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a  b  s  t  r  a  c  t

A  series  of ZrO2-modified  Fe/SiO2 catalysts  with  the  same  composition  were  prepared  by  different
methods.  These  solids  were  characterized  by N2 adsorption,  Fourier  transform  infrared  spectroscopy,
temperature-programmed  reduction,  temperature-programmed  desorption,  transmission  electronic
microscopy  and  Mössbauer  spectroscopy.  The  results  indicated  that  the modification  of Fe–SiO2 interac-
tion  was  strongly  depended  on  the  method  of  preparation.  It was  found  that  the strong  Fe–SiO2 interaction
eywords:
ischer–Tropsch synthesis
e–SiO2 interaction
irconia modification
reparation method
ourier transform infrared spectroscopy

could  be  effectively  weakened  if  Zr  species  and  SiO2 were  pre-precipitated  (Zr2-B  and  Zr2-C  catalysts),
even  though  the  ZrO2 level  was  low.  Consequently,  the reduction  and  carburization  ability  of  the  catalyst
was  enhanced  and the Fischer–Tropsch  synthesis  activity  was  increased  eventually.  The  products  selec-
tivity variation  trend  indicated  that  the  selectivity  to  gaseous  and  light  hydrocarbons  was  increased,
whereas  that  to heavy  hydrocarbons  and  olefin  was  suppressed  when  the  Zr  species  and  SiO2 were
precipitated  before  the  precipitation  of Fe3+ cation.
. Introduction

The ever-increasing shortage of crude oil reserves has aroused
enewed interest in alternative liquid fuels for the future and
ncreasingly stringent environmental regulations push the drive for
lean-fuels (low-sulfur, low-aromatics). Fischer–Tropsch synthe-
is (FTS), an environmental-friendly and economically promising
oute for the production of middle distillate fuels, petroleum
lending-stock, and a wide variety of hydrocarbons and oxygenates
rom either coal or natural gas or biomass-derived syngas, has
een paid great attention by numerous governments and aca-
emic institutions in recent years [1,2]. The lower price, moderate
ater gas shift (WGS) reaction activity and broad operation con-
itions of iron-based catalysts make them the most attractive
atalysts for the industrial application [3,4]. Despite of this, the
ure iron catalysts are not suitable for large-scale commercial
pplications. Promoters are commonly needed to improve the per-
ormance of iron catalysts. For example, Cu is added to facilitate

he reduction of iron oxides [5,6] and K is usually employed to
ncrease the heavy hydrocarbons content in the products [7,8].
esides, SiO2 is one of the most frequently employed support or
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binder in iron-based FTS catalysts [9–11]. The incorporation of SiO2
enhanced the stability of iron catalysts, while this paid a penalty
in catalyst activity simultaneously. These effects of SiO2 were
ascribed to the so-called Fe–SiO2 interaction by many researchers
for years, although the nature of this interaction was still in dispute
[10–12].

In our previous study [13], the details of the Fe–SiO2 interaction
was scrutinized. The results showed that the Fe–SiO2 interaction
could be well explained in terms of the formation Fe–O–Si struc-
ture between iron oxides and SiO2, and this structure was formed
during the dehydration process. The physico-chemical properties
and FTS reaction behaviors of the SiO2-containing catalysts were
well correlated with the influence of Fe–O–Si structure. Also, a
series of Fe/SiO2 catalysts promoted by different amounts of ZrO2
were prepared (namely Zr1, Zr2, Zr5, Zr10, Zr20 and Zr40), then the
promotional effect of ZrO2 was thoroughly studied. It was  found
that the strong Fe–SiO2 interaction could be effectively weakened
by proper amount of ZrO2 via disturbing the Fe–O–Si structure.
As a result, the reduction and carburization ability was enhanced,
and the FTS reaction performance was  improved eventually. How-
ever, this modification effect of ZrO2 cannot be observed when its
content was  relatively low (for catalyst Zr1, Zr2 and Zr5). It was gen-
erally accepted that the structures and properties of the catalysts

varied with their preparation methods, even though their composi-
tions were fixed [14]. Feller et al. [15] found that the ZrO2 addition
manner played a significant role in determining the properties of
ZrO2-promoted Co/SiO2 catalysts.

dx.doi.org/10.1016/j.cattod.2011.10.024
http://www.sciencedirect.com/science/journal/09205861
http://www.elsevier.com/locate/cattod
mailto:yyong@sxicc.ac.cn
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The present study aims to investigate the effect of prepara-
ion method on the modification of Fe–SiO2 interaction, to check
hether the strong Fe–SiO2 interaction could be weakened by ZrO2

r not if proper manner was employed to prepare the catalysts, even
hough the ZrO2 content was relatively low. Note that we  did not
xamine the effect of ZrO2 content variation on the modification
f Fe–SiO2 interaction in this study, since it has been scrutinized
reviously. A series of ZrO2-promoted Fe/SiO2 catalysts with the
ame composition were prepared by three different methods. The
atalysts were characterized by N2 adsorption, Fourier transform
nfrared spectroscopy (FTIR), H2 temperature-programmed reduc-
ion (H2-TPR), H2 temperature-programmed desorption (H2-TPD),
ransmission electronic microscopy (TEM) and Mössbauer effect
pectroscopy (MES). The FTS performance of catalysts was tested in

 fixed-bed reactor and correlated with the characterization results.

