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Unpromoted and Mo-promoted iron catalyst precursors (100Fe, 100Fe5Mo, and 100Fe10Mo) were pre-
pared by a coprecipitation method, and were subsequently characterized by laser Raman spectroscopy,
Mössbauer spectroscopy, at 298 K and 20 K, X-ray photoelectron spectroscopy, and high-resolution trans-
mission electron microscopy. The effect of pretreatment with H2, CO, and H2/CO = 0.67 at 280 and 350 �C
was investigated. Specifically, the reduction/carburization behaviors and the evolution of iron phases and
Mo species in the catalysts during the pretreatment and during the FTS reaction were extensively studied.
During pretreatment, the catalyst structure experienced an extensive restructuring process that was
strongly dependent on the pretreatment protocols and Mo promoter loading levels. The microscopic
information confirmed this effect on the iron active-site dispersion and the catalytic performance.

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

Fischer–Tropsch synthesis (FTS) as an important route to con-
vert the carbon-derived syngas to liquid fuels is considered as a
promising and practical industrial solution to the short-term fuel
shortage [1]. Iron-based FTS catalysts are used industrially due to
their low cost, low methane selectivity, and high activity [1,2].
Two of the principal challenges in FTS catalyst technology are cat-
alyst stabilization under the rigorous reaction conditions and con-
trol of product selectivity to products of interest. Up to now, the
most effective approaches reported in the literature include the
modification of iron catalyst precursors with other metal promot-
ers [3–5] or supports [6], the design of pretreatment protocols [7–
19], and a combination of these methods.

A large number of studies concerning pretreatment effects on Fe
FTS catalysts have been carried out to unravel the relationships be-
tween catalyst textural properties, phase transformations, and FTS
performance. For example, in a pretreatment study with a precipi-
tated Fe/Cu/K/Si catalyst (100Fe3Cu4K16SiO2 by mass) using a stir-
red tank slurry reactor (STSR) by Bukur et al. [10], the correlations of
the bulk iron phases, the average sizes of iron crystallites and the
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amount of carbon deposits formed during the pretreatment proce-
dures with catalyst activity were established. They concluded that
the H2 pretreated catalysts produced more methane and gaseous
hydrocarbons (C2–C4) than the CO and syngas pretreated catalysts.
Shroff et al. [11] investigated the transformation of bulk structure
and microstructure of a commercial Fe/Cu/K catalyst activated in
various pretreatment gases (H2, CO, and H2/CO = 0.7). They observed
a decrease in the size of iron crystallites as the catalyst was activated
in CO or H2/CO = 0.7; i.e., the magnetite was broken down into smal-
ler iron carbide nodules separated by the carbon deposits [11].

Recently, facilitated by modern catalyst characterization tech-
niques such as Mössbauer spectroscopy (MES) [20], X-ray photo-
electron spectroscopy (XPS) [20], temperature-programmed
hydrogenation (TPH) [21], in situ diffuse reflectance Fourier trans-
form infrared spectroscopy (DR-FTIR) [22,23], and high-resolution
transmission electron microscopy (HRTEM) [11], numerous
descriptive evolution models of bulk and surface compositions
have been proposed for unsupported and supported iron FT cata-
lysts pretreated in H2 [11,21], syngas [21,24], or CO [21]. In sum-
mary, the iron oxide (Fe2O3) is first reduced to magnetite (Fe3O4),
irrespective of activation gas type, accompanied by the nucleation
of Fe3O4 grains oriented from the surfaces to the cores of Fe2O3 par-
ticles, leading to the agglomeration of the catalyst skeleton [11,21].
Further transformation of Fe3O4 to iron carbides in CO or syngas is
achieved by the breakdown of the crystallites of Fe3O4 to smaller
crystallites of iron carbide [11,21,24].

