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Fe-based Fischer-Tropsch synthesis (FTS) catalysts were investigated by N, physisorption, X-ray diffrac-
tion (XRD), Mdéssbauer spectroscopy (MES), extended X-ray absorption fine structure (EXAFS), X-ray
photoelectron spectroscopy (XPS), CO temperature-programmed reduction (CO-TPR), H,-differential
thermogravimetric analysis (H,-DTG) and CO, temperature-programmed desorption (CO,-TPD). The FTS
reaction behaviors of the catalysts were measured at 1.5 MPa, 260 °C and syngas with H,/CO ratio of 2.0.
The results show that there are two distinct forms of bimetallic interactions for the promoted catalysts,
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Cr promotion namely (1) ZnFe,04 compound formed for Zn-promoted iron catalyst and (2) solid solutions observed for
Mn promotion those promoted by either Cr or Mn promoters. The presence of ZnFe,04 compound in the Zn-promoted
Fe-based catalyst catalyst leads to the phase separations between Zn and Fe oxides, and therefore very similar catalytic

behavior to that of unpromoted catalyst. The stability of activity was improved due to the increased
dispersion of active site through the formation of ZnFe,04 compound. In contrast, for the Mn- and Cr-
promoted catalysts, the solid solutions in FeMn and FeCr systems strongly inhibit the reduction of the
catalysts, and enhance the stability of catalytic activity. The FTS tests show that Mn and Cr promoters
enhance the olefin and Cs. hydrocarbon selectivity and restrain the methane selectivity due to their
more strong basic sites. Besides the surface basicity the selectivities of Mn-promoted catalyst are also
correlated with the enrichment of Mn on the catalyst surface.

© 2010 Elsevier B.V. All rights reserved.

Contents

B O oL T LE o o ) o N 30
B 25 4 513 w33 T 31 = 30
D2 B € Y = ] 0 (=] 0T =L (o) o 30

B I O Y - | ol 1 Lot 3 = Y0 (o) 3 30

D228 TR 5 el (<3 ot I o] 1 o 15 == (o) o P 31

0 TR 1] 1 31
3.1.  Textural properties Of the fresh Catalysts ... ... ittt ittt ittt ittt ettt e ettt e et ie e et ee e ie e e iae e aiaeeaannns 31

3.2, Surface cOmMPOSItion Of fTeS CatalyStS . ... ou ettt ettt ettt ittt et ettt e ettt et ettt e e e e e et e e aaas 31

3.3, Crystallite StruCtUre Of the Cataly St .. ...ttt ettt ittt ettt ettt e e e ettt e e e e et e et et e e et e e e e e e e e e eanneaannnnns 32

3.4.  Reduction and carbUIiZation DERAVIOTS . . ... .ttt ittt et ettt ettt et e et e et e 35

70 T €0 DT I & 5 5 /3] 3 35

oS T el 74 U A U o T IR <2 <ol 77 1 /28 36
ST B @ T | £ Ut 14 1 (<5 36

2 07 & o T LT Y <) =Tl A1 1 20 36

* Corresponding author at: National Engineering Laboratory for Indirect Coal Liquefaction, Institute of Coal Chemistry, Chinese Academy of Sciences, Taiyuan 030001,
People’s Republic of China. Tel.: +86 351 7560835; fax: +86 351 7560835.
E-mail address: yyong@sxicc.ac.cn (Y. Yang).

1381-1169/$ - see front matter © 2010 Elsevier B.V. All rights reserved.
doi:10.1016/j.molcata.2010.04.009


http://www.sciencedirect.com/science/journal/13811169
http://www.elsevier.com/locate/molcata
mailto:yyong@sxicc.ac.cn
dx.doi.org/10.1016/j.molcata.2010.04.009

30 H. Wang et al. / Journal of Molecular Catalysis A: Chemical 326 (2010) 29-40

I ol 1 1) () o
4.1. Textural properties of the fresh catalysts.......................
4.2. Surface composition of fresh catalysts..........................
4.3. Crystallite structure change of catalysts.........................
4.4, Reduction and carburization behaviors.........................
4.5. Activity and selectivity ........ooeuiiiiiiiiiiiiii i
LS T o ) Uad L T ) L
AcKNOWIedgments . .......oiiiiiiieeiie i,
Supplementary data............oiiiiiiiiiiiiiiiaaan..
| N0E () Y] s Lol L

Appendix A.

1. Introduction

Fischer-Tropsch synthesis (FTS) is an important route for con-
verting syngas, a mixture of CO and H,, derived from natural gas,
coal and biomass to liquid fuels and other chemicals, in which
Fe and Co catalysts have been commercially used. Fe-based FTS
catalyst is favored due to its low cost, adjustable selectivity, and
reasonable water-gas shift (WGS) activity which means a flexible
operation for the industrial process [1-3]. Commercial FTS Fe cata-
lyst, mainly composed of Fe oxide, is often promoted with transition
metal oxides, alkali salts and structural promoters to improve its
physico-chemical performances.

Alkali promoter, such as potassium, is added mainly to enhance
the dissociative adsorption of CO, which subsequently could
improve the carburization and suppress the methane formation
of the catalyst. At the same time, structure promoters, often SiO;
or/and Al,03, are added to improve the structural stability of the
catalyst [1-5].

Additionally, transition metal promoters such as Cu, Mn, Cr,
Zn, Ni and Mo are also incorporated into Fe-based FTS catalyst to
optimize the chemical environment of the catalyst. Among them,
Cu is widely used in commercial FTS process, since the presence
of Cu facilitates the reduction of a-Fe;03 to Fe304 or metallic Fe
[1,6-8]. Ni promoter is seldom used in FTS catalyst due to the high
selectivity to methane. Whereas the addition of Mo to iron FTS cat-
alyst would form too strong interaction of Fe-O-Mo to inhabit the
reduction and carburization of iron oxide and decrease the catalytic
activity [9].

Unlike the above-mentioned Ni and Mo promoters, the addition
of Mn, Cr and Zn promoters shows favorable effects on iron FTS
catalysts, but their effects are still in controversial. Mn promoter
is generally proved that it could not only stabilize the catalytic
activity, but also enhance the light olefin selectivity and decrease
the selectivity to methane for the iron FTS catalyst [10-14]. How-
ever, these promotions were not proved by Satterfield and Stenger’s
work [15]. Cr promoter was reported to enhance the selectivity of
heavy hydrocarbon products for precipitated Fe catalyst [16]. How-
ever, it is generally used as a promoter for WGS reaction, which
would lead to a high H,/CO ratio in FTS process and are bene-
fit for the production of light hydrocarbon [17,18]. Zn was found
to increase the FTS activity over a precipitated Fe-Cu-Zn-K cat-
alyst with optimized Zn/Fe ratio of 0.1 and have no influence on
the product selectivity [8,19,20]. While Zn was also reported that
it could improve the olefin selectivity over a FeZn ultrafine particle
catalyst [21]. The main reasons for these different results on the
promotion of the transition promoters (M) are probably caused by
the complexity of the catalytic system in which there are too many
interactions between promoters and iron, such as Fe-M, Fe-Si, Fe-K
and Fe-Cu, etc. [6]. It is difficult to discern the inherent promotion
of the transition metals for the iron FTS catalyst incorporated with
other chemical and structural promoters.

