
• decreases Co−Al2O3 interaction
(0−15 wt %)
• improves CO conversion and
C5+ selectivity
• alters surface acidic site density
• increases Co dispersion and
reducibility
• increases CO conversion and
C5+ selectivity (0.2−0.5 wt %)
• reduces the amount of cobalt
aluminate species and maximizes
Co dispersion (10 wt %)
• increases C5+ selectivity
• limits cobalt aluminate
formation and aggregation of Co
particles (≤2 wt %)
• increases thermal stability and
CO conversion
• enhances Co dispersion (Co/
sorbitol = 6)
• limits Co reducibility
• increases CO conversion
• modiﬁes the hydrophobility of
the catalyst
• leads to smaller Co particles
• improves the chain growth
probability (αC2+)

46

47, 49

50

52−54

56, 57

62

64

which aﬀects the Co reducibility, dispersion, and acid/base
properties of the catalyst, thereby inﬂuencing the catalytic
activity and selectivity.
2.3. Acidity/Basicity of the Oxide Support. The surface
acidity/basicity of supported Co catalysts was known to
modify the adsorption strengths of CO and H2 on Co particles,
which in turn aﬀected the behavior in FT synthesis.65 Surface
basicity seemed to increase the electron density of supported
Co, thereby strengthening the Co−CO bonds, whereas, surface
acidity appeared to decrease the electron density of supported
Co, thus strengthening the Co−H bonds. Studies of cobalt
supported on γ-alumina possessing diﬀerent textural properties
showed that the support with low acidity displayed higher
activity, higher C5+ hydrocarbon selectivity, and lower methane
selectivity in FT synthesis.66 The better catalytic performance
of the support with low acidity was attributed to the weaker
interaction between metallic cobalt and the support, better
reducibility of cobalt, and higher intensity of bridge-mode CO
adsorption, which usually favors the dissociation of CO and
chain growth of −CH2− fragments. In order to fully
understand the impact of the chemical nature of the support
material on the catalytic performance, it is required to
decouple this eﬀect from other inﬂuential elements such as
support texture, extent of Co reduction, and particle size. In
this direction, Prieto and co-workers coated a high-surface-area
γ-Al2O3 (AO) support with a monolayer content of various
transition metal (YOx, TiOx, TaOx, WOx) and lanthanide
(SmOx) oxides (MOx) to obtain support materials (MOx@

Table 2. Physicochemical Properties of Oxide Support Materials67
composition

textural properties

a

support

metal loading (wt %)

δ (atoms/nm2)

AO
SmOx@AO
YOx@AO
TiOx@AO
TaOx@AO
WOx@AO

−
18.7g
12.1h
6.2
23.5
24.0

−
4.7g
4.7h
4.2
5.3
5.5

SBETb

(m2/g)

205
155
174
192
176
178

Vpc

(cm3/g)

Vpd (cm3/gAl2O3)

PDe (cm3/g)

acid/base character ηf (eV)

0.52
0.50
0.52
0.51
0.47
0.53

8.9
7.9
7.9
8.0
7.0
7.0

2.49
2.38
2.46
2.50
2.53
2.61

0.52
0.39
0.44
0.46
0.34
0.37

a

Surface coverage of the alumina surface with M atoms. bSBET is the Brunauer−Emmett−Teller speciﬁc surface area. cTotal speciﬁc pore volume.
Total speciﬁc pore volume expressed per unit mass of Al2O3. eAverage pore diameter. fη is the spectroscopic parameter, i.e., the energy of the
intramolecular charge transfer (IMCT) band of adsorbed alizarin as measured by diﬀuse-reﬂectance UV−vis spectroscopy, which gives the Lewis
acid/base character. gNominal values. hDetermined by X-ray ﬂuorescence spectrometry.

d

Table 3. Physicochemical Properties of CoRu/MOx@Al2O3 Catalysts67
metal
contents
(wt %)

a

textural properties
a

2

catalyst

Co

Ru

SBET (m /gAl2O3)

CoRu/AO
CoRu/SmOx@AO
CoRu/YOx@AO
CoRu/TiOx@AO
CoRu/TaOx@AO
CoRu/WOx@AO

22.1
21.8
21.4
22.8
22.1
19.9

0.3
0.3
0.2
0.2
0.2
0.2

260
292
271
261
265
258

Vpb

metal dispersion
3

(cm /gAl2O3)
0.52
0.49
0.45
0.44
0.53
0.47

d(Co3O4)XRDc
17.3
12.7
10.5
13.3
17.4
13.1

(nm)

d(Co)TEMd (nm)
13.6
13.0
16.3

H2 uptakee (μmol/g)

d(Co)Hf (nm)

144
126
162
132
124
41

12.5
14.1
10.8
14.1
14.6
39.7

b

BET speciﬁc surface area expressed per unit mass of Al2O3. Total speciﬁc pore volume expressed per unit mass of Al2O3. cCo3O4 crystallite size
after air calcination. dSurface-averaged Co particle size distribution as determined by transmission electron microscopy on the reduced and
passivated catalysts. eTotal hydrogen uptake as determined after in situ reduction. fApparent Co average particle size as derived from the total H2
chemisorption uptake.

Figure 2. Evolution of (a) the initial turnover frequency (per surface metal atom), (b) the initial (solid symbols) and pseudosteady (open symbols)
cobalt time yields, and (c) the C13+ hydrocarbon selectivity obtained with CoRu/MOx@AO catalysts as a function of the acid/base character of the
support material, represented by the spectroscopic parameter η (see the text). Reaction conditions: 20 wt % Co, T = 220 °C, 20 bar, H2/Co = 2,
initial gas hourly space velocity (GHSV) = 6.9 Lsyngas gcat−1 h−1. Data included in (c) correspond to the steady state after adjustment of the GHSV
to achieve a CO conversion level of 40 ± 5% in all cases. Data for CoRu/SmOx@AO are not included in this panel, as the intrinsically lower activity
of this catalyst prevented achieving the mentioned CO conversion level. Lines serve as guides to the eye.67

AO) with similar textural properties and vastly diﬀerent surface
acid/base characters (Table 2).67 The energy of the lowest
intramolecular charge transfer (IMCT)-band of adsorbed 1,2dihydroxy-9,10-anthracenedione (alizarin) as measured by
diﬀuse-reﬂectance UV−vis spectroscopy gives the Lewis
acid/base character of the material and is denoted as η, the
spectroscopic parameter.68 Accordingly, SmOx@AO possesses
marked basic character whereas WOx@AO exhibits strong

Lewis acid character, and the remaining support materials
showed intermediate acid/base characters. Of all the supports,
only the WOx@AO support displayed partial reduction at
temperatures beyond 830 °C. From temperature-programmed
reduction measurements it was concluded that all of the
CoRu/MOx@AO (20 wt % Co, 0.5 wt % Ru) catalysts were
quantitatively reduced to metallic Co and Ru after the
reduction treatment preceding the catalytic test. Only in the

case of the CoRu/WOx@AO catalyst was partial coverage of
the metal surface by WOx observed, as concluded from X-ray
photoelectron spectroscopy analysis; such a phenomenon is
usually termed strong metal−support interaction (SMSI) and
is observed for cobalt catalysts supported on partially reducible
oxides.69 For catalysts supported on relatively reducible oxides
such as TaOx@AO and TiOx@AO, such eﬀects were minimal.
Thus, they ensured that there was no or minimal inﬂuence of
structural properties such as the support texture, extent of Co
reduction, and particle size (in all cases the Co0 size was >10
nm, for which no particle size eﬀects on the catalytic activity
are expected) (Table 3).
The catalytic test results showed that the initial TOF (per
surface Co0 atom) increased linearly with increasing acidity of
the oxide support (η) (Figure 2a). In contrast, the metalspeciﬁc catalytic activity (cobalt time yield) (Figure 2b) and
selectivity for C13+ hydrocarbons (Figure 2c) showed a
volcano-type dependence with η, where a maximum was
reached for supports of intermediate acid/base character.
Furthermore, supports with intermediate acid/base character
(η = 2.49−2.53 eV) exhibited comparable CH4 selectivities of
ca. 15%. For a more basic oxide support (YOx@AO), the CH4
selectivity decreased to ca. 10%, while for a markedly acidic
oxide support (WOx@AO), the CH4 selectivity increased to
ca. 20%. The volcano-type dependence of the metal-speciﬁc
activity with the nature of the support was attributed to the
interplay between the number of surface-exposed cobalt sites
and their intrinsic activity. Furthermore, it was inferred from in
situ CO FTIR analysis that in the case of basic oxide supports
(e.g., SmOx@AO), few atoms from the basic oxide caused
selective blockage on the surface of the metallic Co
nanoparticles after reduction, which strengthened CO
adsorption and signiﬁcantly decreased CO hydrogenation;
the blocked sites were most likely step edges, which are
essential for CO hydrogenation. On the other hand, for
stronger Lewis acidic and more reducible oxide supports (e.g.,
WOx@AO), unselective site blockage via decoration of
metallic Co nanoparticles with oxide patches (termed SMSI)
eﬀected a decrease in the number of Co sites available for
catalysis. This model study that attempted to delineate
structural eﬀects from electronic eﬀects should serve as a
guide to develop next-generation catalysts in FT synthesis.
The alumina support is the most extensively studied support
in FT synthesis, and the above-discussed surface modiﬁcation
techniques help to improve either the activity or selectivity or
both in FT synthesis. For further improvements, studying
surface modiﬁcation with a combination of organic and
inorganic species to tune the dispersion and electronic eﬀects
of the active phase and performing FT catalytic tests for long
duration (time on stream) to establish the catalytic stability
would enable their implementation in industry.

3. SILICA-SUPPORTED CATALYSTS
Next to alumina, silica is another widely used support in
cobalt-based FT catalysts, as it possesses suitable chemical and
physical properties to serve as a perfect support. The nature of
hydroxyl groups (silanols) and their concentration and
distribution on the silica surface play vital roles in the
dispersion of cobalt particles. The high surface area of silica
favors moderately high metal dispersion at reasonably high
metal loadings. Furthermore, its surface chemistry enables high
reducibility of cobalt precursors to the metallic state under
favorable conditions. It was reported that the degree of cobalt