. Experimental

.1. Catalyst preparation

The catalyst precursors used in present study were prepared by
oprecipitation method. A solution containing Fe(NO3)3 (99.9+%;
ianjin Chemical Co., P.R. China), and/or silica sol (SiO2, 30.0 wt%;
ingdao Ocean Chemical Co., P.R. China) with an Fe/SiO2 weight

atio of 100/20 was mixed and then introduced into a 5 L precipi-
ation vessel at 80 ± 1 ◦C. A NH4OH solution (Tianjin Chemical Co.)
as added simultaneously into this precipitation vessel to maintain

he pH at a constant value of 8.5 ± 0.3. The obtained precipitate was
ompletely washed with hot deionized water, and then filtered.
fter that, the catalyst precursors were dried at 120 ◦C for 12 h, fol-

owed by calcined at 500 ◦C for 5 h in air. The obtained catalysts
ere denoted as FeSi. To examine the effect of preparation method

n the modification of Fe–SiO2 interaction, three ZrO2-modified
eSi catalysts with the same composition (100Fe/20SiO2/2ZrO2)
ere prepared by different methods as described below: The
ixed solution of Fe(NO3)3 (99.9+%; Tianjin Chemical Co., P.R.

hina), zirconium nitrate, and silica sol (SiO2, 30.0 wt%; Qingdao
cean Chemical Co., P.R. China) were precipitated with NH4OH

olution (Tianjin Chemical Co.) simultaneously, the resulting pre-
ipitate were sequentially washed, filtered, dried and calcined
Zr2-A). The mixed solution of zirconium nitrate and silica sol
SiO2, 30.0 wt%; Qingdao Ocean Chemical Co., P.R. China) was
rstly precipitated with NH4OH solution (Tianjin Chemical Co.) to

orm a gel, which was divided into two equal parts. One of them
as then mixed with Fe(NO3)3 (99.9+%; Tianjin Chemical Co., P.R.
hina) solution, followed by precipitation with NH4OH solution,
he obtained precipitate were washed, filtered, dried and calcined
Zr2-B). The other part of the gel was dried and calcined. Then
he formed solid was crushed and powdered, which was mixed
ith Fe(NO3)3 (99.9+%; Tianjin Chemical Co., P.R. China) solution,

ollowed by precipitation with NH4OH solution, the resulting pre-
ipitate was also washed, filtered, dried and calcined (Zr2-C). All
he experimental details (precipitation, washing, filtering, drying
nd calcination condition) employed in preparing these three cat-
lysts (Zr2-A, Zr2-B, Zr2-C) were same to that of FeSi catalyst. The
etailed catalysts composition and nomenclature were summa-
ized in Table 1.

.2. Catalyst handling and samples prepared for characterization

The reduced catalyst samples used for Mössbauer characteri-

ation were prepared by reducing the fresh catalysts in a quartz
ube with synthesis gas (H2/CO = 2.0) at 280 ◦C, 1000 h−1 of GHSV
nd 0.1 MPa  for 24 h. After reduction, the sample was coated by
araffin wax to prevent any oxidation.
ay 183 (2012) 79– 87

2.3. Catalyst characterization

The textural properties of fresh catalysts were determined via
N2 physisorption at −196 ◦C, using a Micromeritics ASAP 2420
instrument. Each sample was degassed under vacuum at 90 ◦C for
1 h and 350 ◦C for 8 h prior to the measurement.

The high-resolution transmission electronic microscopy
(HRTEM) was  performed at a JEOL 2010 HRTEM (JEOL, Japan) using
an accelerating voltage of 200 kV. The calcined catalysts were
dispersed in ethanol and mounted on a carbon foil supported on a
copper grid.

The Mössbauer spectra of catalyst samples were obtained on
an MR-351 constant-acceleration Mössbauer spectrometer (FAST,
Germany) at room temperature and/or 20 K, using a 25 m Ci 57Co in
Pd matrix. The spectrometer was  operated in a symmetric constant
acceleration mode. The spectra were collected over 512 channels
in the mirror image format.

The IR spectra were recorded with a VERTEX 70 (Bruker) FT-
IR spectrophotometer. Powdered samples were diluted with KBr
and pressed into translucent disks at room temperature. All spectra
were taken in the 4000–400 cm−1 range at a resolution of 4 cm−1.

The H2-TPR was carried out using a dynamic analyzer
(Micromeritics, Model 2920). About 40 mg  of catalyst was treated
in 10% H2/90% Ar (v/v) (flow rate of 50 mL/min) and the reduction
temperature was increased from room temperature to 800 ◦C at
a heating rate of 10 ◦C/min. The hydrogen consumption was cali-
brated using the H2-TPR of CuO (Aldrich, 99.99+%) as the standard
sample at the same conditions.