In addition, molybdenum metal [25] and carbide [26–28] were
reported to show excellent hydrogenation/isomerization activity
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and moderate FTS activity. The introduction of Mo promoter
should shift the FTS product spectrum to light hydrocarbons and
reduce the catalyst deactivation caused by coke. Although the
bimetallic FeMo FTS catalyst system is potentially an important
choice for indirect coal liquefaction, considering its excellent sta-
bility and high selectivities to gasoline-range light hydrocarbons
[29–31], pretreatment effect studies on the FeMo bimetallic sys-
tem are scarce and scattered [32]. Depending on the Mo loading
and catalyst preparation methods, the Mo promoter in an iron-
based catalyst exhibits two effects, namely a bimetallic coverage
effect and a physical dispersion effect [29,32]. Specifically, the
bimetallic coverage effect decreases the available active iron sur-
face area either by inert dilution or by covering active iron sites
[32], while the physical segregation effect reduces the particle size
of active iron sites (or active iron ensembles) and hence improves
dispersion of active iron sites [29]. In previous studies [29–33], the
introduction of the support and/or another metal promoter(s) into
the FeMo catalyst matrix made it more difficult to clearly under-
stand the interactions between Fe and Mo. Hence, it is a logical se-
quence to start from the basic FeMo bimetallic precursors before
further studies are carried out on the supported FeMo or the multi-
ple-metal catalyst system.

To differentiate the structural evolution of the highly dispersed
Fe phases from that of the Mo promoter, numerous classic works
have demonstrated the advantages of Mössbauer spectroscopy at
cryogenic temperatures in studying highly dispersed iron or iron
bimetallic systems, the spectra of which could be considerably im-
proved for studying iron magnetism and lattice dynamics [34,35].
Owing to the particle size distribution of the nanometer-range par-
ticles, superparamagnetism and decreased magnetic splitting can
be observed at room temperature and 77 K, respectively. Taking
advantage of the strong temperature dependence of the superpara-
magnetism relaxation time, earlier work by Amelse [36] and
Niemantsverdriet [34] has demonstrated the applicability of liquid
helium Mössbauer spectroscopy in the study of a series of impor-
tant bimetallic Fe systems, such as FeNi [37], FeCu, FeCo [36],
and FeRu/FeRh/FePd/FeIr/FePt systems [38].

Moreover, Kündig and Bömmel [39], Mørup [40–43], and
Bødker [44,45] developed low-temperature Mössbauer spectros-
copy into an elegant quantitative method in measuring the particle
sizes of hematite, magnetite nanoparticles, and amorphous iron
carbides (Fe1�xCx), where superparamagnetic relaxation was ana-
lyzed using the Néel–Brown expression,

s ¼ s0 expðKV=kTÞ;

where K is the magnetic anisotropy energy constant, V is the parti-
cle volume, k is Boltzmann’s constant and T is the temperature. This
equation can be used to yield a particle size distribution of a nano-
sized sample if K is known and assumed to be independent of the
temperature. Furthermore, when spectra for a nanosized sample
are measured at progressively lower temperatures, the average
blocking temperature (TB) at which half of the particles exhibit
superparamagnetic (SPM) relaxation can be obtained, from which
the average size can be conveniently estimated with the following
formula [46]:

KV=kTB ¼ 4:5:

Consequently, the present work aimed at the elucidation of the
effect of pretreatment protocols, including pretreatment tempera-
ture and pretreatment gas type, on the structure, carburization,
and FTS performance of bimetallic FeMo catalysts. A series of FeMo
bimetallic catalyst precursors were prepared for better understand-
ing of the promotional effect of Mo on the Fe FTS catalyst. The se-
lected FeMo bimetallic catalyst precursors were then pretreated in
H2, CO, or syngas (H2/CO = 0.67) at various pretreatment tempera-
tures (280 or 350 �C) followed by the FTS reaction under H2/
CO = 1.6, 280 �C, and 1.5 MPa. The structure evolution and reduc-
tion/carburization behavior of Fe and FeMo catalysts were charac-
terized by XPS, MES, and HRTEM. Particular attention was paid to
the identification of the Mo phases in the iron catalyst as well as evo-
lutions of their promotional effects during the pretreatment.
2. Experimentals and methods