reduction was higher on silica compared with other supports,
i.e., SiO2 > TiO2 > α-Al2O3 > γ-Al2O3.70 Though metal−
support interactions are weaker on silica compared with
alumina, the preparation and pretreatment conditions must be
carefully chosen to avoid the formation of cobalt silicate
(Co2SiO4), which is inactive in FT synthesis and can be
reduced to metallic cobalt only at temperatures above 700−
800 °C.71−74 The interaction between cobalt and silica that
yields cobalt silicate was stronger for the catalysts prepared in
basic media than for those prepared in acidic media.74 The
ease of reduction to metal species on silica supports was found
to decrease with decreasing Co3O4 particle size.75 Noble metal
promoters such as Ru, Pt, or Pd were added to cobalt catalysts
supported on SiO2 to improve the reducibility and/or
dispersion of cobalt.76 In the following sections, the eﬀects
of the textural properties, surface modiﬁcation with diﬀerent
metal oxides or organic molecules, and acid/base properties of
silica on the catalytic activity/selectivity in FT synthesis are
discussed.
3.1. Eﬀect of Textural Properties of the Silica
Support. Cobalt catalysts supported on silica carriers with
varying mean pore diameter (4, 6, 10, or 20 nm) tested in the
FT reaction (10−12 wt % Co, 202 °C, 20 bar, H2/CO = 2.5)
showed a decrease in CH4 selectivity with increasing pore
diameter.77 This study revealed that the product distribution
was aﬀected by the porosity of the support, which was due to
the variation in the ratio of chemisorbed CO and H2 on the
catalyst surface, i.e., the H2 uptake decreased with decreasing
pore diameter, but the CO uptake remained almost similar
irrespective of the pore diameter. Another study found that the
metal crystallite size and degree of cobalt reduction increased
with increasing pore diameter of the silica support (mean pore
diameter of 4, 6, 10, or 15 nm).78 Furthermore, the C5+ and
methane selectivities passed through a maximum and
minimum, respectively, in FT synthesis (20 wt % Co, 200−
220 °C, 15 bar, H2/CO = 2) for a cobalt catalyst supported on
a silica support having a pore diameter of 10 nm. Song and Li79
also reported that cobalt catalysts supported on silica with pore
sizes of 6−10 nm exhibited higher activity and higher C5+
selectivity in FT synthesis, which were attributed to the
moderate Co particle size (ca. 5 nm) and moderate CO
adsorption on the catalysts. These studies on silica clearly
demonstrated the eﬀect of pore size on controlling the particle
size and avoiding diﬀusional limitations of long-chain hydrocarbons, consequently leading to variation in the uptake of CO
and H2 molecules, which in turn aﬀects the product
distribution in FT synthesis.
3.2. Eﬀect of Surface Modiﬁcations on the Silica
Support. 3.2.1. Surface Modiﬁcation with Inorganic Oxides.
3.2.1.1. Modiﬁcation with Zirconia. Modiﬁcation of the silica
support with zirconia appeared to positively inﬂuence the
performance of cobalt catalysts in FT synthesis, particularly
when zirconia was added before the impregnation of cobalt.80
The addition of zirconia to the silica support during the
preparation of the supported cobalt catalyst was found to
weaken the Co−SiO2 interaction by the formation of weaker
Co−ZrO2 interactions that favored the reduction of cobalt at
lower temperatures.81,82 Consequently, it was found that Zrmodiﬁed silica-supported cobalt catalysts exhibited increased
steady-state conversion of CO, increased C5+ hydrocarbon
selectivity, and decreased CH4 selectivity compared with the
unmodiﬁed catalysts in FT synthesis (10 wt % Co, 230 °C, 8
bar, H2/CO = 2, tested for 240 h).82 Before the steady-state

Figure 3. Proposed mechanism of cobalt aggregation in the presence of ZrP particles on the SiO2 surface. Reprinted with permission from ref 83.
Copyright 2011 John Wiley and Sons.

conversion on Zr-modiﬁed cobalt catalysts was reached, an
initial drop in the activity was observed. Bae and co-workers
improved the stability of Zr/SiO2-based catalysts by adding
appropriate amounts of a phosphorus component, yielding
zirconium phosphate-modiﬁed SiO2 (ZrP/SiO2).83,84 The
cobalt catalysts supported on ZrP/SiO2 showed a high activity
and a low deactivation rate resulting from prevention of
aggregation of cobalt particles in FT synthesis, speciﬁcally
when the P/(Zr + P) molar ratio was in the range of 0.134−
0.290.83 The role of ZrP particles on the SiO2 surface for Co
catalysts is schematically depicted in Figure 3. In fact, the
enhanced catalytic stability attained using the ZrP/SiO2
support was attributed to the homogeneous distribution of
cobalt clusters, whose mobility was suppressed because the
clusters were conﬁned in thermally stable zirconium phosphate
matrices on the SiO2 surface.
Jiang et al.85 reported that cobalt catalysts supported on
zirconium-modiﬁed silica treated using dielectric-barrier
discharge (DBD) plasma instead of the conventional thermal
calcination step exhibited signiﬁcantly enhanced cobalt
reducibility and increased cobalt dispersion compared with
the catalysts on unmodiﬁed silica. As a result, plasma-treated
cobalt catalysts supported on Zr/SiO2 displayed higher CO
conversions and hydrocarbon chain growth ability in FT
synthesis (20 wt % Co, 230 °C, 20 bar, H2/CO = 2).
3.2.1.2. Modiﬁcation with Titania. Titania-modiﬁed silica
showed decreased size of the supported cobalt particles due to
the stronger interactions of cobalt oxide species with the titania
than with the silica support, consequently increasing the cobalt
dispersion without aﬀecting the reducibility of cobalt too
much.86 The cobalt catalysts supported on titania-modiﬁed
silica displayed higher activity in FT synthesis (ca. 65% vs 50%
CO conversion, 10 wt % Co, 240 °C, 10 bar, H2/CO = 2) than
its counterparts on pristine silica. The high activity of titaniamodiﬁed catalysts was attributed to the increased cobalt
dispersion and increased bridge-type adsorbed CO that was
more easily dissociated to carbon and oxygen.87

3.2.1.3. Modiﬁcation with Niobia. In the direction of
combining the selectivity-promoting properties of niobia with a
highly porous support, den Otter et al.88 prepared niobiamodiﬁed silica (Nb/Si atomic ratio = 0.02−0.12) by the
incipient wetness impregnation method and applied it as a
support for cobalt catalysts. They found that at low Nb
loadings, Nb existed as small niobia particles or mixed Nb−Si
species. However, polymerization occurred at a higher Nb
loading (Nb/Si = 0.12) and calcination temperature (900 °C),
forming a niobia layer on SiO2, and eventually 15−20 nm
nanocrystals were observed that partially migrated to the
exterior surface of the silica grains. Niobia modiﬁcation of silica
did not signiﬁcantly inﬂuence the ﬁnal cobalt particle size. The
cobalt catalysts supported on niobia-modiﬁed silica and
promoted with platinum yielded an increase in the cobaltmass-normalized activity in FT synthesis (9−21 wt % Co, 220
°C, 1 or 20 bar, H2/CO = 2.0) by a factor of 2−3 in the case of
amorphous niobia (obtained for a calcination temperature of
550 °C) and by a factor of 3−4 with niobia nanocrystals
(obtained for a calcination temperature of 900 °C). The
increase in catalytic activity was attributed to an increased
number of active sites and an increased cobalt-surface-speciﬁc
activity. At lower pressure (1 bar), the C5+ selectivity in FT
synthesis increased by about 50−65% upon niobia modiﬁcation, but at high pressure (20 bar) it was found to slightly
decrease by about 1−4%. The pressure-dependent C 5+
selectivity of niobia promotion was presumed to be related
to a higher intrinsic CO coverage at elevated pressures.
3.2.1.4. Modiﬁcation with Phosphorus. Cobalt catalysts
supported on phosphorus (1 wt %)-modiﬁed silica displayed
enhanced dispersion of cobalt oxide nanocrystallites and
minimized cobalt silicate formation on silica compared with
their counterparts on unmodiﬁed silica.89 Phosphorusmodiﬁed silica-supported cobalt catalysts showed higher CO
conversions (>60% vs ca. 55%), lower methane selectivity (ca.
7% vs 10%), improved oleﬁn selectivity, and higher C5+
selectivity (ca. 87% vs ca. 84%) in comparison with the
catalysts supported on unmodiﬁed silica (20 wt % Co, 220 °C,

Figure 4. Scheme of the catalyst synthesis on carbon-coated silica. Reprinted with permission from ref 93. Copyright 2016 Elsevier.

20 bar, H2/CO = 2). The enhanced catalytic performance was
attributed to the increased cobalt dispersion caused by the
altered surface interactions of cobalt with the hydroxyl groups
on silica. It was found that the cobalt particles interact with
phosphate ions, thereby anchoring Co particles to the support
and limiting the cobalt sintering rate.90
3.2.1.5. Surface Modiﬁcation with Carbon/Organic
Molecules. Pretreatment of the silica support with an organic
solvent such as acetic acid, ethanol, 1-propanol, or 1-butanol
before impregnation of cobalt modiﬁed the surface properties
of silica without altering its textural properties.91 The
pretreatment of silica with acetic acid or alcohols increased
the number of isolated silanol (SiOH) groups on the silica
surface and hindered the reactivity of H-bonded SiOH
moieties with cobalt species, which led to the formation of
smaller cobalt particles. Furthermore, pretreatment of silica
with organic solvents changed the isoelectric point compared
with pristine silica, which resulted in surplus negative charge
on the pretreated silica surface that interacts with Co2+ ions,
yielding improved cobalt dispersion. The cobalt catalysts
supported on pretreated supports exhibited higher catalytic
activity than their counterparts without pretreatment, which
was attributed to the high dispersion and high degree of
reduction of the supported cobalt. Among all of the catalysts,
the cobalt catalyst supported on silica pretreated with acetic
acid showed the highest CO conversion and the lowest CH4
selectivity. Chen et al.92 demonstrated modiﬁcation of the
silica surface with ethylene glycol, which enhanced the cobalt
dispersion. Cheng and co-workers showed that coating the
silica support with carbon (5, 10, or 50 wt %) by impregnation
of silica with glucose and subsequent calcination (450 °C, 4 h)
led to stabilization of highly dispersed cobalt oxide particles
with partial cobalt reduction during the thermal treatment in
an inert (N2) atmosphere (Figure 4).93 The sizes of the cobalt
oxide nanoparticles on the carbon (50 wt %)-coated silicasupported catalysts (5−8 nm) were considerably smaller than
those of the counterparts without carbon coating (10−15 nm).
The FT activity of catalysts prepared with higher carbon
content, calcined in nitrogen followed by air, and containing
smaller cobalt particles was almost 2 times higher compared
with the reference uncoated catalysts (15 wt % Co, 220 °C, 20
bar, H2/CO = 2). Furthermore, higher selectivity for longchain hydrocarbons and low methane selectivity were also
observed. It was speculated that the selectivity eﬀects might
arise from diﬀerent factors such as the formation of cobalt
nanoparticles with fewer defects in the presence of carbon,
selective poisoning of methanation sites by residual carbon,
higher cobalt reducibility, and lower content of cationic cobalt
silicate species.
The eﬀects of surface modiﬁcations of the silica support on
the activity and selectivity of cobalt-based FT catalysts are

summarized in Table 4. As observed in the case of alumina,
silica surface modiﬁers exhibit a signiﬁcant role in altering the
Table 4. Eﬀects of Surface Modiﬁers on the Activity and
Selectivity of Cobalt Catalysts Supported on Silica
catalyst

eﬀects

ref(s)

Zr

modiﬁer

Co/Zr/SiO2

80−82

ZrP

Co/ZrP/SiO2

Ti

Co/Ti/SiO2

Nb

Co/Nb/SiO2

P

Co/P/SiO2

organic
molecules
(C)

Co/C/SiO2

• limits Co−SiO2 interactions
• favors weak Co−Zr
interactions
• increases Co reducibility
• enhances CO conversion and
C5+ selectivity (2−10 wt %)
• prevents Co particle
aggregation
• increases steady-state CO
conversion and catalytic
stability (with P/(Zr + P)
molar ratio of 0.029−0.134)
• enhances Co dispersion
• modiﬁes Co reducibility
• increases CO conversion (2−
10 wt %)
• increases the number of active
sites
• improves the cobalt-massnormalized activity (Nb/Si
atomic ratio = 0.02−0.12)
• limits Co sintering
• improves catalyst stability
• increases Co conversion (≤1
wt %)
• facilitates Co dispersion and
reducibility
• increases CO conversion and
C5+ selectivity (≤10 wt %)

83, 84

86

88

89, 90

91, 93

detrimental cobalt silicate formation as well as the Co
reducibility and dispersion, consequently inﬂuencing the
catalytic activity and selectivity.