In the present study, the promotions of transitional metals (M)
of Zn, Mn and Cr were investigated over bimetallic FeM catalyst sys-
tem without any other promoter being added, which could shield

the effect of other interaction and present only the promotion of
transition metals. The catalytic performance was investigated in a
fixed bed reactor and the fresh, reduced, and used catalysts were
systematically characterized. The catalytic activities and selectiv-
ities for hydrocarbon products are compared to the unpromoted
a-Fe, 03 to illustrate the effects of transition metals on the Fe FTS
catalysts.

2. Experimental
2.1. Catalyst preparation

The catalysts used in the present study were prepared by using
the continuous coprecipitation. A salt solution containing both
Fe(NO3)3; and M(NO3)x (M=Zn, Mn and Cr) and a separate solu-
tion of NH3-H, O were used in the precipitation processes. The salt
solution and ammonia solution were preheated to 85°C and 40°C,
respectively. Under stirring, the salt solution (flow rate 60 ml/min)
and NH3-H, O solution were added into a continuously stirred tank
reactor for the precipitation with pH 8.2-8.5, in which the drop-
ping rate of ammonia solution was adjusted to keep the constant
pH value of the mixture. The temperature of the precipitation unit
was kept at 80°C during the whole precipitation process. The pre-
cipitate was washed thoroughly with deionized water and filtered
subsequently. The final cake was reslurried in deionized water and
spray dried in air at 250°C. The atomic ratio of iron to promot-
ers is designed to 100:5, named C-05, M-05 and Z-05 for Cr, Mn
and Zn, respectively. The catalyst samples were then calcinated
at 550°C for 5h. The benchmark catalyst a-Fe;03 and reference
compounds (ZnO, Mn,03 and Cr,03) were obtained by precip-
itated nitrates of metals as the method described above. In all
tests, the catalysts were pressed into pellets, crushed and sieved
to retain 20-40 mesh particles prior to loading to a fixed bed reac-
tor.

2.2. Catalyst characterizations

The BET surface area, pore volume and average pore diameter of
the fresh catalysts were measured with the nitrogen physisorption
at —196°C in ASAP 2420 (Micromeritics, USA). Each sample was
degassed under vacuum at 90°C for 1 h and 350°C for 8 h prior to
the measurement.

Powder X-ray diffraction (XRD) measurements were carried out
using a D/max-RA X-ray diffractometer (Rigaku, Japan) with Cu Ko
radiation (A =0.154 nm) operated at 40 kV and 100 mA. The crystal
phase compositions of the samples were determined by comparing
the measured d-spacings with standard ASTM values. Silicon was
used as an internal standard for correction of the angles derived
from the diffraction lines and of the instrumental broadening for
the crystallite size and cell parameters determination.

The Mossbauer effect spectroscopy (MES) experiments were
carried out in a CANBERRA series 40 MCA constant-acceleration
drive with a triangular reference signal at room tempera-
ture. The radioactive source was a 25mCi >’Co in Pd matrix.
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The spectra were analyzed by a non-linear least square fitting
procedure.

The X-ray absorption spectra at Fe, Mn, Cr and Zn K-edge for
the as-prepared catalysts and the reference compounds were mea-
sured at the beamline of U7C of National Synchrotron Radiation
Laboratory (NSRL) and 4W1B of Beijing Synchrotron Radiation
Facility (BSRF). The storage ring of NSRL and BSRF were operated
at 0.8 GeV with a maximum current of 160 mA and 2.2 GeV with a
maximum current of 100 mA, respectively. The fixed-exit Si (111)
flat double crystals were used as monochromators. The EXAFS at K-
edge of the metals were collected in transmission mode. EXAFS data
were analyzed by a NSRL XAFS 3.0 data analysis package compiled
by Zhong and Wei according to the standard procedures [22,23].

XPS spectra were taken by a VG MiltiLab 2000 system with
Al Ko (1486.6eV) as the X-ray source. The C 1s as a refer-
ence signal was adjusted to 284.6eV. High-resolution spectral
envelopes were obtained by curve fitting synthetic peak compo-
nents using the XPS peak software. The raw data were used with
no preliminary smoothing. Symmetric Gaussian-Lorentzian prod-
uct functions were used to approximate the line shapes of the fitting
components.

The CO temperature-programmed reduction (CO-TPR) was car-
ried out using a chemisorption analyzer (Micromeritics, Model
2920) over 30 mg sample with 50 ml/min reducing gas composed
of 10% CO (by mole basis) mixed with He. The reactor was heated
from room temperature to 800°C at a heating rate of 10°C/min.
Prior to TPR, the samples was treated under 50 ml/min He at 500 °C
for 1h.

The H,-differential thermogravimetric analysis (H,-DTG) was
performed using a TGA92 thermogravimetric system (Setaram,
France) with a flow of 10% H; in Ar as the reduction gas. Typically,
20-30 mg samples were treated in 10% H,-Ar and then tempera-
ture was increased from room temperature to 800°C at a rate of
10°C/min and held for 5 min before cooling.

The CO,-TPD experiments were performed in the same system
as used in CO-TPR with He as carrier gas. About 300 mg sample was
loaded in the reactor and purged with He (50 ml/min) and calcined
in situ at 500 °C for 1 h to remove the adsorption species from the
catalysts. In the following steps, CO, adsorption on catalyst was
performed at 50 °C for 30 min, and then the sample was purged with
the carrier gas for 30 min to remove the weakly adsorbed species.
After this step, temperature was increased to 500°C at a rate of
10°C/min.

