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a b s t r a c t

Fe/SiO2 catalysts with different Fe/Si molar ratios were used to investigate the effects of silica on
chemical/structural properties and Fischer–Tropsch synthesis (FTS) performance of iron-based cata-
lysts. In the chemical aspect, silica interacts with Fe species by the formation of FeAOASi structure,
which further transforms into an Fe2SiO4 phase during FTS reaction. The interaction largely disturbs
the electronic structure of Fe atoms in iron oxide phases and in turn resists the reduction and acti-
vation of catalysts. In the structural aspect, silica increases the dispersion of Fe species and inhibits
the aggregation of active iron particles. Addition of silica largely changes the adsorption sites of cat-
alysts, i.e., decreases the number of weak H adsorption sites but improves the adsorption strengths of
H, C, and O on reduced or carburized catalysts. With increasing amounts of silica, the chemical and
structural effects cause the firstly decrease and then the increase of the initial FTS activity and the
selectivities of heavy hydrocarbons and olefins during the Fischer–Tropsch synthesis. In addition, an
important finding is that a proper amount of silica apparently suppresses the methane selectivity
and stabilizes the iron carbide in the FTS reaction.

� 2011 Elsevier Inc. All rights reserved.
1. Introduction

Fischer–Tropsch synthesis (FTS) enables the production of vir-
tually sulfur and aromatic free transportation fuels and chemical
feedstock from alternative carbon sources to crude oil [1,2]. Iron-
based catalysts are preferentially used in FTS processes because
of their low cost, high FTS activity, feed flexibility (H2/CO = 0.5–
2.5), and wide temperature adaptability (230–350 �C) [3,4]. To im-
prove the FTS performance, the addition of structural promoters or
supports (SiO2, Al2O3, and other support materials) into iron-based
catalysts to suppress the agglomeration of active phases and to im-
prove the mechanical properties of catalysts is beneficial [5–7].

SiO2 has been extensively investigated as catalyst support/pro-
moter [8–10]. The role of silica in FTS catalysts is generally consid-
ered to be physical in nature: providing large surface areas,
stabilizing small metal crystallites, and enhancing the attrition
resistance of catalysts [5]. However, addition of silica also sup-
presses the reduction of iron oxides and decreases the activity of
catalysts, due to the strong interaction between iron and silica
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[6,11–14]. Wielers et al. [12] studied silica-supported iron catalysts
and suggested that reduction of the Fe/SiO2 catalyst proceeds via
an iron (II) silicate phase that cannot be completely reduced to
a-Fe at higher temperature. Dlamini et al. [13] investigated the ef-
fect of the incorporation order of SiO2 on precipitated Fe/Cu/K/SiO2

catalysts. They found that silica added either during or after precip-
itation hindered the reduction and carburization of the catalyst.
The low extent of reduction and carburization observed with cata-
lysts that contain precipitated SiO2 resulted in low catalytic activ-
ity. Zhang et al. [14] investigated the reduction of co-precipitated
Fe/SiO2 catalyst and found the formation of an iron (II) silicate
phase that largely inhibited the activation of iron oxides, and sub-
sequently resulted in low activity. It should be noted that the effect
of silica on the reduction of iron oxides is not due only to the for-
mation of the barely reducible FeAOASi species or iron silicate
phases. If only limited to the local interaction (FeAOASi) between
iron and silica, part of the iron oxides in Fe/SiO2 catalysts would
show reduction behaviors similar to those of pure iron catalysts.
Actually, a small amount of silica can shift reduction curves of
Fe/SiO2 catalysts to high temperatures in TPR characterizations
[14]. Some remote interactions between iron and silica must exist,
which influence the reduction of iron oxides. However, there is no
report in the literature on remote interaction between iron and
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silica. Besides, silica has apparent effects on FTS product selectivity
[6,9,14–16]. Dry [9] studied the influence of different supports on
the FTS performance of precipitated Fe–Cu catalysts and found that
the SiO2-supported precipitated iron catalyst had a much higher
activity and wax selectivity than the precipitated iron catalysts
supported with Al2O3, MgO, ZnO, or Cr2O3 or with no support. Bu-
kur et al. [6] and Yang et al. [15] observed an unexpected hydrocar-
bon distribution shifting to higher-molecular-weight products in
catalysts with more silica content (100Fe/5Cu/4.2 K/xSiO2 and
100Fe/12Mn/1.5 K/xSiO2). However, Wan et al. [16] and Zhang
et al. [14] found that hydrocarbon distribution shifted to light
hydrocarbons and methane in 100Fe/6Cu/5 K/25SiO2 catalyst and
100Fe/25SiO2 catalyst, respectively. It is apparent that the effects
of silica on the product selectivity are inconsistent in the literature.
The above studies were conducted under different conditions and
over catalysts with multiple components [6,15–17]. Especially,
when chemical promoters other than silica were added, these pro-
moters may affect the FTS performance jointly with silica [17]. The
other promoters also lead to a synergetic effect on the FTS reaction
and hide the intrinsic role of silica in FTS iron catalysts. Although
the Fe/SiO2 catalysts for FTS have been extensively investigated,
the effect of SiO2 on iron-based catalysts is still elusive.

In the present work, a series of binary Fe/SiO2 catalysts were de-
signed and prepared by a co-precipitation method. These model
catalysts were characterized by N2 adsorption, H2 temperature-
programmed reduction (TPR), H2 and CO temperature-pro-
grammed desorption (TPD), transmission electron microscopy
(TEM), Fourier transform infrared spectroscopy (FT-IR), X-ray dif-
fraction (XRD), Mössbauer effect spectroscopy (MES), and X-ray
photoelectron spectroscopy (XPS). FTS performances of catalysts
were evaluated in a fixed-bed reactor and correlated with the char-
acterization results.
2. Experimental

2.1. Catalyst preparation

The Fe/SiO2 catalysts were prepared via a co-precipitation
method. The detailed preparation method has been described else-
where [17]. In brief, mixture solutions containing Fe (NO3)3 (99.9%)
and Si(OC2H5)4 with an Fe/Si atomic ratio of 100/x (x = 0, 1, 5, 10,
15, 25, 50) were precipitated using an ammonium solution at
80 �C and pH 8.5–9.0. After precipitation, the precipitates were
aged for 2 h and then washed and filtered. Then, the filtered cakes
were dried overnight at 120 �C, followed by calcination for 5 h in
air at 500 �C. The catalysts were denoted as FexSi (x = 0, 1, 5, 10,
15, 25, 50).

Additionally, three model samples were also prepared to study
H2 adsorption behaviors. A model sample named 5Fe100Si (5Fe/
100Si, atomic ratio) and a pure SiO2 sample were prepared using
the same co-precipitation method. A model sample named Fe25S-
iM was prepared via a mechanical mixing method. In brief, mixture
powders containing Fe2O3 and SiO2 with Fe/Si atomic ratio 100/25
were subjected to vigorous mechanical agitation for 30 min.
2.2. Catalyst treatments and characterizations

The reduced catalyst samples used for XRD, TEM, and MES char-
acterizations were prepared by reducing the fresh catalysts in a
quartz tube with synthesis gas (H2/CO = 2) at 300 �C and a gas
space velocity (SV) of 1 NL/(g of catalyst�h) for 20 h. After reduc-
tion, the catalysts for MES and XRD measurements were coated
with paraffin to prevent oxidation. The samples for TEM measure-
ment were passivated with 1%O2/99% N2 at room temperature.
After FTS reaction, the used catalysts were passivated by a flow
of 1%O2/99%N2 at room temperature and then collected for XRD,
TEM, and MES measurements.