4. MESOPOROUS SILICA-SUPPORTED CATALYSTS
Periodic mesoporous silicate materials prepared using
surfactant-templated hydrothermal synthetic procedures are
evolving as promising support materials for catalytic metal
precursors because of their characteristics such as narrow pore
size distributions, high surface areas and pore volumes, and
controllable acid/base properties.94 These properties usually
lead to higher metal dispersion in the supported metal
catalysis, which eventually leads to an increase in the surface
density of active metal sites. MCM-41 and SBA-15 are the two
most common types of periodic silicas used as catalytic
carriers. MCM-41 exhibits a unidimensional and hexagonal
arrangement of mesopores with dimensions in the range of 20

Figure 5. (A) Scheme of the SMSI encapsulation eﬀect. (B) TEM image and electron diﬀraction pattern for a Co10-ct sample (calcined Co catalyst
on TiO2). (C) HRTEM image and its Fourier transform for Co10-ctr (reduced Co catalyst on TiO2): (a) cobalt nanoparticles over TiO2 (the
reconstructed image corresponding to fcc-Co(111) is shown at the bottom right); (b) lattice fringes for TiO2. (D) HRTEM images of a Co10-ctr
sample depicting the decoration of Co metal nanoparticles with an amorphous TiO2 layer. Republished with permission from ref 103. Copyright
2011 Royal Society of Chemistry.

Å to greater than 100 Å that are tuned by varying the alkyl
chain length of the surfactant template and the synthesis
conditions.95 SBA-15 contains two-dimensional hexagonally
ordered mesopores with pore sizes of up to 300 Å that are
obtained using a variety of poly(alkylene oxide) triblock
copolymers and by the addition of cosolvent organic
molecules.96 SBA-15 mesoporous material also displays good
thermal, mechanical, and chemical resistance properties, which
are essential characteristics for a material to be used as a
catalyst carrier. Conventional catalyst carriers usually exhibit
broad pore size distributions, making it diﬃcult to draw
unambiguous conclusions about the inﬂuence of catalyst pore
sizes on FT reaction rates and selectivities. The tailored pore
size distributions in periodic mesoporous silicas such as MCM41 and SBA-15 make these materials suitable to be used as
model catalytic supports in evaluating the eﬀects of pore size in
FT synthesis.97,98 The small, narrow pores present in MCM-41
materials lead to the formation of smaller cobalt oxide particles
that are quite diﬃcult to reduce. Consequently, smaller Co
species located in the narrow-pore silicas displayed much lower
activities in FT synthesis with higher methane selectivities than
larger cobalt particles in the wide-pore supports. SBA-15-type
periodic mesoporous silicas with a very narrow pore size
distribution (ca. 9.1 nm) exhibited higher cobalt dispersion
over commercial silicas with a broad pore size distribution (ca.
33 nm), even at higher cobalt surface densities (5−15 Co/
nm2) that resulted in higher cobalt time yields in FT
synthesis.99 At high cobalt surface densities, commercial silicas
exhibited sintering of Co3O4, but on SBA-15, high cobalt
dispersion remained intact. Despite the advantages oﬀered by
these mesoporous materials, there are some limitations. For
example, aqueous impregnation of MCM-41 with the cobalt
precursor followed by drying leads to the loss of long-range
ordering of the hexagonal mesoporous structure and to a
signiﬁcant decrease in the surface area and pore volume.9
However, the SBA-15 mesoporous structure seemed to remain
almost intact after introduction of signiﬁcant amounts of cobalt
(up to 20%). The diﬀerence in structural stability of these two

mesoporous silicas was attributed to the diﬀerent pore wall
thicknesses in MCM-41 and SBA-15. Further work is needed
to establish its long-term stability in FT synthesis by its surface
modiﬁcation with inorganic and/or organic species.

5. TITANIA-SUPPORTED CATALYSTS
Titania usually exhibits relatively low speciﬁc surface areas (ca.
60 and ca. 10 m2 g1 for the anatase and rutile allotropes,
respectively) compared with alumina and silica supports. This
limits the cobalt loading in FT catalyst formulations to
maintain high metal dispersion. Furthermore, TiO2 is known
to exhibit the SMSI eﬀect, as ﬁrst reported by Touster et al.100
This type of SMSI is diﬀerent from the other types of solidstate metal−support interactions, where the metal precursor
chemically reacts with the support to form catalytically inactive
(refractory) species. SMSIs altered the H 2 and CO
chemisorption properties of group VIII metals when these
elements were supported on titania. The SMSI eﬀect could be
explained via electron transfer from the support to the metal
(electronic factor)101 or by the formation of intermetallic
phases.102 In the case of titania (anatase)-supported cobalt
catalysts (Co/TiO2), during reduction of the cobalt oxide
particles, partial reduction of the TiO2 support takes place,
giving rise to TiOx suboxide species (x < 2) that migrate onto
the surface of cobalt particles and encapsulate or decorate the
metallic cobalt particles. The evolution of the SMSI decoration
eﬀect, as illustrated by high-resolution transmission electron
microscopy (HRTEM) images, is depicted in Figure 5.103,104
Under similar conditions, the catalytic performance of Co/
TiO2 for CO hydrogenation was very low (<5%) compared
with Co/SiO2 (ca. 30%) (10 wt % Co, 230 °C, 40 bar, H2/CO
= 2).103 Its low activity in FT synthesis was attributed to
blocking of the active Co0 phase caused by the migration of Ti
species during the reduction step. Despite the active-phase
blocking eﬀect, TiO2-supported cobalt catalysts were reported
to display high selectivity for long-chain hydrocarbons (C5+)
compared with their counterparts on alumina.105−107

Figure 6. (a) Dense Nb2O5 obtained by calcination at 600 °C. (b) Porous Nb2O5-MC obtained by sucrose impregnation, pyrolysis, and calcination.
(c) Activity of Nb2O5-supported cobalt catalysts (blue triangles, 10 wt % Co/Nb2O5-MC catalyst; pink squares, 6 wt % Co/Nb2O5) normalized by
catalyst mass (weight time yield, WTY). Reproduced from ref 116, published by Elsevier.

Iglesia et al.87 demonstrated that the addition of Ru to Co/
TiO2 (Ru/Co atomic ratio < 0.008) increased both the
turnover rate and C5+ selectivity in FT synthesis. The
improved activity was attributed to the higher cobalt site
density, enhanced reduction of cobalt oxide species, and
inhibition of carbon deposition reactions resulting from the
intimate mixing between Co and Ru. Moreover, Eschemann
and co-workers demonstrated that the addition of noble metals
such as Pt, Ru, Re, and Ag resulted in decreased reduction
temperatures of cobalt oxide supported on TiO2, eventually
leading to increases in the CO hydrogenation activity in FT
synthesis.108 Cobalt catalysts supported on TiO2 whose surface
was modiﬁed with boron (0.05 wt %) showed slightly
increased syngas conversion only at higher space times
(>0.33 h gcat/NL), but the product selectivity in FT synthesis
remained the same.109 Conventionally, FT catalysts are
reduced under a hydrogen atmosphere before testing in FT
synthesis, but Jalama and co-workers demonstrated that the
activation of a titania-supported cobalt catalyst with syngas
yielded a catalyst that showed higher stability, higher activity,
and better product selectivity (C5+ and C3−C5 oleﬁn to
paraﬃn ratio) in FT synthesis than its counterpart activated
with hydrogen gas (20 wt % Co, 220 °C, 20 bar, H2/CO = 2)
.110 The enhanced performance of the catalyst activated with
syngas was attributed to increased active-site density resulting
from improved catalyst reduction and dispersion. Furthermore,
it was proposed that CO prevented the formation of inactive
Co species that interact strongly with the support.111

6. NIOBIA-SUPPORTED CATALYSTS
Niobium oxide (Nb2O5) is known to be a water-tolerant solid
acid catalyst, and furthermore, its calcination or pretreatment
temperature plays a key role in determining its acidic and
catalytic properties.112 As observed in the case of titania,
Nb2O5 as a reducible catalytic carrier also exhibits SMSI that is
more eﬃcient than that of titania.113 Furthermore, Nb2O5supported cobalt catalysts were reported to display high
selectivity for heavy hydrocarbons (C5+ selectivity ca. 49%) in
FT synthesis at atmospheric pressure (5 wt % Co, 260 °C, 1
bar, H2/Co = 2) compared with its counterparts supported on
alumina (C5+ selectivity ca. 11%).113 The chain-growthpromoting eﬀect of Nb2O5 as a support material was attributed

to partial reduction of the support and SMSI.114 The C5+
selectivity of Nb2O5-supported cobalt catalysts was also
reported to be very high, i.e., up to 90 wt % C5+ under
industrial working conditions (5−20 wt % Co, 220 °C, 20 bar,
H2/Co = 2).11 It was found that 5 wt % Co/Nb2O5 (operated
at ca. 250 °C) and 25 wt % Co/γ-Al2O3 (operated at ca. 210
°C) have identical activities per unit mass of catalyst at similar
C5+ selectivities (ca. 80 wt %), and consequently, the activity
per unit mass of cobalt was 4 times higher for the Nb2O5supported catalyst. However, it should be noted that the
catalysts supported on Nb2O5 required a higher operating
reaction temperature, i.e., 40 °C higher than their Al2O3
counterparts. Furthermore, when 6 wt % Co/Nb2O5 catalysts
were promoted with platinum (Co/Pt atomic ratio ca. 140),
the cobalt-mass-normalized activity in FT synthesis (6 wt %
Co, 220 °C, 20 bar, H2/Co = 2) increased by a factor of 2.4,
while the high C5+ selectivity (85 wt %) was maintained.115
The increase in the activity of Pt-promoted Co/Nb2O5
catalysts was tentatively credited to the more eﬃcient
promotion of Co by NbOx (x < 2.5) species resulting from
the reduction of Nb2O5 and to an increase in the number of
catalytically active sites by a factor of 1.7 as evidenced from
CO chemisorption experiments.115
Multiple impregnations on crystalline Nb2O5 to achieve
cobalt loadings higher than 6 wt % usually led to larger cobalt
particles, reduced interaction of cobalt with Nb2O5, and
subsequently decreased activity per unit mass of cobalt and C5+
selectivity.116 Preparation of Nb2O5-supported catalysts with
higher cobalt loadings and dispersion is very challenging
because of the very low speciﬁc pore structure of crystalline
Nb2O5 compared with commercial FT supports such as silica
and alumina. In the direction of circumventing this challenge,
Hernández Mejiá and co-workers reported the preparation of
mesoporous crystalline Nb2O5 (Nb2O5-MC) with tailored
porosity by carbon deposition via sucrose pyrolysis (Figure
6a,b).116 Deposition of carbon derived from sucrose during the
crystallization step restricted the collapse of the Nb2O5·nH2O
porous structure. The larger speciﬁc pore volume of Nb2O5MC enabled those authors to achieve higher cobalt loading (10
wt %) in a single impregnation step. The higher cobalt loadings
in Co/Nb 2 O 5 -MC led to an increased catalyst-massnormalized activity in FT synthesis (Figure 6c). The porosity

Figure 7. Cobalt catalysts supported on ZrO2 and CeO2-modiﬁed ZrO2 prepared by the sequential incipient impregnation method and their
activity and hydrocarbon selectivity results in FT synthesis. Reprinted with permission from ref 122. Copyright 2016 Elsevier.

of Nb2O5-MC prevented sintering of the cobalt particles,
resulting in relatively stable catalysts.

