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Changes in physico-chemical properties of iron-based
Fischer–Tropsch catalyst induced by SiO2 addition
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The effect of adding SiO2 to a precipitated Fe-based Fischer–Tropsch catalyst was investigated. Silica was added to the catalyst either
during or after precipitation. The iron-based Fischer–Tropsch catalysts were studied using Mössbauer spectroscopy, BET surface area, XRD
and SEM characterization methods. Adding SiO2 to the catalyst during precipitation or immediately after precipitation (i.e., precipitated
SiO2) results in the formation of Fe crystallites with an average diameter less than 3 nm, which have high surface areas and exhibit a strong
interaction with the SiO2 matrix. Consequently, these crystallites are resistant to reduction and carburisation. When SiO2 was added to the
catalyst after heat treatment (i.e., binder SiO2), the resulting catalyst was observed to consist of segregated SiO2-rich and Fe-rich phases.
The distribution of K2O in both these phases indicates that the amount of effective K2O, i.e., that associated with Fe, is less when SiO2 is
added as a binder. The low extent of reduction and carburisation observed with catalysts that contain precipitated SiO2 results in catalysts
with low % CO conversion. A positive correlation between the amount of iron carbides present in the catalyst and the % CO conversion
was observed in these studies.
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1. Introduction

The Fischer–Tropsch process involves the hydrogena-
tion of CO in the presence of a catalyst, mainly Group
VIIIA metals, to produce hydrocarbons and oxygenated
compounds. The use of iron-based catalysts to catalyze this
reaction dates as far back as the time of its discovery in
1923 [1]. Although more than 7 decades have passed from
the first application of iron-based catalysts in the Fischer–
Tropsch catalyst, there are still unabated attempts to under-
stand and improve factors that affect the catalyst activity,
selectivity and stability [2]. Most of these attempts have fo-
cused on the addition of “chemical promoters” such as K2O
and Cu [3–5] as well as “structural promoters” especially
SiO2, Al2O3 and TiO2 [6,7]. “Chemical promoters” have
always been thought to have an effect on the chemical be-
havior of iron catalysts such as facilitating the reduction of
Fe2O3 to α-Fe as well as the adsorption and dissociation of
CO. “Structural promoters” serve the purpose of stabilizing
small iron oxide crystallites from sintering and providing the
necessary mechanical integrity of the catalyst.

The distinction between chemical and structural promot-
ers has faded in the past two decades. Bartholomew [6] re-
ported that metal–support interactions in Ni-based catalysts
affect the adsorption of CO and H2 as well as the selectiv-
ity towards C2+ hydrocarbons. Egiebor [8] observed that
changing the SiO2 content of precipitated iron-based cata-
lysts affects the branched hydrocarbons and internal olefin
selectivities of the gasoline range products. The effect of
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adding different amounts of SiO2 on the reducibility of
these catalysts was however not mentioned in this paper.
Jothimurugesan [9] reported that the amount of SiO2 added
to a precipitated 100 Fe/5 Cu/4.2 K catalyst influences the re-
ducibility, attrition resistance and selectivity of the catalyst.
Furthermore, addition of SiO2 as a binder gave different re-
sults to those obtained when SiO2 was precipitated with Fe,
Cu and K [9]. Basu [10] reported that the addition of SiO2
to precipitated iron catalysts decreases the catalyst activity.
The discussion of the effect of the dilution of Fe due to the
addition of SiO2, crystallite size changes and different de-
grees of reduction on the catalyst performance is however
lacking.

In this paper we report on the effect of adding SiO2 dur-
ing the preparation of a precipitated iron-based catalyst on
(i) the catalyst phase composition during reduction and at
the end of a Fischer–Tropsch (FT) synthesis run, (ii) extent
of reduction, (iii) surface area and (iv) catalytic performance.
Mössbauer spectroscopy was used extensively, in an attempt
to correlate catalytic behavior with the catalyst phase com-
position and extent of reduction.