The BET surface area, pore volume, and average pore diameter
of the fresh catalysts were obtained via nitrogen physisorption in
ASAP 2420 equipment (Micromeritics, USA). Each sample was de-
gassed under vacuum at 90 �C for 1 h and 350 �C for 8 h prior to
the measurement.

XRD patterns were obtained with a D/max-RA X-ray diffractom-
eter (Rigaku, Japan) using CuKa radiation (c = 1.5406 Å) at 40 kV
and 150 mA. A step scan mode was used with a scan rate of
0.02� (2h) per second from 15� to 75�. The crystallite diameter
was determined by substituting the half width of a chosen peak
into the Debye–Scherrer equation.

MES experiments were carried out in an MR-351 constant-
acceleration Mössbauer spectrometer (FAST, Germany) drive with
a triangular reference signal at room temperature or �253 �C.
The radioactive source was 25-mCi 57Co in a Pd matrix. Data anal-
ysis was performed using a nonlinear least-squares fitting routine
that modeled the spectra as a combination of singlets, quadruple
doublets, and magnetic sextets based on a Lorentzian lineshape
profile. The components were identified based on their isomer shift
(IS), quadruple splitting (QS), and magnetic hyperfine fields (Hhf).
Magnetic hyperfine fields were calibrated with the 330-kOe field of
a-Fe at the ambient temperature.

The samples were examined with transmission electron micros-
copy (TEM) in JEM-2100 equipment (JEOS, Japan) operated at
200 kV. Samples were crushed and suspended in ethanol under
ultrasonic vibration and finally dispersed on a holey carbon film
on a copper grid.

The FT-IR spectra were recorded with a VERTEX 70 (Bruker, Ger-
many) FT-IR spectrophotometer, equipped with a deuterium tri-
glycine sulfate (DTGS) detector. Samples of 1–2 mg were mixed
with 100 mg KBr and pressed into translucent disks at room tem-
perature. All spectra were taken in the range 4000–400 cm�1 at a
resolution of 4 cm�1. The spectra of all samples were presented
by subtracting the background spectrum.

XPS were recorded with a VG MiltiLab 2000 system (VG) at a
base pressure of 1 � 10–9 mbar. Samples were excited with mono-
chromatized AlKa radiation (hm = 1486.6 eV). The analyzer was
operated in a constant-pass energy mode (20 eV). The C1s peak
of adventitious carbon (284.6 eV) was used as a reference for esti-
mating the binding energy. The binding energies are given with an
accuracy of ±0.1 eV.

H2-TPR studies were carried out with Autochem II 2920 equip-
ment (Micromeritics, USA). A sample of 40 mg of catalyst was
loaded into a U-type quartz tube reactor and ramped from room
temperature to 1000 �C in 10% H2/90% Ar. The heating rate was
maintained at 10 �C/min and the flow rate at 50 ml/min. The vari-
ation of the outlet gas concentration was monitored by a thermal
conductivity detector (TCD). Isopropyl alcohol gel (�88 �C) was
used to remove water formed during tests. In order to quantify
the degree of reduction in H2-TPR, amount of H2 consumption dur-
ing the reduction of CuO oxides under the same TPR procedures
was used as a calibration standard for peak areas.

H2-TPD studies were conducted in the same equipment as TPR.
About 0.2 g of catalyst was placed in the reactor. The sample was
reduced with pure H2 (50 ml/min) at a temperature of 350 �C for
10 h. The catalyst was subsequently flushed at the same tempera-
ture with Ar gas (50 ml/min) for 30 min. After reduction, the sam-
ple was cooled to 50 �C, and then H2 flow (50 ml/min) was
continued for 30 min at 50 �C. After adsorption, the system was
purged with Ar gas (50 ml/min) for 30 min to remove physisorbed
H2. The H2-TPD profile was monitored using TCD while the temper-
ature was increased from 50 to 800 �C at a rate of 10 �C/min.

CO-TPD experiments were performed in an atmospheric quartz
tube flow reactor (5 mm i.d.). The outlet of the reactor was
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Fig. 1. FT-IR spectra of catalysts as-prepared.
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connected to a quadruple mass spectrometer (Omnistar, Pfeiffer)
through a capillary inlet system. In each CO-TPD experiment,
0.1 g of catalyst was loaded into the reactor and reduced with 5%
CO/95% He (50 ml/min) at 300 �C for 12 h. After reduction, the
sample was cooled to 50 �C with 5% CO/95% He (50 ml/min) and
switched to high-purity He (50 ml/min) until the baseline of the
CO signal leveled off. Finally, the temperature was increased to
800 �C at 10 �C/min. CO-TPD profiles were monitored by recording
the mass signal of 28 in the outlet gas.

H2-TPD profiles were fitted with Gaussian curves to quantify
the amount of hydrogen species (see supporting information
Fig. S1). H2 uptake was determined by the area of TCD curves. Iron
dispersion and particle size were calculated from the amount of H2

chemisorbed onto metallic iron surfaces according to a method re-
ported by Jones et al. [18].

2.3. Catalyst evaluation

The experiments were conducted in a 12-mm i.d. stainless steel
fixed-bed reactor with an isothermal bed length of 5 cm. For all the
experiments, 3 g of catalysts (40–60 mesh) was loaded into the
reactor; the remaining volume of the reactor was filled with quartz
granules (20–40 and 40–60 mesh). A detailed description of the
reactor and product analysis systems has been given elsewhere
[15,19]. In brief, the flow rates of the gases were controlled by mass
flow meters separately (5850E, Brooks). The flow rate of the tail gas
was measured by a wet-gas flow meter. All the catalysts were re-
duced with synthesis gas (H2/CO = 2.0) at 300 �C and a gas space
velocity (SV) of 1 NL/(g of catalyst�h) for 20 h; then, the reactor
was cooled to 220 �C. Then, the system was regulated to
1.50 MPa, 2 NL/(g of catalyst�h), and the temperature was gradually
increased to 280 �C at 10 �C /h. The tail gas was analyzed on line by
gas chromatographs (GC) (Models 6890 N and 4890D, Agilent). The
nongaseous products in the hot and cold traps were collected over
24 h for the calculation of mass balance and sampled for analysis.
3. Results and discussion

3.1. Physicochemical properties of catalysts

The BET surface area, pore volume, and average pore diameter
of catalysts as prepared are shown in Table 1. It can be seen that
the BET surface area of the silica-free catalyst (Fe0Si) is about
18 m2/g. The silica addition apparently improves the BET surface
area of catalysts. The surface areas increase from 18 to 222 m2/g,
while the average pore diameters decrease significantly with
increasing silica content.