2.3. Fischer-Tropsch reaction

A detailed description of the reactor and the product collection
system was given by Ji et al. [24]. Briefly, experiments were con-
ductedina 12-mmi.d. stainless steel fixed bed reactor, and the feed
gas with a H,/CO ratio of approximately 2.0 go through a series
of columns, an activated charcoal trap, an oxygen-removal trap,
a sulfur-removal trap and a silica gel/5A molecular sieve trap, to
remove tiny amounts of carbonyls, oxygen, sulfur and water before
it enters the reactor. The flow rate of the purified syngas was con-
trolled by using a mass flow controller 5850E (Brooks, USA). The

Table 1
The textural properties of the as-prepared catalysts.

outlet of the reactor is connected with a hot trap (120°C) and a
cold trap (0°C) at the system pressure. After the product collectors,
the pressure of the tail gas was released through a backpressure
regulator (Swagelok, USA). The flow rate of tail gas was monitored
by a wet-gas flow meter. Typically, for all reaction experiments,
4 g catalyst was charged in the reactor. The remaining volume
of the reactor tube was filled with ceramics beads in a diameter
range of 10-20 mesh. Before reaction, all catalysts were reduced
with syngas (H,/CO=2.0) at 280°C, 0.10MPa and 1000 ml/(gh)
for 24 h. Following activation, the bed was cooled to 200°C. The
system was then pressurized to 1.50 MPa. The temperature was
gradually increased to 280 °C. After this unsteady state period, the
products in the hot and cold traps are collected over 24 h (mass bal-
ance period), weighted, and sampled for analysis. The tail gas was
analyzed online by gas chromatography (GC) 6890N and 4890D
(Agilent, USA). The liquid sample was withdrawn every 24 h and
analyzed on an off-line GC 6890N (Agilent, USA).

The reduced catalyst samples used for XRD and MES charac-
terization were prepared by reducing the fresh catalysts in the
fixed bed reactor with syngas (H,/CO=2) at 280°C, 0.10 MPa and
1000 ml/(gh) for 24 h. After reduction, the reactor was cooled to
room temperature and then extensively purged with N5 in which
minimum O, was present for passivation. Finally the catalysts were
coated with paraffin wax for preventing the oxidation and then
sealed for characterization.

3. Results
3.1. Textural properties of the fresh catalysts

Textural properties and pore size distributions of the fresh cat-
alyst with different promoters are shown in Table 1. As shown in
Table 1, the BET surface areas of all catalysts are low (18-31m?/g)
due to the absence of SiO, [3]. With the additions of Zn, Mn
and Cr promoters, it can be observed that the BET surface area
increases from 18 m3/g to 20 m3/g, 27 m3/g, 31 m3/g, respectively.
At the same time, the average of pore size decreases gradually
for promoted catalysts to 37.7 nm, 35.7 nm and 27.8 nm, respec-
tively. Additionally, the pore size distribution of the catalysts
(see Supplementary information, Fig. S1) undergoes a slight shift
towards small pore size with the addition of Zn, Mn and Cr. Fur-
thermore, the addition of promoters in catalysts also affects the
crystallite size for a-Fe, O3 phase. It can be seen that the crystallite
size for a-Fe; 03 phase decreases from 31.5 nm for unpromoted cat-
alystto30.9 nm, 26.6 nm and 25.0 nm for Zn-, Min- and Cr-promoted
catalysts, respectively.

3.2. Surface composition of fresh catalysts

XPS spectra of the Cr 2p, Mn 2p and Zn 2p core levels of the
fresh samples were collected (Fig. 1). The surface compositions of
the catalyst calculated from the analysis of these spectra are pre-
sented in Table 2. It is found that the surface M/Fe atomic ratio
(M =Cr, Mn, Zn) is much larger than that in the bulk of the samples
due to the enrichment of promoters on the surface of the catalysts.

Catalysts Analyzed composition (by atomic ratio) BET surface area (m?/g) Pore volume (cm?/g) Average pore size (nm) Crystallite size* (nm)
a-Fe;03 - 18 0.14 315 315

Z-05 100Fe/5.5Zn 20 0.20 27.8 30.9,12.8°

M-05 100Fe/4.8Mn 27 0.29 35.7 26.6

C-05 100Fe/5.1Cr 31 0.24 37.7 25.0

2 Calculated from the Debye-Scherrer equation for hematite Fe,0s.
b Calculated for ZnFe;04.
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Fig. 1. XPS patterns of the as-prepared catalysts.

At the same time, compared with the narrow peak of Zn 2p, in the
Zn-promoted catalyst, the Mn 2p;, and Cr 2p3, peaks are widened,
which imply multi-valence ions presented in the catalysts. Specifi-
cally, Mn 2ps3,;, can be fitted by two peaks with the binding energy of
641.1 eV and 642.3 eV, indicating the coexistence of Mn3* and Mn**
inFeMn catalyst[25]. Similarly, the Cr 2ps, peak canbe divided into
two peaks at the binding energy of 576.5eV and 578.9 eV, which
means the coexistence of Cr3* and Cr®* in FeCr catalyst [26-29].

3.3. Crystallite structure of the catalyst

The crystallite structure of the as-prepared catalysts was char-
acterized by XRD, MES and EXAFS. The results of XRD (see
Supplementary information, Fig. S2) show that all diffraction peaks
of the FeMn and FeCr catalysts are similar to that of the typical
a-Fe;, 03 (JCPDS 84-0306). While the FeZn catalyst presents two
additional small diffraction peaks at 29.9° and 56.8° except for
the typical diffraction peaks of a-Fe,O3 phase. According to the
JCPDS data, the diffraction peaks at 29.9° and 56.8° of the FeZn
catalyst can be attributed to (220) and (33 3) planes of ZnFe,;04
phase (JCPDS 82-1049) with cubic franklinite spinel-type structure
[19]. Since the strongest peak (31 1) of ZnFe,04 is closed to that
of (110) of a-Fe,03, it is difficult to discriminate it. To find the
effect of promoters on the crystallite structure of a-Fe, 03, the lat-
tice parameters of the promoted catalyst were also calculated from
XRD. The results show that the lattice parameters are a=5.025A
and c¢=13.71A for C-05 and a=5.025A and c=13.72 A for M-05,
respectively, which are smaller than that of the pure a-Fe,03 lat-
tice (a=5.034A, c=13.75A). However, the Zn-promoted catalyst

Table 2
Comparison of the composition between surface and bulk of the catalysts.

Catalysts M/Fe (x102 atomic ratio) Surface/bulk
Surface (from XPS) Bulk (from ICP)

Z-05 12.8 5.5 2.3

M-05 18.3 4.8 3.8

C-05 10.6 5.1 2.1

Table 3

Mossbauer parameters of the as-prepared catalysts.
Catalysts  Phases Mossbauer parameters Area (%)

IS(mm/s) QS (mm/s) Hhf(kOe)
F8203 a—FezO3 0.35 —-0.18 513 100
Z-05 a-Fey03 039 -0.18 513 88.6
ZnFe,04 0.36 0.36 - 114

M-05 a-(Fe;_xMny),03 037 -0.19 510 100
C-05 a~(Feq_xCry)203 0.38 -0.17 504 100

Z-05 has the similar lattice parameters (a=5.033A and c=13.75A)
to that of a-Fe,0s.