2. Experimental

2.1. Catalyst preparation

The Fe, Cu, K salts and NH4OH solution used in this
study were purchased from C.J. Labs and were used as re-
ceived. The iron-based catalysts used in this study were pre-
paredvia a continuous precipitation procedure, which is sim-
ilar to the one described by Diffenbach [11], using reagent
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Table 1
Details of the catalysts used in this study

Catalyst Composition/100 g Fe SiO2 addition

BC1 4.7 g Cu/0.2 g K2O/21.5 g SiO2 To the metal salt solution prior to precipitation
BC2 5.1 g Cu/0.2 g K2O/19.5 g SiO2 After precipitation
BC3 4.9 g Cu/0.2 g K2O/23.7 g SiO2 After drying at 397 K
BC4 5.2 g Cu/0.2 g K2O/25.5 g SiO2 After calcination at 723 K
BC12 4.4 g Cu/0.2 g K2O/0 g SiO2 No SiO2 added

grade ammonium hydroxide as a precipitating agent. Pre-
cipitation was performed at 71◦C, the flow rates of the two
solutions were adjusted to give a constant pH of∼8 at mix-
ing. A sol consisting of 41% (w/w) SiO2 was added at dif-
ferent stages during catalyst preparation. Immediately after
precipitation the precipitates were centrifuged for 2 min at
8000 rpm and then separated from the supernatant without
aging or washing. The catalysts were dried at 393 K for 24 h
and then calcined in air at 673 K for 5 h. Details of the stages
at which SiO2 was added and the elemental analysis data of
these catalysts are presented in table 1. SiO2 added to BC 1
and 2 will be referred to as precipitated SiO2 and that added
to BC 3 and 4 as binder SiO2.

2.2. Catalyst characterization

Mössbauer spectroscopy experiments were performed on
fresh, reduced and spent catalysts using a 50 mCi Co-57
source in a rhodium matrix. The spectrometer was operated
in the symmetric constant acceleration mode with 100us
of dwell time per channel. The spectra were collected over
1024 channels in mirror image format. Data analysis was
performed using a least-squares fitting routine that models
the spectra as a combination of singlets, quadruple doublets
and magnetic sextuplets based on a Lorenzian line shape
profile. Identification of the spectral components was based
on the comparison of their isomeric shift (δ), quadruple split-
ting (�) and hyperfine magnetic field (H ) values with those
reported in the literature, such as MERDJ. All isomer shift
and magnetic hyperfine field values are reported relative to
metallic iron (α-Fe). Quantification of the various spectral
components is based on the assumption that the different
iron containing species have similar recoil free fractions (fI ).

XRD experiments on fresh samples were performed with
a Siemens SD500 diffractometer with Fe-filtered Co Kα ra-
diation as a primary X-ray beam. Information about crystal-
lite size was obtained by applying the Scherrer equation [12]
to the most intense peak of the X-ray pattern taking into ac-
count that this equation is only applicable for crystallites
with mean diameters between 3 and 50 nm [13]. A value
of 0.9 was used for the Scherrer constant (K) and the line
width was expressed in terms of� (2θ ) (radians).

Scanning electron microscopy (SEM) measurements
were performed using a model 1430 LEO SEM fitted with
a tungsten filament and operated at 25 kV. An integrated
iXRF energy dispersive X-ray spectrometer (EDS) was em-
ployed to obtain quantitative information on the distribution
of Si, K, Fe and Cu atoms. The samples were prepared by

setting the powder-like precipitated iron catalysts in a resin
(EPOFIX). The set samples were polished in order to obtain
smooth cross-sections of relevant areas of the catalyst. The
polished surfaces were sputter coated with gold/palladium
for 80 s in 20 s intervals.

The total surface area data was obtainedvia N2 adsorp-
tion at liquid nitrogen temperature with a Micromeritics
Gemini surface area analyzer using the BET method. This
technique also allows for the determination of total pore vol-
ume.

2.3. Catalyst evaluation

Catalysts were reducedex situ in a flow of UHP H2, sup-
plied by Fedgas, at 513 K for 16 h; 1 bar and a GHSV of
1 l g−1 h−1 in an all glass reactor. The reduced samples were
passivated in molten wax, to mitigate catalyst re-oxidation,
prior to MES analyses.

FT synthesis experiments were performed in a fixed-bed
reactor with sieved fractions of catalyst between 38 and
150µm. The catalysts were reducedin situ (20 bar, 513 K,
16 h, GHSV of 1 l g−1 h−1) and then treated with synthe-
sis gas (H2/CO = 2) at 20 bar, 513 K and a GHSV of
3 l g−1 h−1. The FT experiments were performed over a pe-
riod of 100–150 h. Gas samples were periodically extracted
from the reactor inlet and exit for analyses with a gas chro-
matograph.