The FT-IR spectra of catalysts are shown in Fig. 1. In the spec-
trum of the Fe0Si catalyst, two broad bands around 538 and
465 cm�1 are present, both of which are characteristic bands of
Table 1
Textural properties of catalysts as-prepared and particle sizes of catalysts with different t

Catalysts BET surface area (m2/g) Pore volume (cm3/g) A

Fe0Si 18 0.17 3
Fe1Si 30 0.18 1
Fe5Si 78 0.31 1
Fe10Si 146 0.37 7
Fe15Si 187 0.31 5
Fe25Si 222 0.30 4

a Determined by XRD using Fe2O3 characteristic peak at 35.7� for as-prepared catalys
b Determined by XRD using Fe3O4 characteristic peak at 35.5� for catalysts after activ
c Determined by XRD using Fe3O4 characteristic peak at 35.5� for catalysts after react
d Not available.
Fe–O in the a-Fe2O3 phase [20]. With the incorporation of silica,
new bands appeared at 1600, 1200–900, and 700 cm�1. With fur-
ther increasing silica content in catalysts, the characteristic Fe–O
bands gradually weakened and widened, while the bands at
1200–900 cm�1 strengthened and shifted to high frequency. In
contrast, the characteristic bands of silica appear at 1200, 1100,
800, and 460 cm�1, which are attributed to the asymmetric
Si–O–Si stretching vibration, the symmetric Si–O–Si stretching
vibration, and the O–Si–O shearing vibration [21–23]. Apparently,
substantial differences are apparent between spectra of silica or
hematite (Fe0Si) and those of Fe/SiO2 composite oxide catalysts.
It has been known that iron oxyhydroxides were formed during
precipitation, and a large percentage of Fe ions were at coordinate
unsaturated sites, which may interact with SiO2 to form FeAOASi
complexes [24]. This kind of interaction between ferric ions and
silica disturbs the Si–O–Si structure and leads to a red shift of
the Si–O–Si stretching vibration [25]. In similar Fe/SiO2 composite
oxides, the bands around 1000 cm�1 were assigned to the asym-
metric FeAOASi stretching vibration [21,22,25]. These results
clearly proved that the Fe–SiO2 interaction exists in the Fe/SiO2

catalysts in a form of FeAOASi structure.
XPS was used to probe the Fe and Si electronic structures in cat-

alysts. Fe2p XPS spectra (see Fig. S2 in the supporting information)
indicate that Fe species are characteristic of trivalence in Fe2O3

[26]. There is no obvious difference in chemical shift in the Fe2p re-
gion. It is known that electrons in the outer Fe3p core level are
more sensitive to the variation of electronic structures. Thus, the
Fe3p XPS spectra were used to further probe the changes in elec-
tronic structure of Fe species in catalysts. The XPS spectra of
Fe3p and Si2p are shown in Fig. 2. From Fig. 2a, it can be seen that
the binding energies (BEs) of the Fe3p continually shift to high
reatments.

verage pore size (nm) Average crystallite diameter (nm)

Fe2O3
a Fe3O4

b Fe3O4
c

2.2 39.7 22.4 34.7
8.7 33.3 20.4 33.5
2.5 16.9 14.2 17.1
.7 7.5 9.9 11.1
.0 5.9 NAd NAd

.2 NAd NAd NAd

ts.
ation (300 �C, H2/CO = 2.0, and 20 h).
ion (280 �C, 1.5 MPa, H2/CO = 2.0, and 200 h).
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Fig. 2. XPS spectra of catalysts as-prepared: (a) Fe3p spectra of catalysts; (b) Si2p
spectra of catalysts.
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Fig. 3. XRD patterns of catalysts: (a) as-prepared; (b) after activation (300 �C, H2/
CO = 2.0, and 20 h); (c) after reaction (280 �C, 1.5 MPa, H2/CO = 2.0, and 200 h).
Circles (d): hematite; square (j): magnetite; diamond (�): carbide; triangle (.):
fayalite.
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values with increasing silica content. At the same time, Si2p BEs
(Fig. 2b) shift to lower values with increasing iron content in these
samples. The chemical shifts reflect changes in the electronic struc-
tures of corresponding elements in the samples [27]. For example,
if bonding to silica transferred an electron to the Fe species, the Fe
BE would shift to lower energy, and if bonding to silica transferred
an electron from the Fe species, the Fe BE would shift to higher en-
ergy. From this point of view, it is apparent that there is electron
transfer from Fe to Si atoms, showing an electron-deficient state
of Fe species in Fe/SiO2 catalysts. Considering the continuity of
BE shifting for all the spectra, the electron transference is a long-
range phenomenon instead of localizing in the near neighbor of
Si species. The electron transference was also observed in similar
Fe/SiO2–ZrO2 and FeMo catalysts [25,28].

3.2. Crystallite structure and morphology of catalysts

XRD was used to characterize the iron-phase structure of cata-
lysts. XRD patterns of catalysts as-prepared, activated, and after
reaction are shown in Fig. 3a–c, respectively. For as-prepared cat-
alysts (Fig. 3a), the XRD pattern of Fe0Si exhibits the characteristic
diffraction peaks of hematite (a-Fe2O3). With increasing silica con-
tent, the diffraction peaks of hematite become broad and even van-
ish. In XRD patterns of activated catalysts (Fig. 3b), the observed
iron phases are mainly magnetite (diffraction peaks at 30.1�,
35.5�, 37.1�, 43.1�, 57.0�, and 62.6�) and iron carbide (39.3�,
43.5�, and 44.1�). Similarly, these characteristic peaks gradually de-
crease in intensity with the incorporation of silica. After FTS reac-
tions, XRD patterns still exhibit the characteristic peaks of
magnetite and carbide (Fig. 3c). Additionally, the XRD pattern of
Fe25Si also shows the characteristic peaks of Fe2SiO4 (JCPDS 76-
0512), further confirming the existence of the FeAOASi structure.

MES was used to determine the iron-phase composition of cat-
alysts after activation and reaction. The spectra (see Figs. S3 and S4
in the supporting information) exhibited complex magnetic inter-
actions due to the presence of multiple magnetic phases. MES
parameters of various phases and their relative contributions to
spectral absorption areas are tabulated in Table 2. Percentage areas
can be translated to percent content of the various iron phases,
assuming similar Mössbauer efficiency (recoil-free fraction) for
all phases. As shown in Table 2, the MES line of each sample is
the result of the superposition of at least five subspectra associated



Table 2
MESa parameters and compositions of iron phases in catalysts after activationb and reaction.c

Catalysts Phases MES parameters and compositionsd Carbide difference (%)

After activation After reaction

Fe0Si Fe3O4 0.50/�0.06/506/17.4 0.29/�0.04/506/37.3 �72
0.56/�0.05/456/8.3 0.59/�0.02/509/25.2

0.82/�0.04/483/35.2

v-Fe5C2 0.32/0.08/247/36.8 0.30/0.03/245/1.2
0.34/�0.06/215/27.9 0.30/0.02/207/1.1
0.20/0.02/121/9.6

Fe1Si Fe3O4 0.48/�0.07/509/36.8 0.28/�0.07/510/30.0 �49.5
0.60/0.06/463/9.9 0.62/�0.05/513/39.7

0.80/�0.05/476/26.5

v-Fe5C2 0.35/0.10/248/27.2 0.30/0.02/247/1.0
0.32/�0.01/214/20.1 0.30/0.03/203/2.8
0.24/�0.01/120/6.0

Fe5Si Fe3O4 0.36/�0.02/501/44.9 0.25/0.08/502/24.0 �14.4
0.65/�0.05/469/38.4 0.55/0.00/505/47.9

0.77/�0.07/470/25.8

v-Fe5C2 0.34/0.06/250/6.8 0.30/0.01/246/1.3
0.25/0.15/208/4.1 0.30/0.00/204/1.0
0.28/0.00/120/5.8

Fe10Si Fe3O4 0.50/�0.04/506/47.1 0.29/�0.09/503/30.2 �9.5
0.63/�0.07/460/32.7 0.66/�0.06/504/40.2

0.49/0.00/457/18.9

v-Fe5C2 0.33/0.02/248/12.9 0.29/�0.01/245/6.5
0.32/0.00/207/4.5 0.31/0.00/203/4.2
0.32/0.09/128/2.8

Fe15Si Fe3O4 0.37/�0.07/497/20.5 0.24/0.00/499/13.2 15.7
0.67/0.09/497/16.8 0.61/0.02/501/19.1
0.45/�0.02/450/39.2 0.46/0.00/453/30.4

v-Fe5C2 0.37/0.00/244/13.9 0.34/0.06/245/24.5
0.32/�0.02/206/5.6 0.30/0.00/207/7.6
0.33/0.05/125/2.1 0.38/0.01/111/5.2