7. ZIRCONIA-SUPPORTED CATALYSTS
Zirconia is drawing considerable interest on account of its
potential use as a catalyst support due to its chemical inertness,
redox properties, and acid/base characteristics.117 A ZrO2
support was found to promote the formation of amorphous
hexagonal metallic cobalt during the reduction step in the
catalyst preparation. Furthermore, the direct reduction of
cobalt nitrate leads to weaker metal−support interactions than
observed in the case of calcined catalysts, consequently
increasing the quantity of amorphous or poorly crystalline
hexagonal metallic cobalt, which has been proved to be more
active than cubic cobalt in FT synthesis.118 ZrO2-supported
cobalt catalysts exhibited better Co reducibility and capability
of hydrogen adsorption via a spillover mechanism compared
with conventional alumina-supported Co catalysts.10 These
properties resulted in a higher catalytic activity (CO
conversion, 45% vs 36%) and an increase in the chain growth
probability (C5+, 57% vs 48%) in the FT synthesis (10.5 wt %
Co, 230 °C, 5 bar, H2/CO = 9). Commercially available
micrometer-sized (50 m2/g)- and nanosized (78 m2/g) ZrO2
usually possess medium speciﬁc surface areas. Panpranot et al.
demonstrated the preparation of nanocrystalline ZrO2 by
decomposition of zirconium tetra n-propoxide in 1,4butanediol that exhibited a high speciﬁc surface area (170
m2/g).119 Glycothermal-derived nanocrystalline ZrO2-supported cobalt catalysts displayed higher activity, higher
selectivity for C4−C6 hydrocarbons, and lower selectivity for
methane compared with the commercial micrometer-sized and
nanosized ZrO2 in FT synthesis (8 wt % Co, 220 °C, 1 bar,
H2/CO = 10). The better catalytic performance was attributed
to higher cobalt dispersion and the presence of highly stable
and pure tetragonal-phase zirconia. Liu and co-workers
reported the preparation of mesoporous zirconia with diﬀerent
pore sizes possessing the characteristics of both zirconia and
mesoporous material.120 The cobalt catalysts supported on

mesoporous zirconia exhibited enhanced average crystalline
sizes and degrees of reduction of Co3O4, and in addition, the
strength of the Co−ZrO2 interaction decreased with increasing
pore diameter (5.3 to 6.1 to 8.9 nm). The catalytic test results
displayed enhanced activity, higher C5+ selectivity, and
decreased methane selectivity in FT synthesis with increasing
pore size. The enhanced catalytic activity was attributed to the
improved mass transfer derived from the large pore size and
narrow pore size distribution of the mesoporous zirconia, and
the improved C5+ selectivity was derived from the use of
zirconia as the catalytic support.
7.1. Eﬀect of Surface Modiﬁcations on the Zirconia
Support. Cobalt catalysts supported on lanthanum (10 mol
%)-modiﬁed ZrO2 (La-ZrO2) were prepared by mechanical
mixing and exhibited higher cobalt dispersion and enhanced
cobalt reducibility, consequently yielding higher catalytic
activity in FT synthesis than those supported on the pure
oxides (La2O3 and ZrO2) and other La-modiﬁed ZrO2.121 The
other La-ZrO2 was prepared by coprecipitation and impregnation, causing intimate contact between La2O3 and ZrO2 and
incorporated La atoms in ZrO2, which in turn induced stronger
interactions between cobalt and the support and lowered the
catalytic activity in FT synthesis. Another study showed that
cobalt catalysts supported on ceria (5 wt %)-modiﬁed ZrO2
(5CeO2−ZrO2) prepared by the sequential incipient impregnation method (Figure 7) also had enhanced cobalt oxide
dispersion, cobalt reducibility, and number of cobalt active
sites compared with those supported on unmodiﬁed ZrO2.122
Subsequently, the Co/5CeO2−ZrO2 catalysts displayed higher
activity in FT synthesis (15 wt % Co, 220 °C, 20 bar, H2/CO
= 2). The better catalytic performance was attributed to the
cyclic redox process of CeO2, which can eﬀectively inhibit the
oxidation of Co0 to Co2+. However, the C5+ selectivities on the
CeO2-modiﬁed and unmodiﬁed catalysts were the same (ca.
85%). Addition of an excessive amount of CeO2 (10 wt %)
resulted in decreased activity in FT synthesis, which was
ascribed to rapid catalyst deactivation in the initial stages of the

reaction caused by diﬀusional limitations of the reactants/
products (liquid waxes) in the smaller pores.

8. ZEOLITE-SUPPORTED CATALYSTS
Zeolites are crystalline microporous aluminosilicates with
frameworks assembled from tetrahedral units having a cation
such as Si or Al at the center and oxygen atoms at the corners.
The utility of zeolites as catalytic supports is generating
considerable interest in heterogeneous catalysis because of
their shape-selective characteristics, well-deﬁned pore structure, high porosity, and acidic nature.123 Zeolites can be
synthesized with various structures and pore dimensions. To
simplify the notation of diverse zeolite structures, a structuretype code was introduced by IUPAC (e.g., a zeolite containing
10-membered-ring pore systems that form a three-dimensional
network is named ZSM-5). The acidic nature of the zeolites
can be tuned by varying the silica-to-alumina ratio. The surface
acidic nature of zeolites tends to display FT product selectivity
for lighter and branched hydrocarbons and even aromatics,
thus deviating with respect to Anderson−Schulz−Flory (ASF)
distributions for cobalt catalysts in FT synthesis.124−126
Furthermore, zeolite-supported cobalt catalysts serve as a
bifunctional catalyst composition in which metallic cobalt
drives the growth of long-chain hydrocarbons, which undergo
further reaction at the zeolite acid sites to yield more-branched
hydrocarbons with limited chain length and aromatics.127
ZSM-5-supported cobalt catalysts showed good selectivity for
gasoline-type products in FT synthesis due to the characteristic
properties of ZSM-5 such as surface acidity (which promotes
secondary reactions like oligomerization, isomerization, cracking, and aromatization), pore structure (which provides
selectivity for limiting the hydrocarbon chain growth length),
resistance to coke formation, and stability under FT reaction
conditions.13,128−130 It was found that the presence of
secondary porosity, cages, and three-dimensional channel
systems with large micropores in zeolites (e.g., USY) mediates
higher accessibility of reactants/products to the catalytic sites,
thereby favoring the formation of long hydrocarbons.131
β-Zeolite is classiﬁed as a large-pore zeolite that possesses
two types of 12-membered pores and a three-dimensional
structure with both micro- and mesopores.132 The cobalt
catalysts supported on mesostructured β-zeolite showed higher
activity and lower methane selectivity in FT synthesis than
those supported on β-zeolite, which was ascribed to the better
reducibility of larger cobalt particles that exhibit weaker
interactions with the support.133 In another study, cobalt
catalysts (7.5, 10, 15, or 20 wt %) supported on nanometric βzeolite composed of β-zeolite crystallites of nanometric
dimensions and a SiO2/Al2O3 molar ratio of about 50 were
reported.134 These catalysts exhibited bifunctional character
with a maximum activity at a speciﬁc concentration of cobalt
(15 wt %) and Co3O4 particle size (ca. 9). However, the
selectivity for isoparaﬃns from isomerization reactions was
strongly inﬂuenced by the support’s acid functionality. A recent
study found that the catalytic activity and product selectivity of
cobalt supported on β-zeolite in FT synthesis strongly depends
on the catalyst preparation method, i.e., impregnation (IM),
incipient wetness (IW), physical mixing (PM), or precipitation
(PT).135 The activities of the catalysts were ranked in the
following order: IW > IM > PT > PM. The selectivities for
isoparaﬃns were placed in the following order: PT > PM > IM
> IW.

Generally, most types of zeolite material consist of pore sizes
and cavities in the microporous regime, which hampers the
transport of reactants and products during FT synthesis. In the
direction of overcoming this limitation, hierarchical zeolites
were developed that combine the advantages of mesoporous
materials and zeolite crystals.136 The cobalt catalysts supported
on hierarchical zeolite Y displayed increased activity and C5−11
selectivity in FT synthesis (10 wt % Co, 260 °C, 10 bar, H2/
CO = 2) compared with their counterparts supported on
pristine zeolite Y (Figure 8).137 The better catalytic perform-

Figure 8. Schematic depiction of the hierarchical zeolite and its use as
a catalytic support in FT synthesis. Republished with permission from
ref 137. Copyright 2015 Elsevier.

ance was attributed to the optimized hydrocracking and
isomerization function derived from the hierarchical zeolite Y
with the strong Brønsted acid/Lewis acid (B/L) ratio and
eﬀective textural properties. In a diﬀerent study, a hierarchically spherical Co-based zeolite catalyst with an aggregated
nanorod structure prepared by in situ self-assembly crystallization of Co/SBA-15 also exhibited improved activity and
enhanced the isoparaﬃn selectivity in FT synthesis.138
Lu et al.139 demonstrated a new method of preparing HUSY-zeolite-supported nanocobalt bifunctional catalysts by a
physical sputtering process (Figure 9). In this process, the

Figure 9. Schematic of the tandem reaction including FT synthesis
and acid catalysis achieved on the sputtered Co/USY bifunctional
catalyst. Republished with permission from ref 139. Copyright 2015
Elsevier.

particles of sputtered cobalt exist at the nanolevel and were
well-dispersed on the acidic USY zeolite. The nanocobalt
loaded on the support was easily activated in a lowtemperature (260 °C) hydrogen reduction atmosphere. The
sputtered Co metallic nanoparticles wedged on zeolite form
only weak physical interactions between the metal and the
support, thus leading to a facile metal reduction process in this

case, in contrast to the strong interaction between the
impregnated metal and the support. Consequently, the
sputtered bifunctional Co/USY catalyst exhibited much higher
CO conversion and higher isoparaﬃn selectivity than the
conventional impregnated catalyst (7 wt % Co, 260 °C, 10 bar,
H2/CO ≈ 2). This method might be useful in heterogeneous
catalysis where detrimental SMSI eﬀects are observed.