2.1. Catalyst preparation

Iron–molybdenum catalysts with a variety of Fe/Mo ratios were
prepared by the coprecipitation method with iron nitrate, Fe
(NO3)3�9H2O, and ammonium heptamolybdate, (NH4)6Mo7O24�
4H2O. The ammonium heptamolybdate and iron nitrate solutions
were preheated to 80 �C. The iron nitrate solution was added into a
solution of ammonium heptamolybdate (pH = 2). The NH4OH was
then added dropwise into the mixed solution until a pH of 6 was
reached. The temperature was kept at 80 �C during the whole precip-
itation process. The iron and molybdenum precipitate thus obtained
was aged under vigorous stirring at 90 �C for 3 h, followed by filter-
ing and drying at 120 �C for 48 h. The catalyst samples were then cal-
cinated at 375 �C for 10 h. The unpromoted iron catalyst was
obtained from the precipitated iron nitrate according to the method
described above. The prepared catalysts were designated as 100Fe
for the unpromoted iron catalyst, and 100Fe5Mo, 100Fe8Mo, and
100Fe10Mo for the iron–molybdenum bimetallic catalyst precur-
sors with different levels of molybdenum promoters.

2.2. Catalyst characterization

Laser Raman spectroscopy (LRS) was obtained by a Renishaw–
UV–vis Raman System 1000 using CCD as the detector and a green
argon ion laser (k = 514.4 nm) as the ray source, that was set to an
output power of 7 mW.

X-ray photoelectron spectroscopy analysis was performed in a
VG MultiLab 2000 instrument using Mg Ka primary radiation
source. All binding energies were referenced to C1s of 284.6 eV.
An estimated error of ±0.1 eV can be assumed for all the measure-
ments. The ex situ XPS spectra of Mo 3d peaks in pretreated cata-
lysts were fitted using a nonlinear least-squares method with a
Lorentzian–Guassian function.

All Mössbauer spectra of fresh, pretreated, and spent catalysts
were collected at 298 K and 20 K with a CANBERRA series 40
MCA constant-acceleration drive with a triangular reference signal.
The c-ray source was a 57Co-in-Pd matrix. Data analysis was per-
formed using a nonlinear least-squares fitting procedure with a
set of independent Lorentzian lines including singlets, quadruple
doublets and/or magnetic sextets.

HRTEM characterization was performed at a JEOL 2010 HRTEM
(JEOL, Japan) using an accelerating voltage of 200 kV. The calcined
and passivated catalyst samples were dispersed in ethanol and
mounted on a carbon foil supported on a copper grid.

The standard passivation for all the pretreated and post mortem
catalysts was strictly controlled, which involved (1) cooling down
to room temperature in the pretreatment gas and in the reaction
syngas (H2/CO = 1.6) respectively; (2) flushing with a 1% O2–99%
He (mol/mol) gas stream until a small temperature rise was ob-
served (typically 1–4 �C); and (3) finally, flushing with a stream
of 5% O2–95% He (mol/mol) before exposure to air.

2.3. Catalyst testing

A detailed description of the reactor and the product collection
system used in this study was given elsewhere [47,48]. Typically,
2 g of the catalyst precursor was mixed with 20–40 mesh quartz