Fe25Si Fe3O4 0.36/�0.04/494/15.9 0.36/�0.03/502/16.0 12.1
0.65/0.05/496/9.1 0.65/0.01/497/10.7
0.45/�0.04/451/59.2 0.47/0.02/455/21.1

0.67/0.02/338/12.0

v-Fe5C2 0.37/0.09/255/4.6 0.32/0.13/240/13.9
0.36/�0.01/210/10.4 0.29/0.04/203/5.4
0.30/0.02/115/0.8 0.35/0.35/117/7.6

Fe2SiO4 1.33/2.93/110/13.3

a The Mössbauer spectra of catalysts were obtained at �253 �C.
b Reduction conditions: 300 �C, H2/CO = 2.0, 20 h, and 1 NL/(g of catalyst�h).
c Reaction conditions: 280 �C, 1.5 MPa, H2/CO = 2.0, 2 NL/(g of catalyst�h), and TOS ca. 200 h.
d IS (mm/s)/QS (mm/s)/Hhf (kOe)/atomic percentage (%) for corresponding iron phases in catalysts.
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with different iron sites in the sample. The subspectra with Hhf in
the range 490–520 kOe are contributed to the Fe3+ sites, while
those with Hhf in the range 300–480 kOe are contributed to the
Fe2+ sites of ferrimagnetic Fe3O4 phases [29,30]. The subspectra
with 0.20 mm/s < IS < 0.40 mm/s and 110 kOe < Hhf < 250 kOe cor-
respond to the three different sites of stoichiometric iron carbide
(v-Fe5C2) [31,32]. The subspectrum with IS = 1.33 mm/s and
QS = 2.93 mm/s is associated with crystalline fayalite (Fe2SiO4)
[33]. After activation treatments, the predominant phase of the sil-
ica-free catalyst (Fe0Si) is v-Fe5C2 (74.3%), and the remainder is
Fe3O4. With the addition of a small amount of silica (Fe1Si and
Fe5Si), the content of v-Fe5C2 decreases, while that of Fe3O4 in-
creases sharply. With a further increase in silica content (Fe10Si,
Fe15Si, and Fe25Si), the amount of v-Fe5C2 species is kept at about
20%. On the whole, silica addition inhibits the formation of v-Fe5C2

catalysts during the activation. After FTS reactions, iron carbide
content in low-silica-promoted catalysts is greatly decreased,
while it further increases in high-silica-promoted catalysts. The de-
crease in the content of iron carbides is probably reoxidized by the
vapor produced in FTS reactions [34,35]. Table 2 also lists the dif-
ference in the content of iron carbides between activation and
FTS reaction. Clearly, the reoxidation extent of iron carbides is
inhibited by silica. A similar stabilizing effect of silica on iron car-
bide was also reported by Sirimanothan et al. [36]. In Fe25Si cata-
lyst, the Fe2SiO4 phase was also detected by MES after reaction,
which is in agreement with the XRD results.

The XRD results indicate that the crystallinity of iron phases be-
comes poor with the incorporation of silica. It seems that silica dis-
turbs the iron phase structure or segmentalizes iron oxide/carbide
phases into small particles. The average crystallite diameters of
iron oxide phases in catalysts after different treatments, deter-
mined by XRD, are listed in Table 1. It can be found that the aver-
age crystallite diameter of iron oxides decreases continually with
increasing silica content, irrespective of the sample treatment
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conditions. Compared to the as-prepared samples, the iron oxide
particles in the low-silica-promoted samples become shrunken
after activations, while their sizes increase slightly after reactions.
For the high-silica-promoted samples, the iron oxide particle sizes
are undetermined, due to the low XRD signal-to-noise ratios. TEM
was used to compare the particle distributions of low- and high-
silica-promoted catalysts (Fe5Si and Fe25Si) with different treat-
ments. TEM images (Fig. 4a) show that, in the case of Fe5Si, 75%
of iron particles fall in the range of 8–25 nm with the most abun-
dant particles having a diameter of 18.5 nm for the as-prepared
sample. After activation in syngas at 300 �C for 20 h, the most
abundant particles shift to about 15.5 nm diameter (Fig. 4b). After
reaction under FTS conditions for 200 h (Fig. 4c), the iron particles
grow slightly, with the most abundant particles at diameter
19.5 nm. These results are in good agreement with XRD results.
In comparison, the image (Fig. 5) of Fe25Si shows much smaller
iron particles with the most abundant at diameter 4.5 nm. In addi-
tion, the iron particles in the Fe25Si catalyst are very similar in size
with different treatments. Even after FTS reactions, the iron parti-
cles grow only slightly, and about 95% of particles fall in the range
2–10 nm. These results indicate that the agglomeration of iron par-
ticles during FTS reactions can be effectively inhibited by the incor-
poration of enough silica.
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Fig. 4. TEM images and particle size distributions of Fe5Si with different treatments: (a
(280 �C, 1.5 MPa, H2/CO = 2.0, and 200 h).
3.3. Reduction behavior of catalysts

The reduction behavior of catalysts was studied by H2-TPR
(Fig. 6). The corresponding H2 consumptions are listed in Table 3.
As shown in the figure, the profile of Fe0Si shows two well-sepa-
rated H2 consumption peaks at about 377 and 589 �C. With the
addition of silica, TPR profiles become complicated. First, the
reduction peaks shift to higher temperatures for Fe1Si and Fe5Si
catalysts. In contrast, the first peaks become broad, and the second
peaks gradually shift to lower temperatures for Fe10Si, Fe15Si, and
Fe25Si catalysts. Second, H2 consumption for the first peaks is in-
creased to the theoretical value of Fe2O3 reduction to a nonstoi-
chiometric iron oxide phase (FexO, 0.84 < x < 0.95). In contrast,
the H2 consumptions for the second peaks continuously decrease.
Third, a new reduction peak occurs at about 900 �C in these high-
silica-content catalysts. The H2 consumption for this peak in-
creases with increasing silica content. At last, the total hydrogen
consumption of Fe25Si (1.37 mol H2/mol Fe) is apparently lower
than the theoretical value for the reduction of Fe2O3 to a-Fe
(1.5 mol H2/mol Fe). This result implies that this catalyst is not
completely reduced in H2 atmosphere below 1000 �C.

H2-TPR results show that the silica addition has complex effects
on the reduction behavior of iron oxides in catalysts. First, a small
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amount of silica addition inhibits the reduction of iron oxides. This
inhibitive effect is not due to the barely reducible FeAOASi species
or iron silicates, as observed in FT-IR and XRD characterizations.
Such a small amount of silica is not enough to interact directly with
all iron atoms to form FeAOASi covalent bonds. It probably results
from the variation of electronic structures of Fe atoms, which has
been proven by XPS results. The effect of silica on the electronic
properties of Fe atoms is remote but not local, which leads to an
electron-deficient state of all Fe species in silica-promoted cata-
lysts relative to the silica-free catalyst. The electron-deficient state
means that more core-level electron density of Fe nuclei takes part
in Fe–O covalent bonds [28]. Thus, the Fe–O bonds are strength-
ened and became difficult to cleave during the reduction. Second,
a large amount of silica at least improves the reduction of partial
Fe species. As displayed in the above XRD results, the crystallite
size of iron oxides is decreased by silica. Iron oxides with small
particle sizes have a larger percentage of surface atoms than of
bulk iron oxides. Obviously, surface atoms have a higher probabil-
ity of contact with H2 during the reduction. Therefore, the reduc-
tion of iron oxides is abnormally improved by a large amount of



Table 3
Quantitative results of H2 consumption in H2 TPR process.