The H2-TPD was used to measure the hydrogen adsorption and
desorption on H2-reduced catalysts. The catalyst sample (100 mg)
was firstly reduced in pure H2 at 400 ◦C for 16 h and cooled to 50 ◦C.
Then, the reduced sample was  purged with Ar until the baseline of
H2 signal leveled off. Finally, the sample was  heated to 800 ◦C at a
ramp of 10 ◦C/min.

2.4. FTS performance

The FTS performance of the catalysts was tested in a stainless
steel fixed bed reactor with an inner diameter of 12 mm.  5 mL cat-
alyst was loaded into the reactor for all the reaction tests. The
remaining volume of the reactor tube was filled with quartz gran-
ules at the size range of 20–40 mesh. All the catalysts were activated
with syngas (H2/CO = 2.0) at 280 ◦C, 0.10 MPa  and 1000 h−1 for
24 h. The reaction conditions were controlled at 270 ◦C, 1.5 MPa,
2000 h−1 and H2/CO = 2.0. The detailed description of the reactor
and product analysis system has been provided elsewhere [11].

3. Results and discussion

3.1. BET surface area

Table 1 gives the results of N2 physisorption for the catalysts.
Great higher BET surface area (222 m2/g) was found for FeSi cata-
lyst compared with that of �-Fe2O3. In the previous study, it was
concluded that iron oxides interacted with SiO2 via Fe–O–Si struc-
ture in the catalysts containing SiO2. Due to the formation of this
structure, the particle agglomeration to form large iron oxides par-
ticle was  restrained which resulted in the high dispersion state of
iron oxides. This was considered to be the origin of the strong dis-
persion effect of SiO2 matrix [13]. The BET surface area of Zr2-A

catalyst was almost identical to that of FeSi catalyst. However, for
Zr2-B and Zr2-C catalysts, the BET surface areas were decreased
(in comparison to FeSi catalyst), which was  more obvious for Zr2-C
catalyst. The above results implied that the dispersion state of iron
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Table  1
The composition and textural properties of the zirconia-promoted FeSi catalysts as-prepared.

Catalysts Catalyst composition
(parts by weight)

BET surface
area (m2/g)a

Pore volume
(cm3/g)a

Average pore
size (nm)a

�-Fe2O3 – 25 0.16 29.3
FeSi 100Fe/20SiO2 222 0.53 7.8
Zr2-A  100Fe/20SiO2–2ZrO2 223 0.61 8.9
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Fe2O3 catalyst exhibited the typical two-step reduction process of
hematite, i.e., �-Fe2O3 → Fe3O4 → �-Fe [10,23],  which was  verified
by the amount of H2 consumption (0.15 mol H2/mol Fe for the lower
temperature reduction peak and 1.28 mol  H2/mol Fe for the higher

Table 3
Quantitative results of H2 consumption for the zirconia-promoted FeSi catalysts in
H2-TPR.a,b

Catalysts Peak Peak centre
(◦◦C)

H2 consumption
(mol H2/mol Fe)
Zr2-B  100Fe/20SiO2–2ZrO2 211 

Zr2-C  100Fe/20SiO2–2ZrO2 171 

a Max error = ±5%.

xides was influenced by the addition manner of ZrO2, as discussed
n detail later.

.2. Modification of Fe–SiO2 interaction

Fig. 1 illustrates the FTIR spectra of the catalysts as-prepared,
nd the typical frequency values and assignments are summarized
n Table 2 [4,16].  The bands, assigned to the vibration modes of

2O and CO2, have not been discussed here. Comparing the FTIR
pectrum of FeSi catalyst with that of �-Fe2O3 (Fig. 1a), a new
eak at 1000 cm−1 can be observed, which was assigned to the
e–O–Si vibration [16–19],  indicating that the so-called Fe–SiO2
nteraction could be explained in terms of the formation of Fe–O–Si
ond between iron oxides and SiO2. This structure was  supposed
o be formed during the drying process, and the detailed mech-
nism has been examined elsewhere [13]. As mentioned in BET
nalysis, the formation of Fe–O–Si structure in FeSi catalyst resulted
n the high dispersion state of iron oxides. Therefore, the charac-
eristic stretching vibration bands centred at 470 and 539 cm−1

f Fe–O bond became broad and less intensive in FeSi catalyst
20,21].

Fig. 1b shows the FTIR spectra of ZrO2-modified FeSi catalysts
repared by different methods. It is apparent that the position of
he peak at 1000 cm−1 of Zr2-A catalyst was similar to that of FeSi
atalyst, implying that introducing ZrO2 via this manner has less or
o obvious influence on the Fe–SiO2 interaction. According to the
revious study [13], in which a series of ZrO2-modified FeSi cat-
lysts with different ZrO2 content were prepared using the same
ethod employed in Zr2-A catalyst, the strong Fe–SiO2 interac-

ion could only be weakened by ZrO2 when its content was  high
nough. For the Zr2-B catalyst, the band at 1000 cm−1 represent-
ng Fe–O–Si structure did not change significantly (relative to that
f FeSi catalyst). However, it should be noted that a shoulder peak
t 1113 cm−1 appeared, coinciding with the asymmetry stretch-
ng vibration of Si–O–Si, which suggested that part of SiO2 did not
nteract with iron oxides in this sample. The Zr4+ and SiO2 sol were
recipitated before the precipitation of Fe3+ during the prepara-
ion process of Zr2-B catalyst, implying that the surface of silica
as covered by a layer of zirconia species [22]. Consequently, part
f sites on SiO2 surface may  not interact with iron species in the
ubsequent process, as evidenced in the spectrum of Zr2-B catalyst
the peak at 1113 cm−1). The above results indicated that although
he formed Fe–O–Si structure was not disturbed in Zr2-B catalyst,

able 2
R frequencies (cm−1) and assignment.