3. Results and discussion

3.1. Characterisation

3.1.1. Fresh samples
The surface areas of the catalysts after calcination are pre-

sented in table 2. Although these catalysts contain the same
amounts of metal components and SiO2, these data show

Table 2
Physical properties of catalysts

Catalyst Surface area Total pore volume Average
(m2 g−1) (cm3 g−1) crystallite sizea

(nm)

BC1 198 0.36 >3
BC2 185 0.31 >3
BC3 176 0.43 5
BC4 107 0.21 7
BC12 88 0.14 9

aDeterminedvia XRD analyses for both iron phases present in the sample.
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Figure 1. XRD patterns of fresh samples: (A) BC1, (B) BC2, (C) BC3,
(D) BC4, (E) BC12.

that the stage at which SiO2 is added during the preparation
of precipitated iron-based catalysts has an effect on the sur-
face area of the final product. Adding SiO2 during the initial
stage of the precipitation process results in a catalyst with
the highest surface area (BC1).

The XRD patterns of the as-prepared catalysts are pre-
sented in figure 1 and these revealed the presence of
Fe(OH)3 and a spinel phase, CuFe2O4. The crystallite size
and amount of both these phases varies with the stage at
which SiO2 was added. Catalysts where SiO2 was added
during the initial stages of precipitation have small crys-
tallites of Fe(OH)3, whereas the catalysts where SiO2 was
added before drying or after calcination consist of larger
crystallites of Fe(OH)3 and CuFe2O4. This observation in
combination with the surface area data indicates that the
presence of SiO2, especially when added before any ther-
mal treatment, hinders the sintering of small crystallites of
Fe(OH)3 and CuFe2O4.

The phase composition determined from XRD data was
validated by MES analyses. The MES spectra of fresh sam-
ples are presented in figure 2 and the hyperfine interaction
parameters obtained from the analyses of these spectra are
presented in table 3. An indication about the average crys-
tallite size was obtained from [14]:

dp = 0.9

D
, (1)

wheredp is the average crystallite diameter in nm andD is
the ratio of the spectral area corresponding to atoms located
on the “surface” to those located in the “bulk” of the crystal-
lites. Consistent with the XRD data discussed above MES
analyses of the catalysts reveal that precipitated SiO2 results
in the formation of smaller crystallites of Fe3+-containing
species than binder SiO2. The different quadruple splitting
values obtained between different samples are most proba-
bly an indication of different extents of metal–support inter-
action.

Backscatter images and X-ray elemental maps obtained
from scanning electron microscopy analyses are presented
in figure 3 (a), (b) and (c). These images indicate that the

Figure 2. MES spectra of fresh samples.

distribution of SiO2 in the catalysts is affected by the man-
ner in which SiO2 is added to the catalyst. SEM micrographs
of catalysts where SiO2 was added immediately after drying
or after calcination (i.e., binder SiO2) reveal an uneven dis-
tribution of SiO2. The addition of an aqueous solution of
SiO2 resulted in the dissolution and migration of the basic
promoter, K2O. This is evident from the association of K2O
with both Fe-rich and SiO2-rich regions. The implications
for this are that the amount of effective K2O, i.e., directly
associated with Fe, is reduced by the addition of SiO2 as a
binder. The distribution of other promoters such as Cu is
not affected. X-ray elemental maps of catalysts that contain
precipitated SiO2 show an even distribution of promoters as
expected.

Table 3
Hyperfine interaction parameters obtained from MES spectra of the fresh

sample

Sample ISFe QS Phase Relative average
(mm s−1) (mm s−1) crystallite size

BC1 0.34 1.12 Fe3+ 1
0.35 0.63 Fe3+

BC2 0.34 1.08 Fe3+ 1.13
0.35 0.61 Fe3+

BC3 0.34 0.83 Fe3+ 1.18
0.35 0.44 Fe3+

BC4 0.34 0.98 Fe3+ 1.23
0.34 0.45 Fe3+

BC12 0.33 0.86 Fe3+ 1.33
0.33 0.47 Fe3+
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(a)

(b)

(c)

Figure 3. (a) SEM micrograph and X-ray maps of BC1, showing the distribution of elements. (b) SEM micrograph and X-ray maps of BC4, showing the
distribution of elements. (c) SEM micrograph and X-ray maps of BC12, showing the distribution of promoters.
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Figure 4. MES spectra of samples following reduction in H2.