Catalyst Peak H2 consumption
(mol H2/mol Fe)

Assignment Total H2 consumption
(mol H2/mol Fe)

Serial T (�C)

Fe0Si 1st 354 0.17 Fe2O3 ? Fe3O4 1.49
2nd 589 1.32 Fe3O4 ? Fe

Fe1Si 1st 357 0.17 Fe2O3 ? Fe3O4 1.48
2nd 570–680 1.31 Fe3O4 ? Fe

Fe5Si 1st 381 0.17 Fe2O3 ? Fe3O4 1.45
2nd 705 1.28 Fe3O4 ? Fe

Fe10Si 1st 350–470 0.41 Fe2O3 ? FexO or Fe2+ 1.46
2nd 590–680 0.93 FexO ? Fe
3rd 924 0.12 Fe2+ ? Fe0

Fe15Si 1st 350–450 0.45 Fe2O3 ? FexO or Fe2+ 1.44
2nd 628 0.74 FexO ? Fe
3rd 918 0.25 Fe2+ ? Fe0

Fe25Si 1st 350–440 0.46 Fe2O3 ? FexO or Fe2+ 1.37
2nd 588 0.54 FexO ? Fe
3rd 906 0.37 Fe2+ ? Fe0
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silica. Furthermore, FexO is stabilized as the intermediate phase
during the reduction process. FexO is thermodynamically unstable
in bulk, while its structure can be stabilized by the large contribu-
tion of surface energy in nanoscale materials [30]. This is also in ac-
cord with the nanosize of iron oxides in high-silica-content
catalysts. Third, besides the electronic and dispersion effects, silica
interacts strongly with its neighbor Fe atoms, which forms hardly
reducible FeAOASi species [37]. These species have been verified
by FT-IR, XRD, and MES in as-prepared, activated, and reaction
samples. H2 TPR further confirms the strong Fe–SiO2 interaction.
For example, a high-temperature peak at about 900 �C appears in
H2 TPR curves of silica-promoted catalysts. The intensity of this
peak is dependent on the silica content, implying that the peak is
attributed to the reduction of a specific Fe species interacting with
silica.
3.4. H2 chemisorption

H2-TPD is used to investigate the effect of SiO2 on the H2

adsorption behavior of iron catalysts (Fig. 7). H2 desorption over
silica-promoted catalysts mainly occurs in two broad temperature
ranges: below 300 �C and above 300 �C. For Fe0Si and Fe1Si, hydro-
gen desorption is only observed below 300 �C: a sharp peak at ca.
70–100 �C and a broad tail at 120–300 �C. In the case of Fe5Si,
100 200 300 400 500 600 700 800

Hα
HγHβ

SiO2

5Fe100Si

Fe25Si

Fe15Si

Fe10Si

Fe5Si

Fe1Si

Fe0Si

In
te

ns
ity

 (
a.

u.
)

Temperature ( oC)

Fe25SiM

Fig. 7. H2 TPD profiles of catalysts.
the profile of H2 desorption below 300 �C is similar to that of Fe0Si,
while a small peak appears at ca. 615 �C. With a further increase of
silica content, four evident desorption peaks appear in H2-TPD
curves: a peak at ca. 100 �C, a broad peak at 150–300 �C, a broad
peak at ca. 430 �C, and a sharp peak at 530–630 �C. With increasing
silica content, the intensity of the first peak at ca. 100 �C first in-
creases, passes a maximum at an Si/Fe ratio of 5/100, and then de-
creases gradually. However, other peaks show a monotonic
increase in their intensities. In addition, the peaks below 300 �C
shift to higher temperatures and become broader, indicating that
the hydrogen adsorption sites become more uneven with increas-
ing silica content.

Due to the heterogeneity of catalysts, it is difficult to directly
identify the surface hydrogen adsorption sites in these silica-con-
taining catalysts. However, we can distinguish these surface
adsorption sites through comparing model and literature results
with the present study. As proved earlier, the Fe–SiO2 interaction
affects the reduction of iron oxides and would lead to different iron
species (iron oxide, iron silicate, and metallic iron) in catalysts.
MES was used to determine the iron-phase compositions of cata-
lyst samples used in H2 TPD (see Table S1 and Fig. S5 in the sup-
porting information). As shown in the MES results, the iron
oxides of Fe0Si and Fe1Si catalysts can be completely reduced to
metallic iron, whereas other catalysts contain iron oxides and/or
iron silicates besides metallic iron with the same pretreatment
process in H2-TPD experiments. Therefore, H2-TPD peaks of Fe0Si
and Fe1Si catalysts can be attributed to hydrogen desorption from
metallic iron surfaces. Previous studies [38–45] demonstrated that
hydrogen desorption usually occurs below 300 �C on single-crystal
iron planes or polycrystalline iron surfaces, which are similar to the
low-temperature desorption peaks in the present catalysts. From
these works, hydrogen adsorbed onto low-index iron planes
(110, 100, and 111) usually desorbs at temperatures below
200 �C depending on coverage [38–40]. However, on polycrystal-
line iron films/powders and the present catalysts, desorption peaks
occur in the temperature range 200–300 �C, besides those below
200 �C [41,42]. Differently from single crystalline iron planes, real
catalysts contain hundreds of iron particles with various geometric
shapes and sizes. They expose not only low-index facets but also
high-index faces and various defect sites due to the surface heter-
ogeneity. Surface structural differences could lead to the different
H2-TPD profiles of the present catalysts from those of single crys-
talline iron planes. Moreover, it is well known that hydrogen
adsorption over iron surfaces is stable at deep hollow or defect
sites but relatively weak at shallow hollow or on-top sites



H. Suo et al. / Journal of Catalysis 286 (2012) 111–123 119
[43–45]. The H species desorbed at lower temperature (below
200 �C) imply a weak Fe–H bond strength. Thus, these hydrogen
species are likely to occupy the shallow hollow, on-top, or weak
adsorption sites, designated Ha. Correspondingly, the hydrogen
species desorbed in the temperature range 200–300 �C could be as-
cribed to hydrogen adsorbed on the deep hollow or defect sites of
metallic iron surfaces, designated Hb.

H2-TPD profiles in high-temperature regions (above 300 �C),
designated Hc, are quite different from those on metallic iron sur-
faces [38–42]. It is evident that these peaks are not resulted from
desorption of hydrogen on metallic iron sites. In supported metal
catalysts [46,47], H2 desorption peaks in higher-temperature re-
gions were also observed, which were attributed to H2 spilt over
from very strong chemisorption sites on the support. For compar-
ison, TPD curves of pure SiO2, 5Fe100Si, and Fe25SiM samples are
also shown in Fig. 7. No hydrogen desorption is detected over the
pure SiO2 sample under the same experimental conditions. The
5Fe100Si model sample only exhibits a small peak at 630 �C, which
is quite similar to the hydrogen desorption peak at high tempera-
ture over the Fe5Si catalyst. In this sample, iron oxides are difficult
to reduce to metallic iron due to the strong interaction between
iron and silica. As confirmed in MES results, the high-silica-content
catalysts are also composed of hardly reducible bivalent Fe species
under the TPD pretreatment condition. Therefore, hydrogen spe-
cies in higher-temperature regions are probably attributable to
hydrogen chemisorbed on iron atoms of iron oxides or iron silicate
compounds in catalysts. In the case of Fe25SiM, the profile of H2

desorption below 300 �C is similar to that of Fe0Si catalyst, while
a small and broad peak appears at 400–700 �C (Fig. 7 or Fig. S6 in
the supporting information). Since the strong interaction between
iron and silica is difficult to form after mechanical mixing, the
high-temperature peak is probably due to H species that spilt over
from SiO2. It should be noted that the high-temperature peak in
Fe25SiM is quite different from other catalysts. Thus, the H chem-
isorbed on iron atoms of iron oxides or iron silicates should not be
overlooked on those co-precipitated Fe/SiO2 catalysts. All in all, Hc
species may be attributed to hydrogen chemisorbed onto iron oxi-
des and silicates or spilt over from SiO2.