Frequencies (cm−1) Assignment

3440 v(H2O)
1624 �(H2O)
2400 vas(CO2)
1113, 1070 vas(Si–O–Si) in solid state
803  vs(Si–O–Si)
474 �(O–Si–O)
539 v(Fe–O)
470 v(Fe–O)
0.42 7.7
0.49 9.1

the amount of SiO2 that interacted with iron oxides was reduced to
some extent. In another word, the total strength of Fe–SiO2 inter-
action was effectively weakened. Significant difference between
the FTIR spectra of Zr2-C and FeSi catalysts can be discerned, as
illustrated in Fig. 1b. It is obvious that the typical stretching vibra-
tion bands centred at 470 and 539 cm−1 of Fe–O bond in the FTIR
spectrum became sharper and more intensive, indicating a rela-
tive higher crystallinity of iron oxides in this sample. Moreover, no
obvious peak at 1000 cm−1 can be observed in the spectrum of Zr2-
C catalyst, and the peak centre of the band shifted to 1113 cm−1.
These results suggested that most part of SiO2 did not interact with
iron oxides, thus almost no effective Fe–SiO2 interaction formed in
this sample. Let us review the preparation process of Zr2-C catalyst:
the Zr4+ and SiO2 sol were firstly precipitated and the obtained gel
was then dried and calcined, during which the ZrO2–SiO2 interac-
tion was strengthened. This means that the SiO2 surface became
inert after the pre-precipitation and thermal treatment mentioned
above. Therefore, the formation of Fe–O–Si structure between iron
oxides and SiO2 was restrained during the subsequent process. Due
to the absence of this structure, the dispersion effect of SiO2 matrix
was greatly reduced. As a result, large particles were formed caused
by the iron oxides agglomeration during the thermal treatment,
consistent with the BET analysis.

3.3. Reduction behavior of the catalysts

The reduction behaviors of the catalysts were measured by H2-
TPR. The reduction profiles and H2 consumption for the catalysts
are presented in Fig. 2 and Table 3, respectively. As can be seen, �-
�-Fe2O3 I 345 0.15
II 508 0.52
III 598 0.76

FeSi I  373 0.47
II 432 0.05
III 608 0.60

Zr2-A I  372 0.45
II 433 0.04
III 526 0.21
IV 604 0.43

Zr2-B I  370 0.40
II 496 0.18
III 593 0.62

Zr2-C I  360 0.18
II 563 0.72
III 651 0.43

a The H2 consumption was measured from the area under the corresponding peak.
b Max  error = ±2%.
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above indicated that the strong Fe–SiO2 interaction could be effec-
tively weakened by ZrO2 if proper method was  employed to prepare
the catalysts, even though the ZrO2 content was not high enough.
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Fig. 1. FTIR spectra of the zirconi

ne). However, FeSi catalyst exhibited two main broadened reduc-
ion regions. The onset of the first region was apparently retarded
ompared to that of �-Fe2O3, and this region was  well fitted with
wo peaks (peaks I and II, see Supplementary Information, Fig. S1).
udging from the H2 consumption, peak I should be ascribed to the
eduction of �-Fe2O3 to Fe3O4 and part of Fe3O4 to Fe2+ species,
nd peak II may  be composed of the reduction of the remainder
e3O4 which strongly interacted with SiO2 to Fe2+ species. The sum
f H2 consumption for peaks I and II (0.52 mol  H2/mol Fe), consis-
ent with the theoretical value of Fe3+ to Fe2+ (0.5 mol  H2/mol Fe),
erified the above statement. These Fe2+/Si compounds can be
resent either in the form of wüstite (FeO) or Fe2SiO4, which can-
ot be reduced completely even at high temperature [10,12]. Thus,
he total H2 consumption (1.12 mol  H2/mol Fe) was significantly
ower than that of theoretical �-Fe2O3 → �-Fe (1.5 mol  H2/mol Fe).
t was concluded previously that iron oxides and SiO2 interacted
ia Fe–O–Si structure, which lead to the partial electron transfer
rom Fe–OFe group to Si species. Therefore, the Fe–OFe bonds were
trengthened and the removal of oxygen during reduction or acti-
ation became difficult (detailed discussion can be found elsewhere
13]).