Fig. 1. Mössbauer spectra of the catalyst precursors: (a) 100Fe; (b) 100Fe5Mo; (c)
100Fe10Mo.
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granules in all FTS tests. A portion of 3 cm3 of the mixture was
loaded into the isothermal section of the reactor. Prior to the reac-
tion, all catalyst precursors were pretreated in situ with a stream of
H2, CO, or syngas (H2/CO = 0.67) under 280 or 350 �C, 1 atm, and
6 NL/g-cat/h for 12 h. Following activation, the reactor was cooled
to 200 �C. The system was then pressurized with the reaction syn-
gas (H2/CO = 1.6) up to 1.5 MPa. The temperature was gradually in-
creased to 280 �C. Afterward, the FTS reaction was carried out in a
flow of the reaction syngas at 280 �C and 3 NL/g-cat/h. Both the
purified feed gases and the tail gas were analyzed by online gas
chromatographs (GCs, Models 6890N and 4890D; Agilent), and
the flow rate was measured by a wet-gas flowmeter.
Fig. 2. HRTEM micrographs of iron–molybdenum cataly
3. Results and discussion

3.1. Structure of the catalyst precursors

3.1.1. Characterization by MES
The Mössbauer spectra of all catalyst precursors are displayed

in Fig. 1. Only a sextet appeared in 100Fe catalyst, indicating that
a nearly pure bulk phase of paramagnetic a-Fe2O3 with particle
size larger than 13.5 nm exists in this catalyst [3], while for
100Fe5Mo catalyst, in addition to a sextet of the main a-Fe2O3

phase, two doublets showed up in the centroid of the spectrum,
which were attributed to iron oxides with crystallite sizes smaller
than 13.5 nm [3]. Surprisingly, only a doublet of superparamagnet-
ic Fe3+ species appeared in 100Fe10Mo catalyst, suggesting the
existence of highly dispersed iron oxide particles. It is also note-
worthy that FeMo catalyst precursors exhibited smaller HFS values
than 100Fe catalyst (results are not shown in this paper), which
can be attributed to the magnetic dilution of Fe3+ by Mo6+ [49].
To evaluate the size distributions of hematite crystallites in the
100Fe10Mo, Mössbauer spectra were measured at progressively
lower temperatures, from which the percentage of the superpara-
magnetic a-Fe2O3 as a function of temperature was obtained (see
Fig. S1). The size distribution of the 100Fe10Mo was calculated
using an effective anisotropy constant (K) value of
(4.7 ± 1.2) � 103 J/m3 [39]. As shown in Fig. S1, the average diame-
ter of the hematite in the 100Fe10Mo was evaluated to be 11 nm.
3.1.2. Characterization by HRTEM
HRTEM images of the catalysts are displayed in Fig. 2. The iron

oxides in 100Fe5Mo and 100Fe10Mo catalysts exhibited a lattice
spacing ranging from 2.58 to 2.56 Å, corresponding to the
Å

Å

st precursors: (a, b) 100Fe5Mo; (c, d) 100Fe10Mo.
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Fig. 3. Laser Raman spectra of the catalyst precursors: (a) 100Fe; (b) 100Fe5Mo; (c)
100Fe10Mo.

Table 1
XPS results of the catalysts.

Catalyst
composition

Binding energies (eV) Nominal Fe/Mo
(mol/mol)

Analyzed Fe/
Mo (mol/mol)

Fe2p3/

2

Mo3d5/

2

O1s

100Fe 710.4 – 529.7 – –
100Fe5Mo 710.7 232.0 529.8 100/5 100/13
100Fe10Mo 710.7 232.2 529.9 100/10 100/15
MoO3 – 232.7 530.5 – –
100Fe10Moa 709.7 232.0 530.0 100/10 100/18
100Fe10Mob 707.4 228.5 530.0 100/10 100/17

a The 100Fe10Mo catalyst was pretreated in syngas (H2/CO = 0.67) at 280 �C for
12 h.