SiO2 addition has evident effects on the H2 adsorption on differ-
ent iron sites. To quantitatively analyze the amount of correspond-
ing hydrogen species, the H2-TPD profiles were fitted with
Gaussian curves to yield several peaks (see Fig. S1 in the support-
ing information), and the corresponding peak areas are listed in Ta-
ble 4. As shown in Table 4, Ha species show a parabolic tendency,
while Hb and Hc species show increasing tendencies with increas-
ing silica content over these catalysts. These variations could be
caused by either the increased dispersion extent or the decreased
reduction extent with the addition of silica. Therefore, H2 uptakes
are corrected by the reduction extent, i.e., based on a unit mass of
metallic iron, to obviate the effect of reduction extent. From this
Table 4
Reduction extents, H2 uptakes, dispersions, and average iron crystallite diameters for cata

Catalysts Reduction
extent (%)a

H2 uptakes (lmol/g)b

Ha Ha
c Hb

Fe0Si 100.0 73.3 104.7 16.3
Fe1Si 100.0 87.4 125.8 12.0
Fe5Si 95.0 239.6 373.6 68.1
Fe10Si 75.0 322.3 660.0 88.9
Fe15Si 67.2 187.6 443.7 213.6
Fe25Si 33.1 39.0 199.9 194.5

a Catalysts were reduced in pure H2 at 350 �C for 10 h. The reduction extents of catal
b H2 uptakes were obtained by integral of the corresponding peak based on unit mas
c H2 uptakes were corrected by the iron content and the reduction extent, i.e., based
d Determined by H2 uptake on metallic iron.
point of view, Ha adsorption sites on metallic iron surfaces still
show a parabolic tendency with increasing silica content. In con-
trast, Hb adsorption sites show monotonously increasing tenden-
cies. These results indicate that Ha species are first increased
with increasing iron dispersion but inhibited at high dispersion.
In contrast, Hb species are increased by improving iron dispersion.
The dispersion and the average crystallite diameter of iron particle
can be calculated from the amount of Ha and Hb, which are also
shown in Table 4. It is evident that the dispersion of iron increases
monotonically with the silica content in catalysts. The average iron
crystallite diameter show a monotonically decreasing tendency,
which is in good agreement with XRD and TEM results.

3.5. CO chemisorption

CO-TPD was used to measure the CO adsorption behavior on
carburized catalysts (Fig. 8). As can be seen, the main CO desorp-
tion peaks of all catalysts are located in the temperature range
300–650 �C. Actually, a very weak peak below 100 �C has also
been detected on catalysts. As reported in the literature
[48,49], desorption temperatures of molecular CO states on Fe
single-crystal planes are below 200 �C, while the dissociative
CO desorbs at about 500 �C. The CO-TPD curves on carburized
iron catalysts were different from those on iron single-crystal
facets. The temperatures of the main CO desorption peaks on
the present catalysts are far higher than those of the molecular
CO on the single-crystal iron surface and fall in the temperature
range of dissociative CO desorption. Therefore, these CO desorp-
tion peaks at temperatures of 300–650 �C could be ascribed to
the recombination of surface-adsorbed carbon species and oxy-
gen atoms. As shown in Fig. 8, there are two desorption peaks
observed on catalysts. Apparently, the first peak shifts to
343 �C once SiO2 is incorporated and continues to about 390 �C
with further increasing silica content. The second peak first
shifts to higher temperatures, passes through a maximum tem-
perature at Fe5Si, and then shifts to lower ones with increasing
silica content. In Fe15Si and Fe25Si samples, two CO desorption
peaks nearly overlap each other, demonstrating a small shoulder
peak at about 390 �C and a more intense peak at around 430–
450 �C.

In CO-TPD studies, catalyst samples contain the mixture of iron
oxide and carbide phases under the applied pretreatment condi-
tions. Therefore, CO-TPD can be regarded as a temperature-pro-
grammed redox reaction of carbon and oxygen species in
catalysts. These carbon and oxygen species include not only the
surface-adsorbed C and O species but also those in the crystal lat-
tices of iron carbides and iron oxides. It is conceivable that surface-
adsorbed C and O atoms are relatively easy to recombine into CO
molecules, which would desorb at relatively low temperatures.
However, the recombination of C and O in crystal lattices of iron
lysts.

Dispersion (%) Average iron crystallite
diameter (nm)d

Hb
c Hc

23.3 1.4 85.7
17.3 1.6 76.7

106.2 91.4 5.4 22.9
182.1 345.2 9.4 13.0
505.2 394.6 10.6 11.6
996.8 363.4 13.4 9.2

ysts were measured by MES.
s of catalyst mass.
on unit mass of metallic iron.
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Fig. 8. CO TPD profiles of catalysts.
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carbides and iron oxides would at least require overcoming addi-
tional migration barriers from bulks to surfaces. Desorption of bulk
C and O species would require higher temperatures in the CO TPD
process. Therefore, the lower-temperature peak (below 450 �C)
could be attributed to desorption of surface and/or near-surface
C and O species. Correspondingly, the higher-temperature peak
may result from the reaction of bulk iron carbides with neighbor-
ing iron oxides. It should be noted that, in Fe15Si and Fe25Si cata-
lysts, the high-temperature peaks largely shift to lower
temperatures, showing overlapping peaks in the temperature
range of surface C and O desorption (below 450 �C). This is in ac-
cord with the small iron particle size in these catalysts. The propor-
tion of surface atoms would sharply increase at such small sizes.
There is no obvious difference between surface and bulk in such
small iron nanoparticles (2–8 nm). In addition, the desorption tem-
perature of surface CO species continuously increases with increas-
ing silica content. The results indicate that surface C and O
adsorption or surface Fe–C and Fe–O bonds are strengthened by
silica incorporation. It should be noted that H2 and CO are co-ad-
sorbed on working catalyst surfaces under FTS reaction conditions.
H2 preadsorption has an apparent influences on CO adsorption
onto iron surfaces [40,50–53]. Thus, H2 and CO co-adsorption
behavior was studied using the TPD method over carburized
Table 5
Activities and hydrocarbon selectivities of catalysts.a

Catalysts Fe0Si Fe1Si Fe5

TOS (h) 24 192 24 192 24
CO conversion (%) 76.6 40.8 65.9 45.4 34.7
H2 conversion (%) 41.1 33.1 42.4 33.9 29.8
TOF � 103 (s�1)b 73.9 39.3 54.5 37.6 9.0
CO conversion rate (mmol/g-Fe/h) 34.1 18.1 28.2 19.5 15.3
H2/CO exit ratio 4.73 2.13 3.44 2.38 2.3
CO2 selectivity (mol%) 42.7 22.8 32.7 21.1 13.2
Kp = PCO2PH2/PCO/PH2O 3.20 0.85 2.58 0.96 0.4

HC selectivity (wt.%)c

CH4 22.3 23.6 22.9 23.0 25.3
C2–C4 49.6 44.5 50.1 46.3 46.8
Cþ5 28.1 31.9 27.0 30.7 27.9

C¼2-4=C0
2-4

0.42 0.40 0.36 0.36 0.3

C¼5-11=C0
5-11

0.44 0.43 0.45 0.42 0.4

a Reaction conditions: 280 �C, 1.5 MPa, H2/CO = 2.0, 2 NL/(g of catalyst�h), and TOS of
b TOF: turnover frequencies for CO conversion, i.e., the number of CO molecules conv

reaction conditions.
c HC: Hydrocarbon.
catalysts (see Fig. S7 in the supporting information). It can be found
that CO adsorption with H2 co-presence follows the same trend as
that without H2 presence with regard to the effect of silica on C and
O adsorption strengths.