It is generally accepted that Fe–SiO2 interaction played a critical
ole in determining the reduction behavior of the catalysts contain-
ng SiO2 [11–13,24–26]. Based on the reduction profiles illustrated
n Fig. 2 and H2 consumption listed in Table 3, one can find that
he reduction behavior of Zr2-A catalyst was similar to that of FeSi
atalyst. This was acceptable since the Fe–SiO2 interaction was not
odified by ZrO2 in Zr2-A catalyst. For Zr2-B catalyst, the reduction

ehavior was changed. The H2 consumption of the first reduction
egion (0.40 mol  H2/mol Fe) was reduced while the total value
ncreased slightly (1.20 mol  H2/mol Fe) compared to that of FeSi
atalyst. As confirmed by FTIR, part of SiO2 did not interact with iron
xides, thus the total Fe–SiO2 interaction strength was  reduced.
ccording to the studies reported before [10,12], Fe2+ species (FeO
r Fe2SiO4) can only be stabilized where Fe–SiO2 interaction is
trong. Consequently, not all the �-Fe2O3 particles were reduced to

e2+ species during the first reduction process due to the weakened
e–SiO2 interaction, which resulted in the reduced H2 consump-
ion. Moreover, the total reduction degree of iron oxides was
nhanced in this catalyst. Significant difference of the reduction
Wave number (cm )

oted FeSi catalysts as-prepared.

profile of Zr2-C catalyst was found in Fig. 2. Specifically, the first
reduction peak shifted to lower temperature and it can be assigned
to the reduction of �-Fe2O3 to Fe3O4 based on the H2 consumption
(0.18 mol  H2/mol Fe). Meanwhile, the total H2 consumption was
greatly increased (1.33 mol  H2/mol Fe). The FTIR results proved
that almost no obvious Fe–O–Si structure formed in Zr2-C catalyst,
indicating that the interaction between iron oxides and SiO2 was
neglectable to some extent in this sample. As a result, the iron
oxide was reduced to Fe3O4 during the first reduction process and
the total reduction degree increased greatly. The results discussed
200 300 400 500 600 700 800
Temperature (ºC)

Fig. 2. H2-TPR profiles of the zirconia-promoted FeSi catalysts.
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The catalysts after FTS reaction were also characterized by Möss-
bauer spectra at 20 K, as presented in Fig. 5. They can also be fitted
with five sextets with different hyperfine parameters [35,36]. As
summarized in Table 6, the used catalysts were composed of Fe3O4
ig. 3. Mössbauer spectra of the zirconia-promoted FeSi catalysts as-prepared mea-
ured at room temperature.

.4. Crystalline structure of the catalysts

Due to the highly dispersed properties of the iron oxides caused
y the strong dispersion effect of SiO2 [10,11], MES  measured at
oom-temperature cannot give the detailed phase composition (see
upplementary Information, Tables S1 and S2).  Thus, the crystalline
tructures of the reduced and used samples were measured by MES
t 20 K.

.4.1. Catalysts samples as-prepared
Fig. 3 illustrates the Mössbauer spectra of the fresh catalysts

ecorded at room temperature. The spectra parameters are given
n Table 4. The �-Fe2O3 catalyst showed one sextet, which can be
ssigned to the (weak) ferromagnetic �-Fe2O3 with particle size
arger than 13.5 nm [8,27–30]. For FeSi catalyst, the sextet disap-
ears, and only the doublet was present. The Mössbauer parameters
f the doublets were typical of superparamagnetic Fe3+ irons on the
on-cubic sites with the crystallite diameters smaller than 13.5 nm
29–34]. The Mössbauer spectra of Zr2-A and Zr2-B catalysts were
imilar to that of FeSi catalyst, while the spectrum of Zr2-C catalyst
as fitted by a combination of sextet and doublet. These results

ndicated that the particle size of SiO2-containing catalysts was
maller than that of �-Fe2O3, and the particle size varied obvi-
usly with the preparation method of the catalysts. The HRTEM
tudy was conducted to measure the particle size more accurately
see Supplementary Information, Figs. S2 and S3).  One can find
hat the average particle size of FeSi catalyst (6 nm)  was much
maller than that of �-Fe2O3 (33 nm), resulting from the strong
ispersion effect of SiO2. The evidence shown by FTIR indicated
hat the Fe–SiO2 interaction was almost undisturbed by ZrO2 in
r2-A catalyst, while this interaction was weakened in Zr2-B cata-
yst. Moreover, no obvious Fe–SiO2 interaction was formed in Zr2-C
atalyst. As a result, the average particle size of Zr2-A was sim-
lar to that of FeSi catalyst, whereas those of Zr2-B (10 nm)  and
r2-C catalysts (20 nm)  were increased (more significant for the
atter).

.4.2. Catalysts samples after reduction

Fig. 4 presents the Mössbauer spectra of the reduced catalysts

easured at 20 K. The Mössbauer parameters and phase composi-
ions are summarized in Table 5. All the Mössbauer patterns can be
tted with five sextets, representing Fe3O4 and iron carbides with
Fig. 4. Mössbauer spectra of the zirconia-promoted FeSi catalysts after reduction
measured at 20 K.

different hyperfine parameters [35,36]. As can be seen, the reduc-
tion and carburization ability of FeSi catalyst was greatly restrained
(lower �-Fe5C2 content) compared to that of �-Fe2O3, ascribing
to the strong Fe–SiO2 interaction [13]. As for Zr2-A catalyst, the
�-Fe5C2 content was  almost identical to that of FeSi catalyst. How-
ever, the weakened Fe–SiO2 interaction resulted in the increased
iron carbide content in the reduced Zr2-B catalyst, which was  more
obvious for Zr2-C catalyst.