MES parameters of the fresh catalysts were summarized
in Table 3. As listed in Table 3, the MES spectra of Cr-
and Mn-promoted catalysts is composed of one single sextet,
and Zn-promoted catalyst shows one sextet and one doublet
(see Supplementary information, Fig. S3). The isomer shift (IS),
quadrupole splitting (QS) and hyperfine field (Hhf) of the sex-
tet for unpromoted a-Fe,03 are 0.35mms~!, —0.18 mms~! and
513 kOe, respectively [5,11]. The IS and QS of the promoted cata-
lysts are similar to that of a-Fe,03. However, the Hhf values of the
Zn-, Cr- and Mn-promoted catalysts decrease to 513 kOe, 510 kOe

ZnO

Z-05

C-0s

FT Magnitude

M-05

R (A)

Fig. 2. k3>-weighted Fourier transform magnitudes of EXAFS spectra of the as-
prepared catalyst and reference compounds.
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Fig. 3. XRD patterns of the reduced catalysts.

and 504 kOe, respectively. It is noteworthy that the IS and QS val-
ues of the doublet in Zn-promoted catalyst are 0.36 mms~! and
0.36 mms~!, respectively. Both of them are well consistent with
that of the typical ZnFe,04 [30-32].

Furthermore, the EXAFS experiments were also done and the k3-
weighted Fourier transform of the EXAFS spectra of the promoted
catalysts and the reference compounds are shown in Fig. 2. From
Fig. 2, it can be seen that there are three peaks at 1.49A, 2.55A
and 3.20 A observed for a-Fe,03 [33]. In the Fourier transform of
the Mn K-edge, there are two peaks at 1.45A and 2.71 A observed
for Mn, 05 [34], while three peaks at 1.49A, 2.55A and 3.20 A for
Mn-promoted catalyst, which is very similar to those for a-Fe;03,
At the same time, it is found that the peaks at 2.55A and 3.20A
are significantly diminished in the promoted catalyst M-05. In the
Fourier transform of the Cr K-edge, there are three peaks at roughly
1.49A, 2.55 A and 3.20 A for both Cr-promoted catalyst and the ref-
erence compound Cr,03 [35], which are very similar to those for
Fe, 03 Similar to Mn-promoted catalyst, the Cr-promoted catalyst
C-05 also obviously shows two reduced peaks at 2.55 A and 3.20 A.
The features of Zn-promoted catalyst are different from those of the
reference compound ZnO obviously in the Fourier transform of the
Zn K-edge. There are two peaks at 1.55A and 2.90 A observed for

Fe O,

= Z-05
S
=
2
2

= M-05

h C-05

T L T ' T e T e T ¥ T
20 30 40 50 60 70

2 Theta (degree)

Fig. 5. XRD patterns of the used catalysts.

ZnO, while two peaks at about 1.55A and 3.10 A observed for Zn-
promoted catalyst. ZnFe,0, compounds with two peaks at 1.55A
and 3.10A in Zn K-edge was reported by Lee and Anderson [36],
thus it can be concluded that ZnFe;04 compound appears in the
catalyst Z-05.

The XRD patterns of the reduced catalysts are shown in Fig. 3. It
can be seen that they are mainly composed of magnetite (Fe304),
except that the unpromoted catalyst has some iron carbide phase
with broad and weak peaks at 26 of 39.3°, 40.9°, 43.9°, 44.9° and
47.2°. Due to the poor crystallographic nature and the relatively low
content of iron carbide in the promoted catalysts after reduction,
there is no iron carbide detected in the XRD profiles.

The MES results of the reduced catalysts are shown in Fig. 4
and Table 4. It can be clearly seen that the unpromoted cata-
lyst is mainly composed of magnetite (Fe304) and iron carbide

Transimission

Velocity (mm/s, relative to a-Fe)

Fig. 4. Mossbauer patterns of the reduced catalysts.
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Table 4
Mossbauer parameters of the reduced catalysts.
Catalysts Phases Mossbauer parameters Area (%)
IS (mm/s) QS (mm/s) Hhf (kOe)

Fe, 03 Fe304 A 0.25 —-0.01 489 13.8

B 0.65 -0.01 459 27.8

X-FesCy I 0.25 0.09 217 225

11 0.17 0.07 183 21.6

il 0.16 0.13 106 14.3

Z-05 Fe304 A 0.25 0.00 486 254

B 0.64 0.01 456 41.5

X-FesCy I 0.29 0.04 212 7.2

1l 0.13 0.08 177 2.6

11 0.20 0.01 110 7.7

ZnFe;04 0.34 0.36 7.1

Fe2* (spm) 1.13 0.46 8.5

M-05 Fe;04? A 0.27 -0.02 487 26.2

B 0.62 0.00 455 47.0

X-FesCy I 0.24 0.05 216 7.8

Il 0.18 —-0.01 185 10.4

il 0.17 0.14 110 44

Fe2* (spm) 0.83 0.62 42

C-05 Fe;04? A 0.25 -0.02 479 31.5

B 0.60 —-0.05 443 58.4

X-FesCy I 0.38 -0.19 218 1.8

Il 0.17 0.30 179 8.3

2 Fe304 is present in the form of solid solution.

(x-FesCy) after reduction, with a high iron carbide content of
58.4%. In contrast, the addition of promoters has a significant
impact on the content of iron carbide. The iron carbide content
in the Zn-, Mn- and Cr-promoted catalysts is 17.5%, 22.6% and
10.1%, respectively. It is noteworthy that superparamagnetic (spm)
Fe2* is observed with contents of 8.5% and 4.2% for Zn- and Mn-
promoted catalysts, respectively, which can be assigned to the
wustite (FeO) phase stabilized by the substitution of the promoter
ions [10,21,37,38].

The crystallite structure of the used catalysts was also character-
ized by XRD and MES. Fig. 5 shows the XRD patterns of the catalysts
after reaction. As shown in Fig. 5, all used catalysts only show sim-
ilar diffraction peaks for Fe304 phase. The diffraction peaks of iron

carbide phase disappeared in the unpromoted catalyst after reac-
tion.