3.6. FTS performance

3.6.1. Activity and stability
The effects of SiO2 addition on the FTS performances of iron-

based catalysts are presented in Table 5 and Fig. 9. Under a fixed
set of process conditions, the CO conversion was used as a measure
of FTS activity; i.e., higher conversion implies higher catalyst activ-
ity. The variation of the activity with time on stream (TOS) can be
used as an indicator of catalyst stability. It can be found that the
initial CO conversion of Fe0Si is the highest among all catalysts.
However, its stability is very poor. The CO conversion quickly de-
creases from 77% at the beginning of the reaction to about 40% at
a TOS of 96 h and is stable at this level in the subsequent reaction.
With the addition of a small amount of silica, the reaction behavior
of Fe1Si is somewhat similar to that of Fe0Si catalyst, while its
steady CO conversion is quickly stabilized at a relatively high level.
With further increasing silica content, the deactivation of the cat-
alyst was not observed. The CO conversion first decreases, passes
through a minimum at Fe10Si, and then sharply increases to a high
level. These qualitative conclusions are confirmed by the specific
activities in the form of CO turnover frequencies (TOFs; i.e., num-
bers of CO molecules converted per adsorption site per s) and CO
space–time-yields (STYs; i.e., amounts of CO converted per g iron
per h). Evidently, the initial specific activity quickly decreases,
passes through a minimum at Fe10Si, and then slightly increases
with increasing silica content in catalysts. The steady-state activity
shows a similar changing tendency except for a slight changing ex-
tent. Bukur et al. [6] found that the FTS activity monotonically de-
creases with increasing SiO2 content in 100Fe/5Cu/4.2 K/xSiO2

(x = 0, 8, 24, 100) catalysts. In this study, the K2SiO3 solution as
the SiO2 precursor was added into undried and reslurried Fe/Cu
precipitate. Complex interactions among Fe–SiO2 and K–SiO2 are
inevitable. The authors attributed the decreased activity with
increasing silica content to a lower degree of reduction and a
reduction in the effective potassium content of the catalyst. Egie-
bor and Cooper [8] found that the steady-state CO conversion on
100Fe2O3/5.6CuO/3.6K2O/xSiO2 (x = 15, 35, 50) catalysts exhibits
a slight increasing trend with increasing silica content. In this
study, silica gel (200 mesh) was added to the nitrate solution
before precipitation. Silica does not form a strong interaction with
Si Fe10Si Fe15Si Fe25Si

192 24 192 24 192 24 192
41.9 26.7 34.0 51.4 55.0 46.7 53.4
34.7 27.6 29.3 42.4 45.5 41.4 43.9
11.0 2.8 3.6 5.2 5.8 6.6 7.3
18.4 12.1 15.4 23.8 26.6 24.1 26.9

0 2.41 2.08 2.17 2.50 2.39 2.17 2.36
16.3 10.1 12.2 15.1 16.9 13.2 18.1

8 0.61 0.39 0.40 0.59 0.61 0.50 0.65

24.5 24.4 25.0 16.3 18.1 15.6 16.9
45.4 46.5 45.7 39.6 42.7 39.2 41.1
30.1 29.1 29.3 44.1 39.2 45.2 42.0

0 0.32 0.31 0.32 0.51 0.49 0.50 0.48

1 0.41 0.40 0.40 0.48 0.46 0.45 0.44

ca. 200 h.
erted per surface catalytic site (based on H2 uptake) per second under present FTS
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iron and mostly plays a physical role in catalysts. It is evident that
the intrinsic role of silica in FTS catalysts is partly hidden by the
quite different interactions among Fe–SiO2 and K–SiO2 in those
multicomponent catalyst systems [6,8,15]. In the present study,
the effects of chemical promoters have been ruled out. It is more
convenient to elucidate the intrinsic roles of silica in FTS reactions
using the binary Fe/SiO2 model catalysts.

According to the characterization results in the above para-
graphs, silica addition significantly affects the physical and chem-
ical properties of catalysts, i.e., a lower reduction degree and a
smaller particle size. It is widely suggested that the iron carbide
phase is the active phase in FTS [54,55]. The different reduction
or carburization extent may explain the variation of the FTS activ-
ity with changing silica content and time on stream. As indicated
by MES (Table 2), the silica-free catalyst contains the highest iron
carbide content among all catalysts after activation. Moreover,
the iron carbide in the catalyst was almost reoxidized into iron oxi-
des after reaction. This well explains the high initial activity and
the deactivation of the catalyst. Furthermore, iron carbide content
can explain the initial activity variation of catalysts with different
silica content to some extent. However, there are some exceptions.
For example, Fe10Si shows the lowest activity among all catalysts,
while it does not contain the lowest iron carbide content either
after activation or after reaction. The steady activity of all catalysts
cannot be well correlated with the iron carbide content. These
exceptions imply that the reduction degree is not the only factor
to affect the FTS activity of these Fe/SiO2 catalysts. The FTS reac-
tions on iron catalysts were reported to be structure-sensitive
[56,57]. Boudart and McDonald [56] found that, over iron sup-
ported on MgO catalysts, the site–time yield of methane synthesis
increased by over one order of magnitude as the iron particle size
changed between 1 and 17 nm. Jones et al. [18] found that, over
iron supported on carbon catalysts, the initial CO TOF increased
by a factor of 40 as the crystallite size increased from <1.2 to
7.9 nm. In the present study, the initial FTS activity follows a sim-
ilar tendency between small and large iron particles. It is indicated
that the iron particle size has an apparent effect on the FTS activity.
It should be noted that the FTS activity does not show a monotonic
increasing tendency as the crystallite size increases over the Fe/
SiO2 catalysts. This could be due to double effects of the reduction
degree and the structure sensitivity. All in all, silica affects the FTS
activity of iron catalysts in two ways: (1) a decreased reduction de-
gree and (2) a decreased crystallite size.

3.6.2. Product selectivity
The methane and high-molecular-weight hydrocarbon (Cþ5 )

selectivities of catalysts with TOS are shown in Fig. 10. Detailed
hydrocarbon distributions at the beginning and the end of the reac-
tion (24 and 192 h) are summarized in Table 5. For Fe0Si and Fe1Si,
hydrocarbon distributions are nearly identical. In comparison with
Fe0Si, Fe5Si and Fe10Si slightly shift the hydrocarbon product to
methane and decrease the Cþ5 hydrocarbon selectivities. With fur-
ther increasing silica content, Fe15Si and Fe25Si remarkably sup-
press the selectivity to methane but enhance the selectivities to
Cþ5 hydrocarbons. In Table 5, olefin/paraffin ratios also show a ten-
dency to first decrease, reach a minimum at Fe10Si, and then in-
crease remarkably with increasing silica content. In addition, the
hydrocarbon distribution and olefin/paraffin ratios are nearly con-
stant in the whole TOS for each catalyst; i.e., the hydrocarbon dis-
tribution is nearly independent of the variation of iron carbide
content in the reaction. Bukur et al. [6] also reported the effect of
the silica content on FTS product selectivities over 100Fe/5Cu/
4.2 K/xSiO2 catalysts. They found that high-molecular-weight
hydrocarbon and olefin selectivities increased with increasing sil-
ica content, except for the catalyst containing 24SiO2/100Fe. They
did not observe a parabolic trend of hydrocarbon selectivities in
this work. Yang et al. [15] observed a first increase and later de-
crease in the methane selectivity as the silica content increased
over FeMnK/SiO2 catalysts. They thought this trend was unex-
pected from the point of view of the effective potassium content.
In fact, these results are generally in agreement with the results
in the present work. The presence of potassium has slightly af-
fected the judgments of the intrinsic effect of silica.