3.4.3. Catalysts samples after FTS reaction
Fig. 5. Mössbauer spectra of the zirconia-promoted FeSi catalysts after FTS reaction
measured at 20 K.
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Table 4
Mössbauer parameters of the zirconia-promoted FeSi catalysts as-prepared obtained at room-temperature.

Catalysts Phases IS (mm/s) QS (mm/s) Hhf (kOe) Area (%)a

FeSi Fe3+ (spm) 0.36 0.86 100.0
Zr2-A Fe3+ (spm) 0.31 0.85 100.0
Zr2-B Fe3+ (spm) 0.30 0.88 100.0
Zr2-C  �-Fe2O3 0.30 −0.15 510 52.2

Fe3+ (spm) 0.32 0.89 47.8
�-Fe2O3 �-Fe2O3 0.30 −0.15 513 100.0

a Max  error = ±1%.

Table 5
Mössbauer parameters of the zirconia-promoted FeSi catalysts after reduction obtained at 20 K.a,b

Catalysts IS (mm/s) QS (mm/s) Hhf (kOe) Area (%)c Assignment

FeSi 0.55 0.04 487 37.9 Fe3O4 (A)
0.59  −0.08 440 44.9 Fe3O4 (B)
0.43  0.00 251 8.4 �-Fe5C2 (I)
0.42  0.05 198 6.9 �-Fe5C2 (II)
0.37  −0.04 105 1.9 �-Fe5C2 (III)

Zr2-A 0.55  −0.03 490 26.4 Fe3O4 (A)
0.60  0.01 452 54.6 Fe3O4 (B)
0.42  0.10 253 11.5 �-Fe5C2 (I)
0.41  0.10 207 5.0 �-Fe5C2 (II)
0.58  0.14 109 2.5 �-Fe5C2 (III)

Zr2-B 0.53  −0.06 500 26.6 Fe3O4 (A)
0.59  0.01 456 44.7 Fe3O4 (B)
0.43  0.16 252 20.3 �-Fe5C2 (I)
0.34  0.29 200 2.2 �-Fe5C2 (II)
0.30  0.10 113 6.2 �-Fe5C2 (III)

Zr2-C 0.54  0.00 500 18.0 Fe3O4 (A)
0.60  −0.13 458 39.9 Fe3O4 (B)
0.44  −0.10 251 23.5 �-Fe5C2 (I)
0.53  −0.20 199 9.7 �-Fe5C2 (II)
0.30  0.10 112 8.9 �-Fe5C2 (III)

�-Fe2O3 0.55 −0.01 504 16.8 Fe3O4 (A)
0.65  −0.01 459 32.8 Fe3O4 (B)
0.45  0.09 252 20.5 �-Fe5C2 (I)
0.37  0.07 199 17.6 �-Fe5C2 (II)
0.36  0.13 109 12.3 �-Fe5C2 (III)

a Reduction conditions: 280 ◦C, 0.1 MPa, H2/CO = 2.0, 24 h and GHSV = 1000 h−1.
b The data of Zr1 and Zr2 has been omitted since they are very similar to that of FeSi.
c Max  error = ±1%.

Table 6
Mössbauer parameters of the zirconia-promoted FeSi catalysts after FTS reaction obtained at 20 K.a,b

Catalysts IS (mm/s) QS (mm/s) Hhf (kOe) Area (%)c Assignment

FeSi 0.41 −0.05 485 33.2 Fe3O4 (A)
0.64  0.09 439 33.8 Fe3O4 (B)
0.47  0.14 245 16.6 �-Fe5C2 (I)
0.43  −0.02 200 11.8 �-Fe5C2 (II)
0.35  −0.12 112 4.7 �-Fe5C2 (III)

Zr2-A 0.38  0.18 497 31.0 Fe3O4 (A)
0.66  0.10 440 33.8 Fe3O4 (B)
0.35  0.11 254 17.8 �-Fe5C2 (I)
0.30  −0.04 205 12.4 �-Fe5C2 (II)
0.30  0.10 109 5.0 �-Fe5C2 (III)

Zr2-B 0.31  0.25 503 22.9 Fe3O4 (A)
0.60  0.10 465 31.7 Fe3O4 (B)
0.44  0.12 252 23.5 �-Fe5C2 (I)
0.40  0.01 205 12.4 �-Fe5C2 (II)
0.40  0.10 107 9.5 �-Fe5C2 (III)

Zr2-C 0.48  0.00 502 32.0 Fe3O4 (A)
0.59  0.12 464 45.8 Fe3O4 (B)
0.41  0.10 256 12.3 �-Fe5C2 (I)
0.43  0.06 210 7.7 �-Fe5C2 (II)
0.38  0.06 112 2.2 �-Fe5C2 (III)