b The 100Fe10Mo catalyst was pretreated in syngas (H2/CO = 0.67) at 350 �C for
12 h.
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interplanar spacing of the (104) plane of a-Fe2O3. The average size of
a-Fe2O3 in the 100Fe5Mo catalyst was ca. 12 nm, while a fairly uni-
form iron particle size of 6 nm was observed in the 100Fe10Mo cata-
lyst (Fig. 2a and c). This decrease in the particle size in the 100Fe10Mo
catalyst matches well with the MES observations. The Mo species in
both FeMo catalysts were identified to be MoO3 particles with a
lattice spacing ranging from 3.38 Å to 3.47 Å corresponding to the
d-values of the (0 0 2) plane of MoO3 (Fig. 2b and d). These MoO3 par-
ticles were randomly shaped islands with amorphous form or short-
range order. The average size of MoO3 in 100Fe5Mo was estimated to
be 8 nm, while that in 100Fe10Mo was evaluated to be 7 nm.
3.1.3. Characterization by LRS
The Mo phases in the catalyst precursors were further identified

by LRS characterization (see Fig. 3). The spectrum of 100Fe catalyst
consisted of peaks located at 221.9, 240.4, 289.2, 405.3, 496.1,
610.5, and 1312.7 cm–1, which were characteristic of the a-Fe2O3

phase [50]. However, the intensity of these peaks decreased dras-
tically with increased Mo loading. Specifically, the peaks at ca.
221.9, 240.4, and 1312.7 cm–1 disappeared, while a new peak at
323–326 cm–1 appeared in the spectra of the FeMo catalysts, which
was ascribed to the bending vibrations of terminal Mo@O bonds
[51]. Meanwhile, a peak centered at ca. 863–878 cm–1 showed up
in the spectra of the 100Fe5Mo and 100Fe10Mo catalysts, corre-
sponding to the stretching of the Mo–O–Mo bond of the surface
polymolybdate species [52]. The 866 cm–1 peak can be assigned
to the highly dispersed surface polymolybdate species located be-
side or atop the iron oxide particles. The increasing intensity of this
peak with increased in Mo loading indicated that the surface
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Fig. 4. Fe2p and Mo3d photoemission spectra: (a) 100Fe pretreated by syngas at 350 �C;
at 350 �C; (d) 100Fe10Mo after calcination.
molybdate species were more prevalent on the 100Fe10Mo than
on the 100Fe5Mo catalyst.

3.1.4. Characterization by XPS
XPS characterization was also carried out, as shown in Table 1. For

the 100Fe catalyst, the 710.4 eV Fe2p3/2 binding energy (BE) was
characteristic of thea-Fe2O3 phase. With the Mo/Fe nominal ratio in-
creased from 5:100 to 10:100, the Fe2p3/2 BE gradually shifted from
710.4 to 710.7 eV, which is within the XPS experimental error. Be-
sides, the analyzed surface Mo/Fe atom ratios in the FeMo catalysts
are not much higher than the nominal ones, indicating that the
majority of the Mo species remains in the catalyst bulk.

3.2. Surface structure of catalysts after pretreatment

The evolution of phase compositions in the near-surface region
of pretreated 100Fe and 100Fe10Mo catalysts was studied by ex
situ XPS (Figs. 4 and 5). The BEs of the Fe2p3/2 spectrum of pre-
treated 100Fe (syngas, 350 �C) were at 709.6 and 706.8 eV, which
were characteristic of reduced iron oxides (Fe3O4, FeO) and iron
carbides (FeCx), respectively (Fig. 4) [20]. In comparison with pre-
treated 100Fe (syngas, 350 �C), a large peak with a BE at 710.4 eV
showed up in the Fe2p3/2 spectrum of the 100Fe10Mo catalyst pre-
treated in syngas at 280 �C, corresponding to the reduced iron oxi-
des (Fe3O4, FeO); also, on the low-BE side of this large peak, a small
shoulder with BE 706.8 eV appeared, assigned to the iron carbides
(FeCx). With the increase of pretreatment temperature from 280 to
350 �C, the Fe2p3/2 peak characteristic of reduced iron oxides
turned into a small shoulder, while that of iron carbides developed
into an overwhelming peak, which implied that higher pretreat-
ment temperature (350 �C) was more favorable for the carburiza-
tion of 100Fe10Mo catalyst.