3.1.2. Reduced samples
Figure 4 presents MES spectra of catalysts following re-

duction in H2. Hyperfine interaction parameters obtained
from the analyses of these spectra are presented in table 4.
The amounts of the various phases present in the catalyst af-
ter reduction are presented in figure 5. These data indicate
that a homogeneous distribution of Fe in the SiO2 matrix
hinders the reduction Fe3+ to Fe0. Catalysts where SiO2
was added before or after precipitation as well as the one
where SiO2 was added after drying consist of more than 75%
Fe3+, minute amounts (<6%) ofα-Fe and the remainder of
iron exists as Fe2+. This Fe2+ species seems to be stabi-
lized by an intimate interaction of iron with SiO2 (cf. BC1,
BC2, BC3 with BC4, figure 3vide supra). Comparison of
BC3 and BC4 shows that the extent of reduction of these
SiO2 bound catalysts is dependent on the treatment of the
catalyst prior to binding with SiO2. Catalysts calcined prior

Figure 5. Catalyst phase composition following reduction: (♦) Fe,
(�) Fe3+, (�) Fe2+ and (•) Fe3O4.

Table 4
Hyperfine interaction parameters following reduction in H2

Sample ISFe QS BHF Phase
(mm s−1) (mm s−1) (T)

BC2 0.02 0.00 32.8 α-Fe
0.36 0.89 – Fe3+
0.88 1.57 – Fe2+

0.02 0.00 32.9 α-Fe
BC1 0.35 0.84 – Fe3+

0.89 1.36 – Fe2+

BC3 0.02 0.00 32.8 α-Fe
0.36 0.73 – Fe3+
0.88 1.24 – Fe2+

BC4 0.00 0.00 33.1 α-Fe
0.26 −0.03 47.1 Fe3O4
0.66 0.08 43.1
0.35 0.62 – Fe3+
0.99 1.13 – Fe2+

BC12 0.00 0.00 33.0 α-Fe
0.04 0.00 – α-Fe
0.26 0.04 47.1 Fe3O4
0.45 0.05 43.1
0.35 0.50 – Fe3+
1.11 0.90 – Fe2+

to binding with SiO2 are relatively easy to reduce, an ob-
servation attributed to reduced interaction of the metal oxide
and SiO2.

Previous studies by Jothimurugesan [9] and Bukur [15]
have proposed that the amount of SiO2 added to an iron-
based catalyst affects the extent of reduction. However, the
data presented herein reveals that the extent of reduction of
SiO2 promoted iron catalysts is also dependent on the man-
ner in which SiO2 is added to the catalyst as this affects the
distribution of Fe in the SiO2 matrix. Furthermore, an inti-
mate interaction of SiO2 with iron hinders the formation of
large crystallites of Fe3O4, whilst stabilizing superparamag-
netic Fe2+-containing species.

3.1.3. Spent samples
The phase compositions and MES spectra of samples fol-

lowing Fischer–Tropsch synthesis are presented in figures 6
and 7, respectively. Hyperfine interaction parameters ob-

Figure 6. Phase composition of samples following Fischer–Tropsch synthe-
sis: (♦) Fe2.5C, (�) Fe2.2C, (�) Fe2+ and (∗) Fe3+.
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Figure 7. MES spectra of samples following Fischer–Tropsch synthesis.

tained from an analysis of these spectra are presented in ta-
ble 5. The amount of Fe3+ present in these catalysts de-

Table 5
Hyperfine interaction parameters of catalysts after Fischer–Tropsch synthe-

sis

Sample ID ISFe QS BHF Phase
(mm s−1) (mm s−1) (T)

BC1 0.25 0.06 22.3 χ -Fe2.5C
0.18 0.11 17.7
0.27 0.07 10.1 ε′-Fe2.2C
0.20 0.11 16.4
0.88 2.16 – Fe2+
0.38 0.81 – Fe3+

BC2 0.26 0.07 22.3 χ -Fe2.5C
0.22 0.08 18.3
0.20 0.15 11.1 ε′-Fe2.2C
0.22 0.06 16.6
0.88 1.91 – Fe2+
0.40 0.79 – Fe3+