�-Fe2O3 0.39 0.06 508 30.5 Fe3O4 (A)
0.66  0.04 463 63.0 Fe3O4 (B)
0.40  −0.10 251 3.5 �-Fe5C2 (I)
0.32  0.01 202 3.0 �-Fe5C2 (II)

a Reaction conditions: 270 ◦◦C, 1.5 MPa, H2/CO = 2.0 and GHSV = 2000 h−1.
b The data of Zr1 and Zr2 has been omitted since they are very similar to that of FeSi.
c Max  error = ±1%.
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Fig. 6. H2-TPD profiles of the zirconia-promoted FeSi catalysts.

nd �-Fe5C2 with different ratios. For all the SiO2-containing cat-
lysts, the �-Fe5C2 content in the used catalysts increased to a
ertain extent during FTS reaction due to the further carburization
11,13].  As for Zr2-C catalyst, however, the iron carbide content
as decreased after the FTS reaction, implying that the �-Fe5C2
as oxidized during reaction.

.5. H2 chemisorption

H2-TPD was conducted to investigate the H2 chemisorption
ehaviors of the catalysts, as illustrated in Fig. 6. It can be seen
hat the H2 desorption could be assigned to several different
dsorbed H species: desorbing around 100 ◦C (H�), desorbing
etween 150 and 300 ◦C (H�), and desorbing higher than 300 ◦C
H�) [37]. As reported in the literature [38], H� represented the

 species adsorbed on the surface metallic iron, and H� corre-
ponded to the cleavage of OH species presented on the non
educed oxide surface in the catalysts. The higher desorption
emperature of the H� species indicated that they were strongly
dsorbed on the catalysts surface. It was expected that these
pecies would not exert significant influence on the reaction
ehavior of the catalysts. The H� could be tentatively assigned
o the H species adsorbed on the sub-layer metallic iron ten-
atively, since no assignment of this species has been reported
ver.

As shown in Fig. 6, almost no peak assigned to H� was  observed
oth in FeSi and Zr2-A catalysts, and the H� desorption peak
f Zr2-A catalyst shifted to higher temperature slightly (com-
ared to that of FeSi catalyst), indicating that the H species
dsorbed on this sample was more stable. However, for Zr2-B
nd Zr2-C catalysts, H� desorption peak were observed, which
as more obvious for the latter. It is apparent that the H� des-

rption peak shifted to lower temperature for Zr2-B catalyst,
hile this species was absent on the Zr2-C catalyst surface. Judg-

ng from the desorption temperature of the H species adsorbed;
t is reasonable that the H is more reactive than H . These
� �
esults implied that the H2 adsorption behavior was  greatly
nfluenced by introducing ZrO2 into FeSi catalyst via different

anners.
Fig. 7. CO conversion as a function of time on stream of the zirconia-promoted FeSi
catalysts.

3.6. FTS performances

The FTS performances of the catalysts were measured at
the reaction conditions of 270 ◦C, 1.5 MPa, H2/CO = 2.0 and
GHSV = 2000 h−1. The activity, stability, and product selectivity
were tested within a period of about 200 h steady-state runs. All
the catalysts were tested under the same condition to examine the
promotional effect of ZrO2.

3.6.1. FTS performances of the catalysts
The effects of the preparation method on the FTS performances

of ZrO2-modified FeSi catalysts are presented in Fig. 7. The CO
conversion was  used as a measure of FTS activity in present study
[11]. The results showed that the activity of Zr2-A catalyst kept
almost unchanged during the entire reaction period, very similar to
that of FeSi catalyst. It was  found that the activity of Zr2-B catalyst
increased slightly with time on stream (TOS). As for Zr2-C catalyst,
the CO conversion decreased gradually although its initial activity
was the highest among all the catalysts studied herein. Despite
the on going discussion regarding the active species, a correlation
between the carbide level of the catalyst and its activity in FTS
has been observed by several authors [39–41].  Therefore, the iron
carbides content determined by MES  can be used to monitor the
number of FTS active sites to some extent. As stated previously, the
iron carbide content of FeSi catalyst did not change significantly
during the whole reaction period, thus no obvious change of the CO
conversion level was observed [13]. Zr2-A catalyst exhibited the
similar reaction behavior in comparison to FeSi catalyst, since the
iron carbide content of these two  catalysts was  almost identical
(both in the reduced and used catalysts). This was possibly caused
by the fact that the Fe–SiO2 interaction was  not effectively modi-
fied by ZrO2 in Zr2-A catalyst. The weakened Fe–SiO2 interaction
lead to the increased iron carbide content in Zr2-B catalyst, as a
result, the activity of Zr2-B catalyst increased relative to that of
FeSi catalyst. For Zr2-C catalyst, the highest iron carbide content
in the reduced catalyst accounted for its highest initial activity,
since no effective Fe–O–Si structure was formed in this sample.
However, the iron carbide was  gradually oxidized during reaction

(evidenced by its lowest iron carbide content in the used catalyst),
resulting in the deactivation of this catalyst eventually. Note that
ZrO2 is not a chemical promoter like K, then the difference of the
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Table 7
Activity and selectivity of the zirconia-promoted FeSi catalysts.a,b