9. CERIA-SUPPORTED CATALYSTS
CeO2 is an interesting choice for use as a catalyst support,
considering its redox properties, reducible nature, and surface
aﬃnity for both CO and H2 molecules. Furthermore, it can
also function as a structural and electronic promoter in
heterogeneous catalysis.140 Usually, under typical FT synthesis
conditions using cobalt catalysts supported on conventional
supports (5 wt % Co, 220 °C, 20 bar, H2/CO = 2), the
formation of oxygenates is often neglected. However, it was
observed that CeO2-supported cobalt (ca. 5 wt %) catalysts
prepared by the incipient wetness impregnation method
exhibited high selectivities for oxygenates (ca. 7%) and C2−
C4 hydrocarbons (ca. 38%) and low selectivity for C5+
hydrocarbons (44%) in the FT synthesis process (5 wt %
Co, 250 °C, 20 bar, H2/CO = 2).12 Though it might be argued
that the temperature was slightly higher (250 vs ca. 220 °C) in
the above study, the selectivity for oxygenates was still
remarkable. Gnanamani et al.141 proposed a likely pathway
for alcohol formation based on Co−CeO2 interfacial catalysis,
in which FT reaction intermediates at the cobalt metal sites
diﬀuse from the cobalt metal particles across the Co−CeO2
junction to react with active bridging OH groups on partially
reduced ceria (Ce3+) groups to form oxygenates. Furthermore,
it was found that CeO2-supported Co (5, 15, or 25 wt %)
catalysts promoted with Pt exhibit higher selectivities for linear
alcohols (14.8%) at lower cobalt loadings (5 wt % Co, 220 °C,
20 bar, H2/CO = 2). Increasing the cobalt content led to a
decrease in the selectivity for oxygenates (8.9% and 4.5% for
15 and 25 wt % Co loading, respectively) because the on-top
surface area of cobalt increased at the expense of the interfacial
area at the Co−CeO2 junction.
10. CARBON-SUPPORTED CATALYSTS
Carbon-based materials such as carbon nanoﬁbers (CNFs),
carbon nanotubes (CNTs), carbon spheres (CSs), and
mesoporous carbons have drawn interest as catalyst supports
in FT synthesis because of their diverse merits such as high
surface areas with diverse pore structures, high purity, high
mechanical strength and thermal stability, good electrical
conductivity, resistance to acidic and basic conditions, low
cost, good recycling characteristics, low density, and superior
chemical inertness under FT reaction conditions.142,143 In
general, carbon is classiﬁed into two types: amorphous carbon,
which comprises activated and templated carbon, and
crystalline carbon, which comprises graphite, fullerenes,
CNTs, carbine, and diamond. The chemical inertness of
pristine carbon materials helps in circumventing the strong
detrimental interactions between the active metal and the
support, thereby enabling studies of the catalytic behavior of
the metal with respect to its structure, size, and shape in the
absence of support eﬀects. The articles reporting on cobaltbased carbon catalysts prior to the year 2015 were summarized
in two reviews. In the ﬁrst one, progress on carbon support
structure eﬀects, the inﬂuence of surface modiﬁcation of the

carbon pore structure by O and N doping, and the eﬀects of
cobalt intrinsic properties and promoters on carbon-supported
cobalt catalysts for FT synthesis were presented.143 In the
second one, the features and surface properties of several
shaped carbon materials, including carbon black, activated
carbon, CNTs, CNFs, CSs, ordered mesoporous carbon,
graphene, and diamond and their utility as catalytic supports in
FT synthesis and higher alcohol synthesis were discussed and
summarized.144 In the following paragraphs, only the
important ﬁndings and the articles from 2015 to the present
are discussed.
The eﬀect of Co particle size on traditional oxides in FT
synthesis is still not very well established because of the varying
degrees of interaction between the support and the metal. In
the absence of strong interactions between Co and CNFs, it
was found that cobalt particle sizes of 6−8 nm are preferred for
obtaining both higher TOF and C5+ selectivity.145,146 The
lower TOF of <6 nm Co particles was attributed to blocking of
edge/corner sites and lower intrinsic activity at the small
terraces.147 Though the reducibility of cobalt oxide species is
improved on carbon material supports, the preparation of
highly dispersed and stable cobalt catalysts still requires at least
intermediate interactions between the support and the Co
precursor. Modiﬁcation of surface chemical properties of
carbon materials by O or N doping was found to be essential
to increase their ability to anchor cobalt species. Oxygencontaining groups (e.g., carboxylic acid/anhydride, lactone,
and phenolic hydroxyl) were introduced on the surface of
carbon by treatment with nitric acid, thus increasing the
surface acidity and adsorption ability to anchor Co particles.148
The acid-treated CNTs yielded a decrease in cobalt particle
size and an increase in cobalt dispersion, consequently
positively aﬀecting the activity in FT synthesis.149,150 Nitrogen
functional groups were introduced on the surface of carbon by
treatment with ammonia or aniline, thereby altering the defect
and electronic structure of the support.142 The N-functionalized CNTs as a cobalt catalyst support exhibited increased
metal−support interactions, Co dispersion, and reducibility of
cobalt oxides, and these observed properties led to a distinct
shift to lower-molecular-weight hydrocarbons and provided
excellent stability to the N-functionalized CNT-supported
cobalt catalyst.151 It was also found that N doping of CSs not
only improved the cobalt particle distribution but also
inﬂuenced the reduction ability of carbon. Thus, N-doped
CS-supported Co catalysts autoreduced by the carbon support
showed higher CO conversion than that obtained by H2
reduction.152 CNTs are distinguished from other carbon
materials by their graphite layers and tubular morphology,
which impart remarkable electronic and mechanical properties.153 The channels in CNTs restricted cobalt particle growth
inside the tubes (conﬁnement eﬀect), and as a result, particles
inside the tubes were smaller than the particles attached to the
outer surfaces.154 Furthermore, it was found that the sintering
rate of the particles located on the outer surface of the CNTs
was signiﬁcantly higher than that of particles on the inner
surface because of the electron deﬁciency of the inner walls of
the CNTs and the stronger interaction between the cobalt
oxides and the support. The conﬁnement of the reactant and
reaction intermediates inside the channels increases the
contact time of these reaction species with the active phase,
leading to increased production of heavier hydrocarbons
(higher C5+ selectivity).155 On the contrary, the cobalt particles
located outside the CNT channels exhibited lower activity and

C5+ selectivity in the FT reaction.150 Comparison of the FT
synthesis rates using graphene- and CNT-supported cobalt
catalysts showed that the former increased the rate by 22%,
shifted the product distribution to the long-chain hydrocarbons, and exhibited higher stability compared with the
latter.156 These properties were attributed to the better
dispersion of cobalt clusters and an increase in the degree of
reduction of Co at relatively lower temperatures in the
graphene-supported catalyst.
Eschemann and co-workers demonstrated that by the choice
of an appropriate solvent (alcohol) and drying procedure
(under nitrogen ﬂow) during the catalyst preparation step,
clustering of supported nanoparticles could be avoided,
yielding well-dispersed supported cobalt oxide nanoparticles.157 It was found that the CNT-supported cobalt catalysts
prepared by this method showed a superior cobalt-mass-based
activity in FT synthesis compared with those prepared from an
aqueous solution, as the cobalt particles had grown less during
reduction and the catalytic test, leading to higher speciﬁc active
metal surface area. CNT-supported cobalt catalysts exhibit
superior activity and C5+ selectivity compared with their
counterparts supported on γ-Al2O3 due to decreased Co
particle size and increased cobalt reducibility, dispersion, and
active metal surface area on CNTs.158 Phaahlamohlaka et al.159
utilized mesoporous hollow carbon spheres (MHCSs) as a
model support to study the inﬂuence of Ru nanoparticle
location relative to Co3O4 nanoparticles on the reduction
behavior and activity of Co catalysts in FT synthesis. In this
study, Ru nanoparticles were loaded both inside and outside
the MHCSs, while Co3O4 particles were loaded on the outside
of the MHCSs (Figure 10). Greater reducibility at low

Figure 10. Schematic showing likely Co (red) and Ru (blue) particle
distributions on the MHCS support: (a) Co/MHCS; (b) CoRu/
MHCS; (c) 0.2% Ru@MHCS@Co; (d) 0.5% Ru@MHCS@Co.159

temperatures and higher activity were observed for catalysts
where the Co and Ru metals were in close proximity to each
other (CoRu/MHCS, Figure 10b) as a result of a primary
hydrogen spillover eﬀect that enhanced the cobalt oxide
reduction, leading to a highly active Co catalyst. In case of
Ru@MHCS@Co, where the Co and Ru were separated by a
carbon shell (Figure 10c,d), secondary hydrogen spillover
induced complete reduction of cobalt oxide to metallic Co at a
lower temperature compared with unpromoted catalyst.

In the direction of decreasing the multitude of parameters in
the multistep FT catalytic preparation technique, plasma
technology was implemented by Aluha and co-workers,
enabling them to prepare C-supported nanometric Co catalysts
in a single step.160−166 It was shown that C-supported
nanometric Co catalysts synthesized by plasma spraying in a
single step displayed superior catalytic activity (CO conversion: 20% vs 7%; process conditions: 40 wt % Co, 230 °C,
30 bar, H2/CO = 1.88) over the conventional multistep
catalyst production by precipitation or impregnation.160 This
approach to catalyst preparation resulted in nonporous
catalysts and aided in improving the dispersion of cobalt
compared with the impregnation or precipitation technique:
the average Co cluster size in plasma-synthesized Co/C was ca.
12 nm, compared with 37 and 22 nm using the impregnation
and precipitation techniques, respectively. The lower process
temperature (220 °C) was more beneﬁcial for the selectivity of
the Co/C catalyst toward the gasoline (C4−C12) and diesel
(C13−C20) range fractions, with CO conversion of about 42%.
Increasing the process temperature to 260 °C resulted in
complete CO conversion at the cost of producing highly
prevalent undesired products such as CO2 and CH4.161−163
Extensive studies using carbon support materials derived
directly from lignocellulosic biomass in FT synthesis are still
missing. Such studies would help to identify suitable biomass
resources from its diverse and heterogeneous pool of raw
material. Furthermore, the presence of inorganic species in
biomass-derived carbon supports might play a role in
enhancing the activity in FT synthesis.

11. SILICON CARBIDE-SUPPORTED CATALYSTS
The reactions involved in the FT synthesis are highly
exothermic and cause adiabatic temperature rises of up to
1477 °C (simply estimated as ΔHr/Cp,reactants).167 Therefore,
heat transfer and recovery is very important, especially when
using a ﬁxed-bed reactor. A local temperature rise in the
reactor can form a hot spot in the catalytic bed that might lead
to losses of activity and selectivity, sintering, and deactivation
of the catalyst. For this reason, the Sasol I plant in South Africa
used a small reactor tube with an internal diameter of 5 cm.
The traditional FT catalytic supports such as alumina, silica,
and titania have mediocre thermal conductivity and thus might
not prevent the formation of hot spots within the catalyst
bed.33,168 β-SiC (SiC) is a covalent material made up of
tetrahedral structural units. It is a newly emerging catalytic
support material with very interesting properties such as
chemical inertness, high thermal conductivity, and high
mechanical strength along with surface area and surface nature
that can be tuned by doping and open porosity consisting
mostly of meso- and macropores.169 Furthermore, it combines
the best properties of both oxide- and carbon-based supports
and circumvents many of their disadvantages.170 The thermal
conductivity of SiC gives rise to improved heat transfer in
catalytic processes by reducing the formation of local hotspots
as well as temperature gradients across the catalyst bed, making
it a promising support material for FT catalysts. Furthermore,
the chemical inertness of SiC leads to easy recovery of both the
active phase and the support.171
Lacroix and co-workers evaluated the cobalt-based catalyst
supported on a medium-surface-area SiC foam ceramic in FT
synthesis (30 wt % Co, 220 °C, 40 bar, H2/CO = 2) in a ﬁxedbed reactor with no catalyst diluent.14 The catalytic test results
for these catalysts were compared with those obtained on a

reference Co/Al2O3 foam catalyst. It was found that at medium
isoconversion (<50%) the two catalysts displayed similar C5+
selectivities. However, when the CO conversion was increased
to 70%, a signiﬁcant diﬀerence between the two catalysts in
terms of the C5+ selectivity was observed (80% with Co/SiC vs
54% with Co/Al2O3). The selectivity diﬀerence was ascribed to
the high eﬃciency of the thermally conductive SiC to evacuate
heat generated during the course of the reaction and also to the
presence of meso- and macroporosity in the SiC support.
Furthermore, the hydrocarbon chain growth probability (α)
obtained on the SiC-based catalyst (0.91) was higher than that
of the counterpart on alumina (0.88) with preference to wax
formation (Figure 11). Furthermore, the high chemical