The MES results of used catalysts are shown in Fig. 6 and Table 5.
From Table 5, it can be seen that the content of spinel phase (Fe304)
is 90.7%, 82.8% and 85.1% in a-Fe;03, Z-05 and M-05, and the con-
tentofiron carbide phase isonly 9.3%, 11.7% and 14.1%, respectively.
The magnetite phase is the only phase detected in C-05 catalyst. The
amount of iron carbide in catalysts decreased significantly during
reaction process. Correspondingly, the magnetite content increased
obviously. The phenomenon may be due to the oxidation of iron
carbide by H,0 and CO, during reaction [2,39-41]. Moreover, the
significant decrease of Fe2* (spm) content observed in Zn and Mn-
promoted catalysts may be also due to the oxidization.

Transimission

Velocity (mm/s, relative to a-Fe)

Fig. 6. Mossbauer patterns of the used catalysts.
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Table 5
Méossbauer parameters of the used catalysts.
Catalysts Phases MOssbauer parameters Area (%)
IS (mm/s) QS (mm/s) Hhf (kOe)

Fe203 F8304 A 0.29 0.06 488 323

B 0.66 0.04 458 58.4

X-FesCy I 0.22 -0.29 220 53

Il 0.22 -0.01 180 4.0

Z-05 Fe;04? A 0.32 0.07 483 294

B 0.70 0.05 453 534

X-FesC, 0.19 0.24 220 11.7

ZnFe;04 0.41 0.37 53

Fe2* (spm) 1.12 0.60 0.2

M-05 Fe;04? A 0.31 0.02 487 37.0

B 0.66 0.01 453 48.1

X-FesCy I 0.20 -0.02 207 9.4

Il 0.30 0.12 173 4.7

FeZ* (spm) 0.69 0.58 0.8

C-05 Fe304? A 0.28 0.03 481 279

B 0.65 —-0.01 444 721

3 Fe30Qy is present in the form of solid solution.

3.4. Reduction and carburization behaviors

The effects of promoters on the reduction behavior were mea-
sured by H,-DTG and CO-TPR. The H,-DTG profiles are shown in
Fig. 7.

As shown in Fig. 7, the profiles of all catalysts contain two obvi-
ous reduction peaks, corresponding to the reduction of a-Fe;03
to Fe304 and Fe304 to a-Fe, respectively. It can be seen that the
first reduction peak of a-Fe,03 appears at about 331 °C. The first
reduction peak of Z-05 is similar to that of a-Fe;03, while that of
the catalysts M-05 and C-05 obviously shifts to 346 °C and 357 °C,
respectively. Except for the C-05 catalyst, the second reduction
peaks of the other catalysts are almost at the same temperature
(542°C or so). The second reduction peak of C-05 moves to high
temperature and shows a broad band. In addition, a small peak
of the sublimation of ZnO is also observed at about 690°C in Zn-
promoted catalyst [42].

CO-TPR was also used to study the catalysts reduction and
carburization behaviors and the results are shown in Fig. 8. As
shown in Fig. 8, the three-stage CO consumption peaks observed
for the unpromoted a-Fe, 03 is characteristic of the reduction of a-
Fe, 03 to Fe3 04, Fe304 carburization to FexCy and probably a carbon
peak from Boudouard reaction. Similar reduction behaviors were
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Fig. 7. H,-DTG patterns of the as-prepared catalysts.

obtained for Z-05, except that the peak of carbon deposition moves
slightly to high temperature. Similar two-stage process for M-05
and C-05 is observed with no carbon deposition peak identified. The
first reduction peak appears at the same temperature of 278°C in
both a-Fe, 03 and Z-05 catalysts, while that of M-05 and C-05 shifts
to 308 °C and 318°C, respectively. The second peak temperature of
M-05 (450°C)is lower than that of a-Fe, 03 and Z-05 (470 °C), while
that of C-05 is the highest (560°C).

3.5. CO,-TPD results

CO,-TPD was used to investigate the effect of promoters on
the surface basicity of the catalysts and the curves are presented
in Fig. 9. It is shown that only one desorption peak is seen at
about 77°C for unpromoted a-Fe,03, which can be attributed to
the desorption of the weakly chemisorbed CO, [43]. Besides the
low temperature desorption peak, the promoted catalysts show
an additional peak at higher temperatures of 265°C, 320°C and
340°C for Mn, Cr and Zn promoters, respectively, in which the
peak intensity of Cr- and Mn-promoted catalysts is more obvious
than that of Zn-promoted catalyst. These results show that there

CO consumption (a.u.)

200 400 600 800

Temperature (°C)

Fig. 8. CO-TPR patterns of the as-prepared catalysts.
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Fig. 9. CO,-TPD patterns of the as-prepared catalysts.

are strong basic sites in these promoted catalysts, where the Cr-
and Mn-promoted catalysts have more surface basic sites.

3.6. Activity and selectivity

3.6.1. Catalyst activities

The effects of the promoters on the FTS activity of the catalysts
are shown in Fig. 10. For the unpromoted a-Fe;03, the catalytic
activity is at a high level (92%) at the beginning of the reaction,
but quickly decreases with time on stream (TOS) to 32% after 160 h
reaction, and then reaches a steady state till the end of reaction. The
deactivation is also observed for the Z-05 catalyst. The catalytic
activity is as high as 95%, and then gradually decreases to 52% at
the end of the reaction. In contrast, the Mn-promoted catalyst M-
05 achieves the steady state of about 45% CO conversion after 50 h
induction time. The catalytic performance of the catalyst C-05 in
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Fig. 10. CO conversion of the catalysts.

terms of stability is similar to that of the Mn-promoted catalyst.
With 50 h induction time, its catalytic activity is stabilized at about
23%.However, the catalytic activity of C-05 is much lower than that
of the catalyst M-05.

3.6.2. Product selectivity

The hydrocarbon product distribution of the catalysts is listed in
Table 6. It can be seen that the selectivity to methane of the catalyst
M-05 (12-13 wt%) is lower than that of C-05 (23-24 wt%) obviously,
while that of the unpromoted a-Fe,03 and Zn-promoted Z-05 is
slightly higher, which is in the range of 27-33 wt%. The variation
of the selectivities of Cs+ and C,_4~ (in Cy_4 hydrocarbon) shows
the opposite trend with that of methane selectivity in the cata-
lysts. The selectivity to Cs. for promoted catalysts Z-05, C-05 and
M-05 is 20-23 wt¥%, 31-34 wt%, and 44-47 wt%, respectively, and
that for unpromoted a-Fe; O3 is 23-28 wt%. The olefin selectivity of
Cy_4~ for Z-05 is close to the value of unpromoted a-Fe, 03 (around
0.26-0.32), while that of C-05 and M-05 is in the range of 0.43-0.44
and 0.75-0.76, respectively. At the same time, it can be seen that the
catalyst Z-05 shows the highest selectivity to CO, (33-37 mol%) in
promoted catalysts, while the selectivity to CO5 is only 19-22 mol%
for C-05 and M-05 which is slightly lower than that of unpromoted
a-Fe; 03 (24-27 mol%). In summary, the catalysts C-05 and M-05
show low methane selectivity, high Cs. hydrocarbon selectivity and
high olefin selectivity, where the variation of these selectivities in
M-05 is more obvious than that in C-05.