The Mo3d spectra of two pretreated 100Fe10Mo catalysts (syn-
gas, 280 �C; syngas, 350 �C) in Fig. 4 were deconvoluted to yield
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Fig. 5. XPS patterns of Mo3d photoemission spectra of pretreated 100Fe10Mo
catalysts.

Table 2
Quantitative analysis of Mo3d signals for pretreated 100Fe10Mo catalysts.

Catalyst Pretreatment Assignment BE (eV) Area (%)

100Fe10Mo 280 �C, syngas Mo6+ 232.6 7.2
Mo5+ 231.8 57.3
Mo5+–Mo4+ 229.7 29.7
Mo2+ 228.1 5.8

350 �C, syngas Mo6+–Mo5+ 232.3 23.0
Mo5+–Mo4+ 230.8 3.3
Mo4+–Mo2+ 229.3 39.0
Mo2+ 228.3 34.7
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several Mo ions with different covalents (Mo2+, Mo4+–Mo2+, Mo5+–
Mo4+, Mo5+, Mo6+–Mo5+ and Mo6+) (see Fig. 5 and Table 2) [53,54].
As shown in Table 2, the majority of Mo oxides in 100Fe10Mo cat-
alyst were reduced to Mo4+ and Mo5+–Mo4+ after pretreatment in
syngas at 280 �C, while most of the Mo species in 100Fe10Mo pre-
treated in syngas at 350 �C were in the form of Mo2+ and Mo2+–
Mo4+. Clearly, higher reduction degree of Mo oxides in 100Fe10Mo
was achieved at 350 �C than at 280 �C. It is noteworthy that the
binding energies of the Mo2+ ions in the Mo3d5/2 spectra were in
the range of 228.1–228.3 eV, which were very close to those re-
ported for the Mo2C (227.7–228.25 eV) [55]. The positions of
Mo3d in Mo2C and Mo2+ could not be distinguishable and were
considered as single states [56]. Thus, to identify the phase(s) of
Mo in pretreated FeMo catalysts, HRTEM measurement was per-
formed, as reported in the next section.
3.3. Structural evolution of catalysts after pretreatment

3.3.1. Evolution of Mo species during pretreatment
Pretreatment-induced evolution in the phase and structure of

MoOx species was characterized by HRTEM, as shown in Figs. 6
and 7. According to their calculated interplanar spacings (4.5 , 4.6
and 4.8 Å) (Figs. 6d, f, and 7b, d, f), the Mo phases in the pretreated
FeMo catalysts were identified to be MoOx species (mixture of
Mo4O11 and MoO2), irrespective of activation protocols.

The structure of MoOx species was dependent on the pretreat-
ment protocols. After pretreatment in CO, a nanorod-like structure
was observed on the surfaces of 100Fe5Mo and 100Fe10Mo cata-
lysts, which can be assigned to the epitaxial crystal growth of MoOx

species from the bulk to the surface of the catalyst (Fig. 7b, d, and
f). The epitaxial crystal growth of MoOx species was more pro-
nounced at the catalyst with a high Mo loading level (100Fe10Mo)
or at elevated pretreatment temperature (350 �C): the lengths and
widths of the MoOx nanorods were 8–20 nm and 7–10 nm, respec-
tively, in 100Fe5Mo treated with CO at 280 �C, which increased to
31–95 nm and 17–52 nm, respectively, in 100Fe10Mo activated in
CO at 350 �C. No epitaxial crystal growth of MoOx species was ob-
served in H2 pretreatment and in syngas pretreatment. Instead,
small (average diameter 7 nm) and large (average diameter 13
nm) spherical or elliptical MoOx particles were observed on H2-
and on syngas-activated FeMo catalysts, respectively (Fig. 6d and
f). Overall, the independent identification of the MoOx species
(such as Mo4O11 and MoO2) closely interacting with iron species
has extended our perspective on the Mo promoter nature after var-
ious pretreatments to a nanometer resolution; namely there exists
a synergistic promotional effect, which is a combination of a phys-
ical dispersion effect and an epitaxial crystal growth effect of Mo
oxides in the bimetallic FeMo catalysts, which led to the observed
complex iron and molybdenum species restructuring during pre-
treatment and FTS reaction.