Figure 11. Distributions of liquid hydrocarbons obtained on the Co/
SiC and Co/Al2O3 catalysts. The results were obtained from the
liquid hydrocarbons trapped at high pressure in the hot trap (85 °C).
Republished with permission from ref 14. Copyright 2011 Elsevier.

inertness of the SiC material allowed the recovery of both
the active phase and the support by a simple acid washing. The
recovered SiC impregnated with fresh Co catalyst displayed
similar catalytic performance compared to the fresh catalyst.
The catalytic activity of Co/SiC was further improved by
supporting the cobalt phase on Al2O3-coated SiC (Co/Al2O3−
SiC) without compromising its selectivity for C5+ hydrocarbons (80%). The improved activity was attributed to the
higher cobalt dispersion on the Al2O3−SiC support compared
with unmodiﬁed SiC.
In another study, Co/SiC catalysts promoted with Ru (to
enhance Co reducibility) were evaluated in FT synthesis in a
platelet-structured millireactor (PSR) at diﬀerent gas hourly
space velocities (GHSVs), and the catalytic results were
compared with those obtained in the “conventional” microtubular ﬁxed-bed reactor (TR).172 The PSR containing an
open SiC cell foam morphology allowed easier operation under
diﬀerent GHSVs without problems of pressure drop or reactor
plugging. The PSR displayed a better activity in FT synthesis
(30 wt % Co, 220 °C, 10 bar, H2/CO = 2) compared with that
obtained in the TR, and the activity steadily increased with
increasing GHSV. The improved catalytic activity with
increasing GHSV in the PSR was ascribed to the eﬃcient
removal of the liquid hydrocarbon formed on the catalytic
surface, ensuring better accessibility of the reactant to the
active phase. Furthermore, the PSR yielded a narrower
hydrocarbon distribution proﬁle (between C7 and C17)

compared with the TR, which generated longer-chain hydrocarbons under similar reaction conditions. Of the cobalt
precursors supported on SiC, namely, cobalt nitrate (CoN),
cobalt acetate (CoA), cobalt chloride (CoCl), and Co citrate
(CoCit), it was found that CoN/SiC showed the best activity
in FT synthesis.173 This was attributed to the larger Co particle
size, the ease of Co reduction, and the basicity of CoN/SiC.
́ et al.174 demonstrated that pretreatment of β-SiC with
Diaz
the pore agent and acidic treatment improved the catalytic
activity of the resulting cobalt catalysts in the FT synthesis
(13−15 wt % Co, 220 °C, 20 bar, H2/CO = 2). The acid
treatment resulted in SiC with lower metal impurities that were
left behind during its preparation and also increased the
number of acid sites. The pore agent treatment led to changes
in the pore size distribution of SiC by increasing the
macropore volume, which favored evacuation of the FT
products, keeping the active sites available for reactants. Both
these pretreatments enhanced the reducibility of cobalt
particles with increased numbers of active sites, resulting in
an improvement in the catalytic activity. Alternatively, Liu and
co-workers evaluated cobalt catalysts supported on titaniadecorated silicon carbide (β-SiC) in FT synthesis (10 wt % Co,
230 °C, 40 bar; H2/CO = 2).175 The catalytic test results
showed that the cobalt time yield of the catalyst after TiO2
modiﬁcation (7.5 × 10−5 molCO gCo−1 s−1) was about 42%
higher than that of the counterpart on the bare support (5.3 ×
10−5 molCO gCo−1 s−1). However, the C5+ selectivities of the
two catalysts were the same (ca. 91%). Two-dimensional (2D)
elemental maps deduced by 2D energy-ﬁltered TEM and 59Co
NMR analysis revealed that the nanoscale introduction of TiO2
into the β-SiC matrix signiﬁcantly enhanced the formation of
small and medium-sized cobalt particles. Furthermore, the
proper metal−support interaction between cobalt nanoparticles and TiO2 led to the formation of smaller cobalt
particles (<15 nm), resulting in a large fraction of surface
atoms and, consequently, a great enhancement of the catalytic
activity.

12. MISCELLANEOUS SUPPORTS
In addition to the supports discussed above, ceria, aluminum
phosphate, hydrotalcites, and metal−organic frameworks
(MOFs) as potential supports for cobalt-based catalysts have
also been reported. In the following sections, the activities and
selectivities of these catalysts in the FT reaction are discussed.
12.1. Aluminum Phosphate-Supported Catalysts. The
surface of aluminum phosphate possesses acidic sites that are
capable of participating in the catalytic process, and it could
also be used as a catalytic carrier.176 Amorphous AlPO4 is built
of tetrahedral AlO4 and PO4 units and is structurally similar to
silica.177 Furthermore, it exhibits a high surface area and large
average pore size, which are beneﬁcial characteristics of a
support. Cobalt catalysts supported on AlPO4 prepared from
cobalt nitrate as the precursor displayed better catalytic
performance but a slightly lower C5+ selectivity in FT synthesis
compared with the corresponding Co/Al2O3 catalyst.178 The
enhanced activity was attributed to the improvement in the
degree of Co reduction (at low temperature), with a high
surface area of metallic cobalt containing proper electronic
states that aid in the dissociative adsorption of CO,
homogeneous dispersion of cobalt on AlPO4, and decreased
cobalt aluminate formation compared with the pristine Al2O3
support. The Co/AlPO4 catalysts showed a rapid decrease in
activity in the initial period, which was attributed to carbon

deposition, including ﬁlamentous carbons; however, the
catalytic activity was still higher than that of Co/Al2O3.
12.2. Hydrotalcite-Supported Catalysts. Hydrotalcitelike compounds (HTls), denoted by the empirical formula
[M2+1−xM3+x(OH)2]x+[An−x/n]x−·mH2O, where M2+ is a
divalent cation such as Co2+, Mg2+, Zn2+, Ni2+, or Cu2+; M3+
is a trivalent cation such as Al3+, Cr3+, Fe3+, or Ga3+; An− is an
anion of charge n−; and m is the molar content of
cointercalated water, belong to the large class of anionic
clays. In most cases, M2+ and M3+ are Mg2+ and Al3+,
respectively. HTls exhibit interesting properties for support
materials such as high surface area, basic properties, and
stability during thermal treatments.179 Krylova et al.180
demonstrated the use of synthetic MgAl-HTls (Mg6Al2(CO3)(OH)16·4H2O) as supports for Co (30 wt %) catalysts (Co/
MgAl-HTls) that are highly selective with respect to the
formation of paraﬃns (α = 0.9−0.94) in FT synthesis (30 wt %
Co, 170−230 °C, 10 bar, H2/CO = 2). Another study found
that Co (10 wt %) catalysts supported on commercial MgAlHTls displayed the highest catalytic activity and better C5+
selectivity than those supported on Al2O3 or MgO in FT
synthesis (10 wt % Co, 230 °C, 2 bar, H2/CO = 2).181 The
better catalytic performance of Co/MgAl-HTls was ascribed to
the eﬀects of the relatively higher total surface area, high
reducibility, and smaller cobalt particle size. However, Co
catalysts supported on calcined (500 °C) MgAl-HTls displayed
very poor activity, which was attributed to possible changes in
the layered structure of HTls, with the formation of Mg(Al)
mixed oxide modifying the surface basicity and a much
stronger interaction of Mg(Al) oxide with cobalt particles. Di
Fronzo et al.182 introduced ternary HTlc, with the general
formula [CoxZn(1−x−y)Aly(OH)2](NO3)y·0.5H2O, synthesized
by a modiﬁed urea method (Co−Zn−Al-HTls with 5−35 wt %
Co loading), as catalysts in FT synthesis. These are a new kind
of catalyst, as the active metal is part of the structural core of
the HTlc, as opposed to the conventional supported-cobalt
catalysts. Cobalt was found to be uniformly dispersed in Co−
Zn−Al-HTls, and the reduction of cobalt was achieved at
temperatures lower than 350 °C. These catalysts were tested
for about 24 h and found to be active in FT synthesis (5 wt %
Co, 220−240 °C, 20 bar, H2/CO = 2), with CO conversions
of about 80% and C7+ selectivities of up to ca. 93%. Although
this is a new method of preparing Co-based FT catalysts, their
long-term stability and the eﬀect of cobalt loading in terms of
morphology/size of Co crystallites must be established.
12.3. MOF-Supported Catalysts. MOFs are new class of
porous organic−inorganic hybrid materials constructed by
linking of metal ions or clusters with multidentate organic
linkers. The tunable structure, topology, surface area, pore size,
pore volume, and functionality of MOFs make them an
interesting material for applications in the ﬁeld of heterogeneous catalysis.183,184 Isaeva et al.185 reported a cobalt (5−15
wt %)-containing Al3+-derived microporous MOF (Co-MIL53(Al)) catalyst prepared by the incipient wetness impregnation method. Although MOFs are known for poor thermal
stability (even <350 °C), these catalysts were found to retain
their crystallinity even after the catalytic test (20 h). The CoMIL-53(Al) catalysts exhibited similar activity and slightly
higher C5+ selectivity (73% vs 69% at 15 wt % Co loading)
than those supported on alumina in FT synthesis (5−15 wt %
Co, 240 °C, 20 bar, H2/CO = 2). Though Co nanocrystallites
were more highly dispersed on MIL-53(Al) than on alumina,
there was a signiﬁcant fraction of small particles (2−4 nm) that