BC3 0.24 0.16 16.9 ε′-Fe2.2C
1.02 1.61 – Fe2+
0.36 0.79 – Fe3+

BC4 0.20 0.11 22.7 χ -Fe2.5C
0.20 0.08 17.9
0.21 0.17 11.1 ε′-Fe2.2C
0.23 0.07 16.5
1.21 1.83 – Fe2+
0.39 0.76 – Fe3+

BC12 0.20 0.17 11.0 χ -Fe2.5C
0.24 0.06 17.5
0.27 0.17 22.0
0.25 0.06 16.3 ε′-Fe2.2C
1.24 1.78 – Fe2+
0.35 1.06 – Fe3+

Figure 8. Variation of % CO conversion and iron carbide as a function of
the stage at which SiO2 was added.

creases on moving from BC12 to BC1, except for BC3,
which shows less reduction and consequently less carbide
formation. The anomalous behavior observed with BC3 war-
rants further investigation. It can be inferred from the data
thatα-Fe, Fe3O4 and Fe2+ that were formed during reduc-
tion are converted to a mixture ofχ-Fe2.5C andε′-Fe2.2C,
except for BC3, which showsε′-Fe2.2C as the only carbide
during Fischer–Tropsch synthesis.

The degree of carburisation is dependent on the stage
at which SiO2 was added. Addition of SiO2 during or af-
ter precipitation leads to catalysts containing less carbidic
iron species compared to those where SiO2 was added as
binder, BC4. Comparison of data obtained for BC1 and
BC2 reveals that adding SiO2 during precipitation induces a
stronger metal–support interaction than when SiO2 is added
after precipitation.

3.2. Kinetic experiments

Preliminary results obtained during Fischer–Tropsch syn-
thesis are presented in figure 8. These catalysts are com-
pared under steady state conditions, which is often reached
within the first 20 h with Fe-based catalysts. Except for
BC3, the % CO conversion for catalysts that have an even
distribution of SiO2 is lower than that for catalysts where
SiO2 is sparsely associated with the active metal. Although
SEM analysis of BC1 and BC2 indicated an almost simi-
lar distribution of SiO2, these catalysts exhibit different cat-
alytic behavior. The former is less active than the latter.
The observed differences in catalytic behavior can be at-
tributed to the relatively stronger metal–support interactions
in the former than the latter, consistent with earlier discus-
sions. Furthermore, there is evidence of a positive corre-
lation between the catalyst activity and the amount of car-
bidic iron species formed during Fischer–Tropsch synthe-
sis.

4. Conclusions

The stage at which SiO2 is added during the preparation
of precipitated iron-based catalysts determines the catalyst
properties such as the crystallite size of the active compo-
nent, surface area, total pore volume and reduction behav-
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ior as well as the activity during Fischer–Tropsch synthe-
sis. Precipitated SiO2, i.e., SiO2 added before or just af-
ter precipitation, results in catalysts with high surface area;
however this induces a strong interaction between the active
metal and SiO2 due to an intimate mixing of the two com-
ponents. Furthermore, this interaction hinders the reduction
and carburisation of iron-containing crystallites. The low
degree of reduction and extent of carbidic iron formation
causes the activity of catalysts prepared in this manner to be
relatively low. These effects appear to be more pronounced
for catalysts where SiO2 was added before precipitation,i.e.,
to the metal salt solution.

Adding SiO2 as a binder,i.e., after thermal treatment,
such as drying or calcination, results in catalysts with lower
surface area, enhanced phase segregation between SiO2 and
the active components, and consequently higher degrees of
reduction. These effects were more pronounced when SiO2

was added after calcination. There is evidence that the cat-
alyst where SiO2 is added after drying is re-oxidized dur-
ing Fischer–Tropsch synthesis. This catalyst had the lowest
amount of iron carbides as well as % CO conversion during
Fischer–Tropsch synthesis.

Optimal catalytic behavior that corresponded with a max-
imum amount of iron carbides was observed with the cata-
lyst that does not contain SiO2. However this catalyst might
not have the required strength for application in fluidized and
slurry bed reactors. In general, the activity of these catalysts
correlates well with the amount of iron carbides formed dur-
ing Fischer–Tropsch synthesis. This observation supports
prior studies in several laboratories [2,16,17] that iron car-
bides are the primary active species during Fischer–Tropsch
synthesis with iron-based catalysts.
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