3.3.2. Effect of Mo evolution on the size of iron carbides
The HRTEM images of the 100Fe5Mo and 100Fe10Mo catalysts

after various pretreatments are displayed in Figs. 6 and 7. The cal-
culated interplanar spacings of the iron particles in the pretreated
FeMo catalysts were in the ranges of 2.4–2.5 and 2.7–2.8 Å, which
can be attributed to the (3 1 1) plane of Fe3O4 and the (3 1 �1) plane
of v-Fe5C2, respectively (Fig. 7b and f).

The average size of iron active crystallites (Fe0 or v-Fe5C2) in the
FeMo catalysts was influenced by the pretreatment protocols and
Mo loading levels. The average size of iron active crystallites was
12 nm in the 100Fe5Mo catalyst when it was pretreated in CO at
280 �C, which increased to 14 nm and 13 nm when pretreated in
H2 at 350 �C and in syngas at 350 �C, respectively (Figs. 6a, b and
7a). This trend was also observed on the CO- or syngas-pretreated
100Fe10Mo catalysts. The mean average size of iron carbides in the
100Fe10Mo catalyst was 9 nm when pretreated in CO at 280 �C,
which increased to 12 nm and 26 nm when pretreated in syngas
and in CO at 350 �C, respectively (Figs. 6e and 7c and e). However,
no obvious increase in the average size of iron crystallites was ob-
served on the 100Fe10Mo catalysts when they were pretreated in
H2 at 350 �C. The average size of iron crystallites of the 100Fe10Mo
pretreated in H2 at 350 �C was 10 nm, much smaller than those of
100Fe10Mo pretreated in CO or syngas at 350 �C (Fig. 6c).

Pretreatment in CO or in syngas at 350 �C caused obvious epitax-
ial crystal growth or agglomeration of Mo species from the bulk to
the surface of the catalyst, leading to a separation between Fe and
Mo phases. This would on the one hand lead to the agglomeration
of v-Fe5C2 particles into large particles (12–26 nm) and on the other
hand to small iron carbides formed along with MoOx nanorods dur-
ing phase separation of Fe and Mo, as can be clearly seen from Fig. 7e,
in which small iron particles with an estimated average diameter of
12 nm were observed scattering on round the MoOx nanorods in the
100Fe10Mo catalyst treated with CO at 350 �C.

In comparison with 350 �C, pretreatment in CO or syngas at
280 �C only caused mild epitaxial crystal growth or agglomeration
of MoOx species, and the majority of MoOx species were still left in
the bulk of the catalysts, leading to the formation of small iron
crystallites. In comparison with CO or syngas activation, MoOx spe-
cies were highly dispersed after H2 pretreatment, which would
suppress the agglomeration of iron active particles.