4. Discussion
4.1. Textural properties of the fresh catalysts

From Table 1, it can be clearly seen that the Mn and Cr promot-
ers can enhance the dispersion of iron phase, while this is not the
case for Zn-promoted catalyst. This result is also validated by the
measured crystallite size of the catalysts (Table 1).

The difference in surface area can be explained by the crystallite
structure of the catalysts. In Section 4.3, the analysis of phases of the
fresh catalysts reveals that Mn3* and Cr3* are incorporated into the
lattice of a-Fe, 03 and locate at the substitutional site of Fe3* in Mn-
and Cr-promoted catalysts, while ZnFe;04 compound is formed in
Zn-promoted catalyst which leads to the aggregation of ZnZ* ions.
Thus, the higher BET surface area for Mn- and Cr-promoted cat-
alysts are obtained due to their better dispersion than that of Zn
promoter.

Recent studies showed that coordinately unsaturated sites
(CUS) are present at the surface of the ferrihydrite crystals and
coprecipitation of Fe3* with other cations such as M =Si**, AI3* and
Mo®* can enlarge the surface area of hematite derived from fer-
rihydrite. This can be explained by the presence of these cations
adsorbed on the surface of ferrihydrite crystallites which inhibit
the growth of ferrihydrite crystallites during calcination to yield
hematite [34,44,45]. Similar result was observed in FeCe system
[46]. It is well known that silica gel and alumina gel contain lots
of hydroxyls. When they are coprecipitated with Fe3* in solution,
their ions could be adsorbed on the CUS in the form of micelles
which can prevent the conglomeration of hematite in the subse-
quent calcination step.

4.2. Surface composition of fresh catalysts

The results of XPS show the enrichment of promoter atoms on
the surface of catalysts, in which Mn-promoted catalyst shows the
higher enrichment of promoters on the surface of the catalyst. Pre-
vious studies also reported the enrichment of Mn promoter on the
surface of catalysts, which was believed to be one of the reasons
for the improved olefin selectivity over Mn-promoted iron catalyst
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Table 6
Activity and selectivity of the catalysts.2".
Catalysts a-Fe;03 Z-05 M-05 C-05
TOS (h) 137 209 140 210 133 206 138 212
CO conversion (%) 45.9 31.8 72.9 51.7 41.8 425 21.9 21.4
(CO+H,) conversion (%) 37.6 29.4 52.6 39.6 36.4 36.9 17.0 17.5
CO; selectivity (mol%) 27.2 24.1 36.5 33.2 21.5 20.4 19.7 18.9
H,/CO (in tail gas) 24 2.1 4.5 29 23 23 22 2.1
H,/CO usage 14 1.8 13 14 1.6 1.6 13 14
Hydrocarbon selectivities (wt.%)
CHy4 26.6 329 29.2 271 12.6 123 22.7 24.2
Coa 45.8 439 50.3 49.9 43.1 41.1 43.6 45.2
Css 27.6 232 20.5 23.0 443 46.6 33.7 30.6
Olefin selectivity in C;_4
Cos™ 0.32 0.31 0.26 0.31 0.76 0.75 0.44 0.43

2 Reduction conditions: 0.1 MPa, H,/CO=2.0, S.V.=1000 ml/(g h), 280°C.
b Reaction conditions: 1.5 MPa, H,/CO =2.0, S.V.=2000 ml/(g h), 260 °C.

[5,47,48]. However, the mechanism of the Mn promoter enrich-
ment is still unclear. The analysis of the Mn 2p core level reveals
Mn?#* species existence on the surface, showing that part of Mn
atoms have been oxidized to higher valence in catalyst [25,49-52].
Therefore, it is possible that the oxidation of Mn promoter leads
to the surface enrichment of Mn. On the other hand, the enrich-
ment of promoters in Cr-promoted catalyst is lower than that in
Mn-promoted catalyst following the oxidation treatment, which
suggests further study is imperative for the Mn, Zn and Cr promot-
ers during the enrichment process.

4.3. Crystallite structure change of catalysts

In XRD results, the phases of Cr and Mn promoters were not
observed in Cr- and Mn-promoted catalysts. Many studies reported
that FeCr and FeMn solid solutions were formed during coprecip-
itation [10,51,53,54]. Thus, it is possible that the disappearance of
diffraction peaks for the phases of Cr and Mn promoters is due to
the dissolving of Cr or Mn atoms in the hematite phase. This can
be proved by the change of the lattice parameters. The calculated
lattice parameters for the phase of hematite in C-05 and M-05 is
slightly lower than that of the pure a-Fe,05 lattice (see Section
3.3), which indicates that Mn and Cr atoms are doped into the lat-
tice of a-Fe,03. The radii of Fe3*, Mn3*, Cr3* and Zn?* is 0.64A,
0.66A,0.63 A and 0.76 A, respectively. The radii of Mn3* and Cr3* is
very close to that of Fe3*, while the radii of Zn* is larger than that
of Fe3* obviously. Combining with the crystallite structure of the
promoted catalysts, it can be seen that the similarity in ionic radius
of metal promoters and iron probably facilitates the solid solution
formation, while a large difference in their radii may lead to the
formation of a compound.

Some researchers [10,55,56] found that the substitution of Mn
atoms in the phase of wustite (FeO) could enlarge the cell param-
eters of the ferric phase, where the ionic radius of Mn2* (0.80A) is
larger than that of Fe2* (0.74 A). Accordingly, it is expected that the
lattice dimensions of the FeMn solid solution should be enlarged.
On the contrary, a cell shrinkage of the catalyst M-05 is observed
in our XRD results. Similar results were also reported by Maiti et
al. [10]. Previous studies show that a-Fe;03 belongs to corundum
structure, while Mn, O3 exhibits a typical bixbyite structure similar
to that of CaF, with some vacant oxygen sites [11,57-59]. There-
fore, the cell shrinkage probably comes from the reconstruction for
Mn substituted sample.