Catalysts FeSi Zr2-A Zr2-B Zr2-C

TOS 72 145 72 144 72 144 72 144

CO conversion (%) 63.5 63.2 65.4 69.7 71.9 76.7 81.3 76.3
CO  + H2 conversion (%) 51.7 51.7 54.5 58.5 56.9 61.9 64.1 60.4
Exit  molar H2/CO ratio 2.9 2.9 3.1 3.2 3.2 3.8 4.7 3.9
H2/CO molar usage 1.4 1.4 1.4 1.4 1.3 1.3 1.3 1.3
CO2 selectivity (mol%) 25.8 26.0 26.7 27.2 25.8 27.3 30.1 30.0
Kp((PCO2·PH2)/(PCO·PH2O) 1.6 1.6 1.9 2.1 1.9 2.4 3.7 2.8
Selectivity (wt%)
C1 20.0 22.9 19.9 20.8 22.0 25.3 25.4 27.2
C2–C4 42.5 43.3 41.0 41.9 42.1 45.6 45.9 48.4
C5

+ 37.5 33.8 39.1 37.3 35.9 29.1 28.7 24.4
C2

=–C4
=/C2

◦–C4
◦ (mol/mol) 1.1 1.0 1.2 1.1 0.8 0.7 0.5 0.5

Oxygenates (wt%)b,c

Acid 0.6 0.6 0.5 0.5 0.5 0.5 0.4 0.4
Alcohol 8.9 8.6 9.0 8.9 9.1 9.0 9.5 9.1
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a Reaction condition: 270 ◦C, 1.5 MPa, H2/CO = 2.0 and GHSV = 2000 h−1.
b Max  error = ±3%.
c Oxygenates in total CH and oxygenates.

eaction behavior between FeSi and Zr2-B (also Zr2-C) illustrated
n Fig. 7 was significant.

.6.2. Product selectivity
Hydrocarbon product distribution of the catalysts is shown in

able 7. One may  find that the methane selectivity was relatively
igh (20%), this was acceptable since no K promoter was intro-
uced in the present study. For Zr2-A catalyst, the selectivity to
aseous and light hydrocarbons (methane and C2–C4) were sup-
ressed, whereas those to heavy hydrocarbons (C5

+) and olefins
C2

=–C4
=/C2

◦–C4
◦) were enhanced, when compared to that of FeSi

atalyst. However, the selectivity variation of Zr2-B and Zr2-C cat-
lysts exhibited the opposite trend. It is generally accepted that, at
east for iron-based FTS catalysts, the surface H/C ratio is a crucial
actor in determining the catalysts products distribution [37,38].
he H2-TPD results indicated that the content of reactive H species
H�) on the Zr2-B and Zr2-C catalysts surface were higher (in com-
arison to FeSi catalyst). Therefore a higher surface H/C ratio was
xpected for these two catalysts. The increased H/C ratio inhibited
he chain propagation reaction while enhanced the hydrogenation
bility, lowering the selectivity to heavy hydrocarbons and olefins
or Zr2-B and Zr2-C catalysts. If one accepts the above statement,
hen the selectivity variation trend of Zr2-A catalyst was under-
tandable, since the H species on this catalyst surface was  more
table than that of FeSi catalyst.

. Conclusions

In this study, ZrO2-promoted Fe/SiO2 catalysts with the same
omposition were prepared using three different methods. Com-
ined methods (FTIR, TPR, TPD, TEM and MES) were applied to

nvestigate the influence of ZrO2 addition manner on the Fe–SiO2
nteraction, and its effect on the physico-chemical properties and
TS performance of the ZrO2-modified FeSi catalysts were exam-
ned and compared as well. We  did not examine the effect of ZrO2
ontent variation on the modification of Fe–SiO2 interaction here,
ince it has been extensively studied previously.

The modification of Fe–SiO2 interaction by ZrO2 depended
trongly on the preparation method of the catalysts. This inter-
ction in Zr2-A catalyst was almost undisturbed. Therefore, no
arked difference of the properties (BET surface area, reduction
nd carburization ability, FTS reaction behavior) between Zr2-A
nd FeSi (non-promoted) catalysts was observed. For Zr2-B cata-
yst, however, part of SiO2 did not interact with iron oxides, which

eakened the total strength of Fe–SiO2 interaction to some extent.

[

[
[

This enhanced the reduction and carburization ability of Zr2-B cata-
lyst, and increased the FTS reaction activity eventually. It was found
that no effective Fe–SiO2 interaction was formed in Zr2-C catalyst,
implying that the strong dispersion effect of SiO2 matrix was  greatly
destroyed. Consequently, the BET surface area of Zr2-C catalyst
decreased obviously. Moreover, higher reduction and carburization
degree was  observed, which guaranteed the higher initial activity
of this catalyst. Whereas the activity was  decreased gradually with
TOS, this was possibly due to the oxidation of iron carbides, since
no obvious Fe–SiO2 interaction formed.

We  believe that the present together with the previous study
could help to understand the nature of Fe–SiO2 interaction and how
ZrO2 modify this systematically.
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