Silica is well known to be inert for CO hydrogenation reactions.
How does silica change the FTS selectivity of iron catalysts? On one
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hand, silica apparently affects the reduction behavior of iron cata-
lysts. Poor reduction behavior would lead to a lower active phase
content and lower CO conversion. It is reported that the CO conver-
sion level can also affect the product selectivity [58]. Actually, the
CO conversion level changes the H2/CO ratio in the reactor. A high
H2/CO ratio can facilitate the methane production. However, as
shown in Table 5, the exit H2/CO ratios fall in ranges of 2.1–2.5
for all catalysts at different reaction stages. There is no direct cor-
relation of the CO conversion level and the exit H2/CO ratio with
the hydrocarbon selectivity. For example, Fe10Si has the lowest
CO conversion and the lowest exit H2/CO ratio among all catalysts,
while it exhibits higher methane selectivity. In addition, the CO
conversion of Fe0Si catalyst quickly decreases from about 70 to
40%, while the methane selectivity slightly increases during the
whole reaction. These results indicate that the H2/CO ratio or CO
conversion level has a negligible influence on the product selectiv-
ity in the Fe/SiO2 catalysts. In contrast, there is some relationship
between the reduction degree and the product selectivity. For
example, the iron oxide content increases after activation with
increasing silica content. Coincidentally, CH4 and paraffin selectiv-
ities slightly increase with increasing silica content, except for
Fe15Si and Fe25Si catalysts. It seems that the low reduction extent
slightly increases light hydrocarbon and paraffin selectivities. On
the other hand, silica has important influences on the structure
of the active phase. Generally, active phases have important influ-
ences on the product selectivity of an FTS reaction [59]. Although
MES results indicate no intrinsic difference in iron carbide struc-
tures of catalysts, XRD, TEM, and H2 TPD confirm that silica de-
creases the iron crystallite size and improves the proportion of
deep hollow or defect sites of surface iron atoms. CO-TPD results
have confirmed that C and O adsorption is strengthened on cata-
lysts with small iron particles or high silica content (Fe15Si and
Fe25Si). The strengthened surface Fe–C probably piles up the reac-
tion barrier of surface carbon hydrogenation. McDonald et al. [57]
found that large Fe particles produced a lower fraction of Cþ2 in the
hydrocarbon product over Fe/MgO catalysts. In the present study,
Fe/SiO2 catalysts show similar trends for hydrocarbon selectivity
with changing iron crystallite size, except for the hardly reducible
catalysts (Fe5Si and Fe10Si). From these results, it is obvious that
the crystallite size has an important effect on the hydrocarbon
selectivity. Comparing the two factors, the structure of the active
phase is more important than the reduction extent in determining
the selectivity of Fe/SiO2 catalysts.

3.7. Roles of silica in catalysts

Silica is usually considered to influence the physical properties
of a catalyst but not the chemical features. However, this work pro-
vides considerable evidence to show that silica impacts not only
the physical properties but also the chemical characteristics of iron
catalysts.

The foregoing H2 TPR and MES results indicate that the added
silica significantly restrains the reduction and carburization of cat-
alysts. FT-IR results show the formation of FeAOASi structure in
as-prepared catalysts. Moreover, the Fe2SiO4 phase was observed
during FTS reaction of high-silica-content catalysts. According to
the XPS results, the electron transfer results in an electron-defi-
cient state of Fe. Thus, more electron density of Fe nuclei takes part
in Fe–O covalent bonds, leading to the strengthening of the Fe–O
bonds. As a result, oxygen removal in iron oxides during reduction
or activation becomes difficult. Therefore, the SiO2-promoted cata-
lysts exhibit a lower degree of reduction and carburization. Oxygen
can be expected to withdraw electrons from the less electronega-
tive iron surface and weaken the chemisorption of CO and H2,
especially for CO dissociation [48,60]. Thus, the hardly removable
oxygen species plays a crucial role in inhibiting the reduction of
hardly reducible Fe/SiO2 catalysts (e.g., Fe5Si and Fe10Si) and in
determining the catalytic activities and selectivities.

SiO2 also has an important structural effect on the iron species
in catalysts. N2 physisorption results (Table 1) indicate that silica
incorporated into the iron catalysts increases the BET surface area
of the catalysts. Moreover, XRD and TEM results show that the
average crystalline size of iron oxide in catalysts progressively de-
creases with increasing silica content. The nanosize states of iron
particles are preserved during activation and FTS reaction. MES re-
sults also indicate that the highly dispersed catalysts can continu-
ously generate and stabilize the v-Fe5C2 species during the
reaction process. In highly dispersed catalysts, the iron particle size
probably becomes an important factor in the activity of the cata-
lysts. These nanoparticles can provide more surface atoms and a
larger number of adsorption sites for CO and H2 [61]. Therefore,
it is reasonable that the steady-state FTS activity increases on the
highly dispersed catalysts (Fe15Si and Fe25Si). In addition, the par-
ticle size of iron carbide has an important influence on the product
selectivity. It is well known that nanoparticles have higher surface
energy [30,62]. Most importantly, nanoparticles have more surface
atoms and a higher concentration of highly coordinated unsatu-
rated sites (defect, edge, and corner atoms). These undercoordinat-
ed atoms have different electron structures relative to those at
crystal faces [63] and finally affect H2 and CO chemisorption on
catalysts (as proved by H2-TPD and CO-TPD). With strengthening
of the surface carbon adsorption, the highly dispersed catalysts
show higher Cþ5 and lower methane selectivities in the FTS
reactions.
4. Conclusions

In this study, Fe–SiO2 interaction and its effect on chemical/
structural properties and catalytic performance of Fe/SiO2 catalysts
were studied. The FeAOASi bond was observed in SiO2-promoted
catalysts, which changed the electronic structures of iron atoms.
Moreover, a fayalite (Fe2SiO4) phase was observed in Fe25Si cata-
lysts after the FTS reaction. The addition of silica increases the
BET surface area of catalysts and decreases the iron particle size.
Also, the SiO2 species are beneficial for stabilizing the crystallite
sizes and the active phases during the FTS reaction. In reduction
or activation, a small amount of silica inhibits the reduction or car-
burization of catalysts, while a large amount of silica improves the
reduction or carburization of iron oxides not directly bonding with
silica. Silica has a great influence on H2 and CO chemisorption of
catalysts. A small amount of silica can increase H2 uptake on re-
duced catalysts. A large amount of silica can greatly decrease the
amount of weakly adsorbed H species but enhance the amount
of strongly adsorbed H species. Silica also strengthens the adsorp-
tion of C and O on carburized catalyst surfaces from CO-TPD
results.

In FTS reactions, silica has multiple effects on catalytic perfor-
mances of catalysts. First, silica improves the stability of catalysts.
Second, the FTS activity first decreases, passes a minimum at
Fe10Si, and then sharply increases with increasing silica content
in catalysts. Third, the selectivity to methane is greatly decreased
on high-silica-content catalysts (Fe15Si and Fe25Si). This catalytic
behavior can be explained by chemical and structural effects of sil-
ica on iron oxides/carbides.
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