The structural change of promoted catalysts also could be
observed by MES results. It is generally accepted that the addition of
Cror Mn could decrease the Hhf value of iron phases in catalysts due
to the magnetic dilution effect by the form of FeCr or FeMn solid
solution [60-62]. Compared with the Hhf value of a-Fe,03, that

of Mn-, and Cr-promoted catalysts also decreased to some extent,
which confirms the existence of the FeMn and FeCr solid solutions
in them. In present study, the lowest Hhf value for Cr-promoted
catalyst is observed, which is in agreement with previous work by
Lee et al. [62]. Zn-promoted catalyst shows the same Hhf value to
that of a-Fe,03 phase, indicating the phase separations between
Zn and Fe phases in catalyst.

Besides of XRD and MES, the structural change of promoted cat-
alysts was also followed by EXAFS results. It can be found from
Fig. 2 that the features of the Fourier transform curve of M-05 are
virtually identical to those of a-Fe;03 rather than Mn;03 in Mn
K-edge, indicating that the local environment of the Mn atoms is
similar to that of the Fe atoms and Mn atoms are incorporated into
the lattice of a-Fe;03 and locate at the substitutional site of Fe
atoms. Meanwhile, the peaks at 2.55 A and 3.20 A are significantly
diminished in the promoted catalyst M-05, implying that most of
Mn atoms lost its long-range-ordered properties to form an amor-
phous phase in catalyst for the substitution of Mn. Thus, it can be
concluded that the FeMn solid solution formed in the catalyst M-05.
The features of C-05 in Cr K-edge are very similar to those of the ref-
erence compounds a-Fe; 03 and Cr,03. However, in contrast to the
second and third peaks of the reference compounds, their intensity
in Cr-promoted catalyst decreases obviously, indicating that most
of Cr atoms lost its long-range-ordered properties to form an amor-
phous phase in catalyst for the substitution of Cr. For the catalyst
Z-05, two peaks at 1.55 A and 3.10 A reliably show the presence of
ZnFe, 04 compounds in Zn K-edge. These results are all consistent
with the analysis of XRD and MES.

Although the FeMn and FeCr solid solution and ZnFe,04 com-
pound were detected in the fresh catalysts, it is difficult to
distinguish them from the iron phases by XRD due to the com-
plexity and poor crystallite structure of the reduced catalysts. But,
the phase of promoters can be clearly discriminated by MES.

From Fig. 4, it can be found that the sextet corresponding to
B- Fe304 in Cr- and Mn-promoted catalyst is broadened obviously,
which may be due to the incorporation of Mn and Cr atoms into the
lattice of magnetite (Fe304) [62]. Moreover, the Hhf value of the
catalyst C-05 is smaller than that of other promoters apparently,
which suggests a stronger magnetic dilution of the Cr promoter
than that of the Mn promoter. In the Zn-promoted catalyst, the
spectral contribution of the doublet of ZnFe,04 is 7.1% in the
reduced catalyst, which is slightly lower than that in the fresh cata-
lyst (11.4%), indicating a fraction of ZnFe,04 compound is reduced.
According to literature [63], the structure of compound ZnFe;04
was modified according to the following reaction during reduc-
tion: ZnFe,04 +Hy; — ZnFe,0,4_s + 8H,0. Hence, it suggests that the
partially reduced ZnFe,04 compound were transformed into the
ZnyFeq_,O phase in Z-05, which is probably undetectable with XRD.
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This agrees well with our previous study [64] on the reduction of
FeZn catalysts where the ZnO-doped FeO wustite phase was con-
firmed. Consequently, Zn-promoted catalyst may mainly exist as
the ZnFe,04 compound with only negligible amount converted to
ZnyFeq_,0.

Regarding the effect of promoters on iron catalyst during reduc-
tion, it can be concluded that the formation of hardly reducible
ZnFe, 04 suppresses the catalyst reduction and hence the extent
of carburization for the Zn-promoted catalyst. For Mn- and Cr-
promoted catalysts, the formation of FeMn and FeCr solid solutions
strongly inhibits the reduction of catalysts which leads to the low
degree of carburization.

For the used catalysts, it can be apparently found that the sextet
corresponding to B-Fe304 in Cr- and Mn-promoted catalyst is also
broadened (see Fig. 6) and the Hhf value of Cr-promoted catalyst
decreases more obviously than that of Mn-promoted catalyst (see
Table 4), indicating the existence of FeMn and FeCr solid solutions
in catalysts [62], which is similar to the observation in the reduced
catalysts. In Zn-promoted catalyst Z-05, the compound ZnFe; 0y is
still observed with trace of FeZ* (spm). Therefore, it can be seen
that Zn promoter is the form of the compound ZnFe; 04 in the used
catalysts besides trace of ZnyFe;_,O phase. In contrast, the Mn and
Cr promoters exist as solid solutions of FeMn and FeCr in the phase
of Fe30y4, respectively.

4.4. Reduction and carburization behaviors

Given the fact of FeMn and FeCr solid solutions in Mn- and Cr-
promoted catalysts from the analysis of crystallite structure of the
catalysts, it can be seen that these mixed-oxide phases obviously
inhibit the catalyst reduction from a-Fe;03 to Fe30y4, in which the
inhibition of Cr promoter is more intense than that of Mn promoter
from the results of H,-DTG and CO-TPR. At the same time, it also can
be seen that the incorporation of Cr restrains the further reduction
of Fe304 intensely, while incorporation of Mn promoter almost has
no effect on the Fe304 further reduction, showing that the effect
of Mn promoter is different from that of Cr promoter. This can be
ascribed to the appearance of the major intermediate MnO-doped
FeO wustite phase during the reduction, as has been seen in Sec-
tion 3.3 for the reduced catalysts. Because the separation of phases
between a-Fe;03 and ZnFe,04 occurred in Zn-promoted catalyst,
there is no shift of the first reduction peak observed in the process
of reduction, and the peak only represents the reduction of a-Fe;03
to Fe304. The second reduction peak can be ascribed to the further
reduction of Fe304 and ZnFe,04 in Zn-promoted catalyst [63]. It is
worth noting that the third peak disappears for C-05 and M-05 in
CO-TPR profiles, implying Cr and Mn promoters could inhibit the
deposition of carbon in catalysts. This probably is correlated with
the characteristics of FeCr and FeMn solid solutions.