were not catalytically very active on the former support, which
explains their similar catalytic performance. In a diﬀerent study,
MOF-derived cobalt catalysts, one containing nitrogen (CoZIF-67) and the other one nitrogen-free (Co-MOF-74), were
prepared by incorporating cobalt into the MOF matrix during
the synthesis.186 Before these catalysts were tested in FT
synthesis, they were thermally treated (550 °C) under an
argon atmosphere to carbonize the organic ligands that aided
in the reduction of cobalt species and to prevent Co
aggregation. However, the MOF structure was collapsed after
the thermal treatment. The cobalt nanocrystallites embedded
in the carbon matrix were well-dispersed in both of these
catalysts. The cobalt catalysts derived from nitrogen-free
MOFs (Co-C) exhibited better CO conversion (30% vs
10%) with higher C5+ selectivity (65% vs 31%), moderate
short-chain hydrocarbon selectivity (C2−C4, 10% vs 37%), and
similar CH4 selectivity compared with the catalysts derived
from nitrogen-containing MOFs (Co-NC) in FT synthesis (30
wt % Co in Co−C and 52 wt % Co in Co-NC, 230 °C, 30 bar,
H2/CO = 2). The diﬀerence in the catalytic performances was
attributed to the relatively large pore size (7 nm in Co−C vs 3
nm in Co-NC), which facilitates the diﬀusion of hydrocarbons.
The high selectivity for short-chain hydrocarbons (C2−C4)
using Co-NC was tentatively ascribed to the electronic eﬀects
generated by the presence of nitrogen with electron donor
capability in the carbon matrix.
Usually, the cobalt phase present in MOF-derived materials
is composed solely of fcc Co. However, the hcp Co phase is
found to be more active in FT synthesis because CO molecules
bind to and dissociate from the Co-hcp structure more readily
than from the Co-fcc phase.118,187 Recently it was shown that
well-dispersed Co-fcc nanoparticles (ca. 10 nm) were obtained
on the porous-carbon-supported Co catalysts prepared by
pyrolyzing a Co-MOF-71 precursor.188 Furthermore, doping of
Co-MOF-71 with variable quantities of the Si precursor
Si(OC2H5)4 and subsequent pyrolysis (250 °C) and hydrogenation (350 °C) treatments resulted in catalysts (Co−Si−C)
with tunable Co-fcc nanoparticles that were partially transformed into Co-hcp phase via a Co2C intermediate. The Co−
Si−C catalysts holding high Co site density (molactive sites/gcat)
showed very good activity and C5+ selectivity, with diesel fuels
being the main constituents in the liquid product. The C5+
space-time yields (ghydrocarbons gcat−1 h−1) of the Co−Si−C
catalysts were reported to be relatively higher than those of the
conventional Co catalysts, but the tested conditions were
diﬀerent. Therefore, more studies to test the long-term stability
and economic viability of preparing these types of catalysts are
needed in order to comment on their application at large scale.
12.4. Metal-Foam-Supported Catalysts. Metal foams
are a new kind of porous materials with a cellular structure that
oﬀer interesting characteristics for use as catalyst carriers, such
as high thermal conductivity like that of SiC, limited
detrimental metal−support interactions, a low pressure drop
due to the presence of voids (macropores) that enhance the
mass transfer properties, and low density.189 Park et al.190
introduced the use of Ni-foam-supported catalysts prepared by
coating the cobalt catalyst powder (Co/Al2O3) on the surface
of a Ni foam in FT synthesis (8 wt % Co, 190−220 °C, 20 bar,
H2/CO = 2). The thus-prepared Ni foam catalyst showed low
CH4 and CO2 selectivities and high C5+ selectivity compared
with the conventional Co/Al2O3 catalyst. The enhanced
performance was attributed to the better heat and mass
transfer properties in the reaction. Furthermore, it was found

Table 5. Guidance for Support Modiﬁcations To Improve Catalytic Performance of Co-Based Catalysts in FT Synthesis (⊗,
No; √, Yes
are surface modiﬁcations/doping required to improve the support characteristics?
support

surface area

reducibility

dispersion

metal−support interactions

acid/base properties

thermal conductivity

alumina
silica
titania
niobia
zirconia
zeolites
carbon materials
silicon carbide
metal foams

⊗
⊗
√
√
√
⊗
⊗
√
√

√
√
⊗
⊗
√
√
⊗
⊗
⊗

√
√
√
√
√
⊗
√
√
√

√
√
√
√
⊗
√
⊗
⊗
⊗

√
√
√
√
√
⊗
√
√
√

√
√
√
√
√
√
⊗
⊗
⊗

Table 6. Guidance for the Choice of Support Based on the Product Selectivities of Co-Based Catalysts in FT Synthesis
products
C5+

support
Al2O3

surfacemodiﬁed
Al2O3
SiO2

surfacemodiﬁed
SiO2
TiO2

Nb2O5

ZrO2
carbon

SiC

C5−C10
(gasoline
range)

zeolites

oxygenates

CeO2

characteristics that aﬀect the product selectivity
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•

pore size (ca. 12−50 nm)
Co particle size (7−8 nm for γ-Al2O3)
from diﬀerent phases of alumina, α-Al2O3 is preferred
catalyst particle size (50−225 μm)
modiﬁcation with inorganic oxides such as Zr, Ti, or Ta
alters H2/CO mass transport within the pores
intermediate acid/base character (η = 2.49−2.53 eV; vide supra)
pore size (ca. 10 nm)
Co particle size (ca. 9 nm)
moderate CO adsorption
modiﬁcation with inorganic oxides such as Zr/P
enhances stabilization of the active phase
selective poisoning of methanation sites by carbon coating (10 wt %)
reducible nature of the support
average pore size (ca. 16 nm) favors easy diﬀusion of long-chain hydrocarbons, leading to high C5+ selectivity
close interaction of Co promoted with Ru or Re
reduces blockage of the active site by carbonaceous species
reducible nature of the support
electronic eﬀect: possible electron enrichment of surface cobalt atoms by partially reduced NbOx species
localized on the cobalt particles favors hydrogenolysis, leading to higher C5+ selectivity
• ability to adsorb hydrogen via a spillover mechanism
• mesoporous ZrO2 with pore size of ca. 9 nm yields mostly C12−C18 (diesel range)
• Co particle size (∼8 nm)
• CNTs: conﬁnement of reactants and reaction intermediates within CNTs leads to increased contact time of
reactive species with the active phase, favoring C5+ selectivity
• graphite: reduces the high H adsorption and thus leads to long-chain growth
• ability to eﬃciently evacuate heat generated during the FT reaction,
• presence of meso- and macroporosity favors wax formation even at high CO conversions
• surface modiﬁcation with TiO2 leads to smaller Co particles (<15 nm)
• the acidic nature of the zeolites can be tuned by changing the silica/alumina ratio, which favors short-chain
hydrocarbons
• serve as bifunctional catalysts
• secondary reaction of long-chain hydrocarbons to yield branched hydrocarbons with limited chain length and
aromatics
• preferred zeolites: ZSM-5 or hierarchical Y zeolite
• redox properties of CeO2
• alcohol formation based on Co−CeO2 interfacial catalysis (vide supra)

that CH4 formation was eﬀectively minimized even at higher
reaction temperatures. However, macroporous metal foams
possess low metal surface area, making it diﬃcult to get good
dispersion of the active phase. In the direction of circumventing this problem, Harmel191 proposed a method of
growing cobalt nanowires in the porous network of nickel
and copper foams. Interestingly, these Co nanowires constitute
Co-hcp phase, which is known to exhibit high activity in FT
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synthesis. The Ni-foam-supported cobalt catalysts showed high
activity and selectivity for CH4, whereas the Cu-foamsupported catalysts exhibited high activity and selectivity for
C5+ hydrocarbons. This represents a new method to increase
the dispersion of the active phase and enhance the intrinsic
activity of cobalt active sites, but the long-term stability of
these catalysts and the economic viability of the preparation

protocol must still be carefully evaluated before they can be
implemented in the industrial process.
12.5. Hydroxyapatite: A Potential Support Material.
Hydroxyapatite (HAP, Ca10(PO4)6(OH)2) is a double salt of
tricalcium phosphate- and calcium hydroxide-based materials
that contains both acidic and basic functionalities.192
Furthermore, it exhibits other characteristics such as high
thermal stability, extremely low water solubility, and tunable
speciﬁc surface area with or without mesopores depending on
the synthesis conditions.193 The Ca/P molar ratio in the
stoichiometric form of HAP is 1.67. The ionic radii of HAP’s
component elements (Ca and P) permit the transfer or loss of
ions within its crystal structure, consequently leading to
nonstoichiometric HAPs, Ca10−z(HPO4)z(PO4)6−z(OH)2−z (0
< z ≤ 1) with Ca/P molar ratios in the range of 1.50 to 1.80.194
The possibility of preparing nonstoichiometric HAPs helps in
tuning the density of acidic and basic sites, which is not
possible in the case of conventional catalyst carriers. When the
Ca/P ratio of HAP is about 1.50, the material behaves as an
acidic catalyst. HAP exhibits characters of both acidic and basic
catalysts when the Ca/P ratio is between 1.50 and 1.67 and
acts as a basic catalyst when the Ca/P ratio is above 1.67.195
Furthermore, the calcium ions in HAP can be easily exchanged
with most divalent cations (e.g., Cu2+, Pb2+, Zn2+, Cd2+, Co2+,
etc.) without aﬀecting the stability of the phosphate.196 These
interesting characteristics of HAPs make them unique support
materials in heterogeneous catalysts.197 Over the past decade,
their potential as catalyst supports has been realized in many
diﬀerent reactions such as methane oxidation,198,199 dry
reforming of methane,200−203 the water-gas shift reaction,204
hydrogen production,205 and selective oxidation of alcohols.206
Considering the properties of HAPs, it is deﬁnitely worth
utilizing them as catalyst supports in Co-based FT catalysts.

13. SUMMARY
On the basis of the above-discussed literature on diﬀerent
aspects of support eﬀects in the FT process, the guidelines for
determining the necessity of support surface modiﬁcations are
given in Table 5, and the choice of support on the basis of the
product selectivities of Co-based catalysts in FT synthesis is
summarized in Table 6.
14. CONCLUSIONS AND OUTLOOK
In general, cobalt precursors experience varying metal−support
interactions depending on the type of the support. Oxide
supports exhibit medium to strong interactions with cobalt,
whereas pristine carbon materials and SiC display very poor
interaction. The type of interaction between the support and
the metal plays a pivotal role in the dispersion of cobalt metal
precursors, and the strength and type of interaction determines
the cobalt reducibility, which in turn determines the activity
and selectivity in FT synthesis. Textural properties of the
support such as surface area, pore volume, pore size
distribution, and crystalline phase of the support have been
found to inﬂuence both the activity and selectivity. High
speciﬁc surface area and pore volume are required in order to
increase the loading of active metal without compromising its
dispersion. The pore size of the mesoporous supports limits
the size of cobalt nanocrystallites via the conﬁnement eﬀect.
Catalysts containing medium-sized pores exhibit higher
selectivity for long-chain hydrocarbons compared with
catalysts with small pores.

Al2O3 has been the most extensively studied support because
of its applicability under industrial conditions. Diﬀerent
crystalline phases of alumina exhibit C5+ selectivities in the
following order: α-Al2O3 > δ-Al2O3 > θ-Al2O3 > γ-Al2O3.
Diﬀerent types of oxides (magnesia, zirconia, titania,
phosphorus, lanthana), silanes, and organic molecules
(sorbitol, cyclodextrin) have been used to modify the alumina
surface to prevent the formation of refractory cobalt aluminates
resulting from the direct interaction of cobalt with the alumina
support. Porous γ-Al2O3 covered by monolayers of various
oxides with identical support textures, extents of Co reduction,
and particle sizes showed that the chemical nature of the
support (Lewis acid/base character) controls both the catalytic
activity and the selectivity for long-chain products.
Silica has been the next most widely studied support, and
observations made for alumina in terms of textural properties
hold true for silica supports too. Although the interaction of
cobalt metal precursors with silica is poor compared with
alumina, the formation of cobalt silicates is still observed. Such
detrimental interactions are circumvented by surface modiﬁcations with inorganic oxides and organic compounds.
Mesoporous silicas (MCM-41 and SBA-15) oﬀer the
possibility of synthesizing supports with desired narrow-pore
size distributions, surface areas, pore volumes, and controllable
acid/base properties.
Titania and niobia exhibit strong interactions with cobalt.
These supports are partially reduced during the activation step
under a hydrogen atmosphere and decorate the surface of the
cobalt nanocrystallites. Zirconia shows weaker interactions
with cobalt compared with the supports mentioned above and
displays the capability of hydrogen adsorption via a spillover
mechanism. Supports such as alumina, silica, and SiC can be
surface-modiﬁed with titania, niobia, and zirconia to improve
cobalt dispersion, reducibility, and stability, consequently
enhancing the catalytic performance.
Zeolites with shape-selective characteristics, well-deﬁned
pore structures, high porosity, and acidity that can be tuned by
changing the silica/alumina ratio. Cobalt catalysts supported
on zeolites exhibit bifunctional characteristics that are very
useful in directing the selectivity for the desired hydrocarbon
fraction (e.g., gasoline vs diesel) through in situ hydrocracking
of the wax fraction.
Carbon materials interact very weakly with cobalt, making
them ideal supports for use in model catalysts for the rational
design of catalysts. SiC support characteristics such as high
thermal conductivity, mechanical strength, and chemical
inertness make SiC a suitable support material for FT catalysts,
as the FT reaction is highly exothermic. Advantages of using
SiC-supported Co cobalt catalysts include improved heat
transfer in FT synthesis, easy recovery of both the active phase
and the support, and improved C5+ selectivity.
Signiﬁcant advances have been realized in understanding the
eﬀect of the support in FT synthesis, but the majority of the
studies have been performed on alumina and to a certain
extent on silica. In order to mask unfavorable properties of the
supports, surface modiﬁcation by coating the support surface
with inorganic oxides or organic molecules has been used to
get desired properties that improve the activity and/or
selectivity in FT synthesis. Parameters such as the cobalt
nanocrystallite size, crystal structure (hcp vs fcc), distribution,
and reducibility on a support material play a role in
determining the activity of supported Co catalysts in FT
synthesis. Some of the factors that inﬂuence the selectivities for