4.5. Activity and selectivity

It is generally accepted that iron carbide phase is the active
phase in FTS [65-67]. Therefore, the variation of the catalytic activ-
ity of promoted catalysts can be explained by the change of the iron
carbid phase in the bulk of the reduced or used catalysts. Ding et al.
[68] reported that the catalytic activity increased with the degree
of carburization of the catalyst in the near-surface regions during
FTS. Similar result was also reported by Li et al. [69] in which they
showed that only a fraction of iron carbides on the surface lay-
ers promoted the catalytic activity in FTS reaction, regardless of
the chemical nature of the residual bulk Fe304 or iron carbides. In
addition, it is also reported that iron carbide nodules are generally
present in working iron catalyst as an eggshell layer surrounding
large Fe304 particles [70]. Thus, it can be inferred that the initial
high catalytic activity in unpromoted catalyst (a-Fe; 03 ) is probably

Table 7
Ratio of FeCy/FeOy in the reduced and used catalysts.
Catalysts FeCy/FeOy
Reduced catalysts? Used catalysts?
FEZ 03 14 0.1
Z-05 0.2 0.1
M-05 0.3 0.2
C-05 0.1 0

2 Calculated from the ratio of Fe;C,/Fe304 or Fe5;C,/(Fe304+ZnFe;04) for Z-05 in
Tables 4 and 5, respectively.

due to the large amount of iron carbides (58.4%) which presented
both on the surface and in the bulk of the catalyst. Compared with
unpromoted a-Fe;03, Mn-promoted catalyst shows the low con-
tent of iron carbide (22.6%), suggesting a lower carburization degree
in the catalyst which possibly occurred mainly on the surface of
the catalyst. This explains the lower catalytic activity than that of
unpromoted catalyst. Similar promotional effect was also obtained
for Cr-promoted catalyst C-05. The lowest degree of carburization
(11.1%) determines its lowest catalytic activity. However, unlike the
FeCr and FeMn catalysts, FeZn catalyst shows similar catalytic activ-
ity to that of a-Fe, 053 at a relatively lower degree of carburization.
It has been reported that ZnO is a good hydrogenation catalyst and
hydrogen spillover has been observed with ZnO acting as a reser-
voir of hydrogen during methanol synthesis [71-73]. Consequently,
the higher catalytic activity of Z-05 could be partially attributed to
the effect of ZnO. Additionally, the high catalytic activity of Z-05 is
associated with its high selectivity to CO, (i.e. high WGS activity).

To explain the deactivation observed in the catalysts, Table 7
shows the ratio change of FeCy/FeOy in catalysts during reaction.
It can be found that the ratio of FeCy/FeOy in unpromoted catalyst
decreases from 1.4 to 0.1 after reaction. Simultaneously, the cat-
alytic activity decreases from 92% to 32%. These results indicate
that the oxidation of iron carbide leads to the deactivation of the
unpromoted catalyst. The ratio of FeCy/FeOy for C-05, M-05 and Z-
05 decreases from 0.2, 0.3 and 0.1 to 0.1, 0.2 and 0, respectively.
Compared with the oxidation in unpromoted catalyst, the oxidiza-
tion of iron carbide in promoted catalyst is not serious, which is
consistent with their lower deactivation rate (as shown in Fig. 10).
These results show that the addition of promoters could stabilize
the iron carbide phases obviously, and further improve the stabil-
ity of the catalysts. Combining with the crystallite structure of the
catalysts, it is found that the formation of solid solution is more
favorable than that of compound to improve the stability of the
catalysts.

From Table 6, it can be found that the Cr- and Mn-promoted
catalysts show lower methane selectivity, higher olefin and Cs.
hydrocarbon selectivity, where the variation of these selectivities in
Mn-promoted catalyst is more obvious than those in Cr-promoted
catalyst. The difference in the selectivity of these catalysts can prob-
ably be explained from the results of catalyst characterization. It
is well known that surface basic sites existing on catalyst facili-
tate the CO dissociative adsorption while inhibit the H, dissociative
adsorption, thus leading to lower methane formation, higher olefin
and heavy hydrocarbon selectivity [3,6]. From CO,-TPD results, Cr-
and Mn-promoted catalysts also have more strong surface basic
sites. Therefore, these selectivities are correlated with their surface
basicsites. For Mn-promoted catalyst, the more obvious variation of
these selectivities can attribute to the enrichment of Mn atoms on
the surface of catalyst which can also result in the lower methane
formation, higher light olefin and heavy hydrocarbon selectivity
[5,47,48]. Furthermore, it should be noted that the differences of
these catalysts in carburization and sintering extent during reduc-
tion and reaction process may also affect the product selectivity.
It is noteworthy that the FeZn catalyst (Z-05) shows the high-
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est initial catalytic activity among both the unpromoted a-Fe;03
and promoted catalysts, but deactivates even with the presence of
ZnFe;04 compound which is believed to be able to stabilize the sur-
face active sites for FTS. The stability and hydrocarbon selectivity
maybe improved by the incorporation of structural and chemical
promoters. Further study on the detailed mechanism of the catalyst
structure transformation under reaction condition is imperative.

5. Conclusions

Effects of transition metals Zn, Mn and Cr promoters on the cat-
alytic properties of Fe-based catalysts can be classified into two
kinds: the compound interaction and the solid solution interac-
tion. For the Zn-promoted catalyst, Zn promoter forms the ZnFe;04
compound, which results in the phase separations between Zn and
Fe phases. While for the FeMn and FeCr bimetallic catalysts, the
solid solution interaction of these mixed-oxide systems take place,
where Mn and Cr atoms probably enter the lattice of hematite with
evidence from XRD, MES and EXAFS results.

Due to the higher dispersion, the FeMn and FeCr catalysts show
higher BET surface area than that of FeZn catalyst. The enrichment
of promoters on the surface of the catalysts is noticeable for all cata-
lysts, especially for Mn-promoted catalyst which shows the highest
enrichment level upon exposure to oxidation environment. During
the catalyst reduction step, the solid solutions formed in the FeMn
and FeCr catalysts inhibit the reduction of a-Fe; 03 to Fe304, while
this effect is not so significant in the FeZn catalyst with the ZnFe,04
compound.

The catalytic performance in the FTS tests clearly shows the
drastic difference in these bimetallic catalytic systems. The unpro-
moted iron catalyst and the FeZn catalyst show relatively higher
initial catalytic activity, which quickly deactivate afterwards, while
FeMn and FeCr catalysts exhibit a much lower initial catalytic activ-
ity but much better stability. This phenomenon is probably due to
their difference in catalyst micro-structure resulted from variations
in promoter types, which is categorized into two types according
to their bimetallic interactions, namely (1) compound formation
for FeZn catalyst and (2) solid solution formation for FeMn and
FeCr catalysts. The difference from these two types of bimetallic
interactions leads to their difference in catalyst physio-chemical
properties and performance in FTS, such as surface area, extent of
carburization, activity, selectivity, etc. Further study to correlate
the catalyst structure changes with catalytic performance under
industrial relevant conditions is needed to better understanding
these promoted catalysts.
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