various products in FT synthesis are the pore structure and
chemical nature of the support, the type of support material
(selectivities for C5+ hydrocarbons: SiC > titania/α-alumina >
γ-alumina/silica), and the acidic character of the support,
which induces in situ hydrocracking of long-chain hydrocarbons (e.g., in the case of zeolites). The FT catalysts
prepared on unconventional supports such as mesoporous
silicas, zeolites, SiC, MOFs, hydrotalcite, and metal foams
present enhanced activity and/or selectivity for desired
hydrocarbon ranges in FT synthesis. However, to implement
these new ﬁndings in industry, more work is needed to
establish the long-term operational stability, recovery and
regenerability, cost eﬀectiveness, and environmental integrity
of these catalysts. In particular, through the use of advanced
electron microscopy techniques such as cryo-TEM and
electron tomography, more detailed information on the
distribution of the metal precursors can be obtained at
diﬀerent stages of catalyst preparation with the newly emerging
supports. Furthermore, in situ X-ray absorption spectroscopy,
X-ray ﬂuorescence spectroscopy, and liquid-cell TEM studies
would provide a quantitative picture of the evolution of the
diameter, shape, lattice packing, and density of the deposited
cobalt particles in real time. In order to design supported
catalysts with the desired activity and selectivity, emerging in
situ spectroscopy and microscopy techniques under industrial
working conditions would help in better understanding the
role of electronic and structural eﬀects in the FT reaction.
Finally, the development of next-generation supported cobalt
catalysts that resist some impurities in syngas derived from
biomass and wastes must be intensiﬁed. New potential
supports such as hydroxyapatite may bring new insights for
the design of competitive catalysts versus traditional aluminaor silica-based supports in FT synthesis.
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Rojas, S.; Fierro, J. L. G.; Rangel, M. D. C. Effect of the
Mesostructuration of the Beta Zeolite Support on the Properties of
Cobalt Catalysts for Fischer−Tropsch Synthesis. Top. Catal. 2011, 54
(1−4), 179−189.
(134) Espinosa, G.; Domínguez, J. M.; Morales-Pacheco, P.; Tobon,
A.; Aguilar, M.; Benítez, J. Catalytic Behavior of Co/(Nanoβ-Zeolite)
Bifunctional Catalysts for Fischer−Tropsch Reactions. Catal. Today
2011, 166 (1), 47−52.
(135) Nakanishi, M.; Uddin, M. A.; Kato, Y.; Nishina, Y.; Hapipi, A.
M. Effects of Preparation Method on the Properties of Cobalt
Supported Β-Zeolite Catalysts for Fischer−Tropsch Synthesis. Catal.
Today 2017, 291, 124−132.
(136) Meng, X.; Nawaz, F.; Xiao, F. S. Templating Route for
Synthesizing Mesoporous Zeolites with Improved Catalytic Properties. Nano Today 2009, 4 (4), 292−301.
(137) Xing, C.; Yang, G.; Wu, M.; Yang, R.; Tan, L.; Zhu, P.; Wei,
Q.; Li, J.; Mao, J.; Yoneyama, Y.; Tsubaki, N. Hierarchical Zeolite y
Supported Cobalt Bifunctional Catalyst for Facilely Tuning the
Product Distribution of Fischer−Tropsch Synthesis. Fuel 2015, 148,
48−57.
(138) Xing, C.; Yang, G.; Lu, P.; Shen, W.; Gai, X.; Tan, L.; Mao, J.;
Wang, T.; Yang, R.; Tsubaki, N. A Hierarchically Spherical Co-Based
Zeolite Catalyst with Aggregated Nanorods Structure for Improved
Fischer−Tropsch Synthesis Reaction Activity and Isoparaffin
Selectivity. Microporous Mesoporous Mater. 2016, 233, 62−69.
(139) Lu, P.; Sun, J.; Zhu, P.; Abe, T.; Yang, R.; Taguchi, A.;
Vitidsant, T.; Tsubaki, N. Sputtered Nano-Cobalt on H-USY Zeolite
for Selectively Converting Syngas to Gasoline. J. Energy Chem. 2015,
24 (5), 637−641.
(140) Trovarelli, A. Catalytic Properties of Ceria and CeO2Containing Materials. Catal. Rev.: Sci. Eng. 1996, 38 (4), 439−520.
(141) Gnanamani, M. K.; Ribeiro, M. C.; Ma, W.; Shafer, W. D.;
Jacobs, G.; Graham, U. M.; Davis, B. H. Fischer−Tropsch Synthesis:
Metal-Support Interfacial Contact Governs Oxygenates Selectivity
over CeO2 supported Pt-Co Catalysts. Appl. Catal., A 2011, 393 (1−
2), 17−23.
(142) Yang, Y.; Chiang, K.; Burke, N. Porous Carbon-Supported
Catalysts for Energy and Environmental Applications: A Short
Review. Catal. Today 2011, 178 (1), 197−205.
(143) Fu, T.; Li, Z. Review of Recent Development in Co-Based
Catalysts Supported on Carbon Materials for Fischer−Tropsch
Synthesis. Chem. Eng. Sci. 2015, 135, 3−20.

(144) Xiong, H.; Jewell, L. L.; Coville, N. J. Shaped Carbons As
Supports for the Catalytic Conversion of Syngas to Clean Fuels. ACS
Catal. 2015, 5, 2640−2658.
(145) Bezemer, G. L.; van Laak, A.; van Dillen, A. J.; de Jong, K. P.
Cobalt Supported on Carbon Nanofibers- a Promising Novel
Fischer−Tropsch Catalyst. Stud. Surf. Sci. Catal. 2004, 147, 259−264.
(146) Bezemer, G. L.; Bitter, J. H.; Kuipers, H. P. C. E.; Oosterbeek,
H.; Holewijn, J. E.; Xu, X.; Kapteijn, F.; van Dillen, A. J.; de Jong, K.
P. Cobalt Particle Size Effects in the Fischer−Tropsch Reaction
Studied with Carbon Nanofiber Supported Catalysts. J. Am. Chem.
Soc. 2006, 128 (12), 3956−3964.
(147) den Breejen, J. P.; Radstake, P. B.; Bezemer, G. L.; Bitter, J.
H.; Frøseth, V.; Holmen, A.; de Jong, K. P. On the Origin of the
Cobalt Particle Size Effects in Fischer−Tropsch Catalysis. J. Am.
Chem. Soc. 2009, 131 (20), 7197−7203.
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(179) Cavani, F.; Trifirò, F.; Vaccari, A. Hydrotalcite-Type Anionic
Clays: Preparation, Properties and Applications. Catal. Today 1991,
11 (2), 173−301.

(180) Krylova, M. V.; Kulikov, A. B.; Knyazeva, M. I.; Krylova, A.
Yu. Cobalt-Containing Catalysts Made from Layered Double
Hydroxides for Synthesis of Hydrocarbon from Carbon Monoxide
and Hydrogen. Chem. Technol. Fuels Oils 2008, 44 (5), 339−343.
(181) Tsai, Y.-T.; Mo, X.; Campos, A.; Goodwin, J. G.; Spivey, J. J.
Hydrotalcite Supported Co Catalysts for CO Hydrogenation. Appl.
Catal., A 2011, 396 (1−2), 91−100.
(182) Di Fronzo, A.; Pirola, C.; Comazzi, A.; Galli, F.; Bianchi, C. L.;
Di Michele, A.; Vivani, R.; Nocchetti, M.; Bastianini, M.; Boffito, D.
C. Co-Based Hydrotalcites as New Catalysts for the Fischer−Tropsch
Synthesis Process. Fuel 2014, 119, 62−69.
(183) Chughtai, A. H.; Ahmad, N.; Younus, H. A.; Laypkov, A.;
Verpoort, F. Metal−organic Frameworks: Versatile Heterogeneous
Catalysts for Efficient Catalytic Organic Transformations. Chem. Soc.
Rev. 2015, 44 (19), 6804−6849.
(184) Liu, J.; Chen, L.; Cui, H.; Zhang, J.; Zhang, L.; Su, C.-Y.
Applications of Metal−organic Frameworks in Heterogeneous
Supramolecular Catalysis. Chem. Soc. Rev. 2014, 43 (16), 6011−6061.
(185) Isaeva, V. I.; Eliseev, O. L.; Kazantsev, R. V.; Chernyshev, V.
V.; Davydov, P. E.; Saifutdinov, B. R.; Lapidus, A. L.; Kustov, L. M.
Fischer−Tropsch Synthesis over MOF-Supported Cobalt Catalysts
(Co@MIL-53(Al)). Dalton Trans. 2016, 45 (30), 12006−12014.
(186) Qiu, B.; Yang, C.; Guo, W.; Xu, Y.; Liang, Z.; Ma, D.; Zou, R.
Highly Dispersed Co-Based Fischer−Tropsch Synthesis Catalysts
from Metal−organic Frameworks. J. Mater. Chem. A 2017, 5 (17),
8081−8086.
(187) Sadeqzadeh, M.; Karaca, H.; Safonova, O. V.; Fongarland, P.;
Chambrey, S.; Roussel, P.; Griboval-Constant, A.; Lacroix, M.;
Curulla-Ferré, D.; Luck, F.; Khodakov, A. Y. Identification of the
Active Species in the Working Alumina-Supported Cobalt Catalyst
under Various Conditions of Fischer−Tropsch Synthesis. Catal.
Today 2011, 164 (1), 62−67.
(188) Pei, Y.; Li, Z.; Li, Y. Highly Active and Selective Co-Based
Fischer−Tropsch Catalysts Derived from Metal−organic Frameworks. AIChE J. 2017, 63 (7), 2935−2944.
(189) Banhart, J. Manufacture, Characterisation and Application of
Cellular Metals and Metal Foams. Prog. Mater. Sci. 2001, 46 (6),
559−632.
(190) Park, J. C.; Roh, N. S.; Chun, D. H.; Jung, H.; Yang, J. I.
Cobalt Catalyst Coated Metallic Foam and Heat-Exchanger Type
Reactor for Fischer−Tropsch Synthesis. Fuel Process. Technol. 2014,
119, 60−66.
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