3.4. Reduction/carburization of catalysts after pretreatment and FTS
reaction

3.4.1. Mössbauer spectroscopy at 298 K
The bulk iron phases in the pretreated catalysts and used

catalysts (after nearly 200 h of reaction) were quantitatively
characterized by MES (see Table 3 and Figs. S2–S5). FeMo catalyst
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Fig. 6. HRTEM micrographs of FeMo catalysts after H2 and after syngas pretreatments: (a) 100Fe5Mo pretreated in H2 at 350 �C; (b) 100Fe5Mo pretreated in H2/CO = 0.67 at
350 �C; (c, d) 100Fe10Mo pretreated in H2 at 350 �C; (e, f) 100Fe10Mo pretreated in H2/CO = 0.67 at 350 �C.
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precursors subjected to H2 pretreatment were reduced mainly to
a-Fe and Fe3O4, which were transformed into e9-Fe2.2C after further
exposure to the reaction environment. In contrast, v-Fe5C2 was the
only carbide phase found on the FeMo catalysts pretreated in CO or
in syngas after FT reactions for 200 h. After pretreatment in CO or
syngas at 350 �C, more iron carbide phases were formed in
100Fe5Mo than in 100Fe10Mo, indicating that Mo promoter inhib-
ited the carburization of iron catalysts [29,33], whereas this rank in
the content of iron carbides was reversed for these two catalysts at
a lower pretreatment temperature of 280 �C; namely more iron
carbides were formed in 100Fe10Mo catalyst than in 100Fe5Mo
counterparts (Table 3). As HRTEM characterization showed that
smaller iron oxide was observed in 100Fe10Mo catalyst precursor
than in with 100Fe5Mo catalyst precursor, this enhanced carburi-
zation in 100Fe10Mo catalyst may be due to the presence of smal-
ler iron crystallites, which facilitated carbide formation at a low
temperature of 280 �C.
3.4.2. Mössbauer spectroscopy at 20 K
3.4.2.1. SPM iron particles. After pretreatment, MES at 298 K indi-
cated that about 2–10% and 12–20% of iron phases existed in the
form of superparamagnetic (SPM) species (Fe3+ and/or Fe2+) in
100Fe5Mo and 100Fe10Mo, respectively, while no SPM iron spe-
cies were observed on the pretreated 100Fe catalyst (Table 3). To
accurately identify the phases of these small-sized iron particles,
MES was performed at a low temperature of 20 K.

The Mössbauer spectra and the distributions of iron phases in
the pretreated catalysts measured by MES at 20 K are displayed
in Figs. S6 and S7 and Figs. 8 and 9, respectively. In some cases,
to improve the fitting of the central portion of the v-Fe5C2 spectra,
a quadrupole-split doublet was added in the final computer fit,
which was assigned to a superparamagnetic v-Fe5C2 [57]. When
pretreated at 280 �C, the SPM iron species in the FeMo catalysts
were verified to be Fe3O4 nanoparticles irrespective of pretreat-
ment gas type, as indicated by an increase in the content of
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Fig. 7. HRTEM micrographs of FeMo catalysts after CO pretreatment: (a, b) 100Fe5Mo pretreated in CO at 280 �C; (c, d) 100Fe10Mo pretreated in CO at 280 �C; (e, f)
100Fe10Mo pretreated in CO at 350 �C.
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magnetite in the catalyst (Fig. 8). An exception was observed in the
100Fe10Mo catalyst pretreated in H2 at 280 �C, in which the SPM
iron species were identified to be ultrafine a-Fe particles. When
pretreated at 350 �C, the phase of the SPM iron particles in the
FeMo catalysts was dependent on the pretreatment gas types:
SPM Fe3O4 for H2 pretreatment and SPM v-Fe5C2 for CO or syngas
pretreatment (Fig. 9). Near the blocking temperature at which half
of the particles exhibit SPM relaxation, KV/kBT has an average value
of 4.5 [46]. Taking the anisotropy energy constant K values of
(0.9 ± 0.3) � 105 J/m3 [43] and (1.2 ± 0.2) � 105 J/m3 [58], the
approximate average sizes of SPM Fe3O4 and SPM a-Fe crystallites
were evaluated to be 5 nm and 3 nm, respectively, while taking an
anisotropy energy constant K value of 1.3 � 105 J/m3 [59] for the
SPM v-Fe5C2 crystallites in 100Fe10Mo catalyst pretreated in CO
at 350 �C resulted in a mean diameter of 5 nm. The result of SPM
v-Fe5C2 crystallites was in good agreement with the observation
of small iron crystallites in the pretreated FeMo catalysts by
HRTEM; namely, small iron crystallites were observed scattering
round the MoOx species. The mean diameter of these small iron
crystallites estimated by HRTEM (12 nm) was larger than that esti-
mated by MES, which may be due to the overlapping between
these SPM iron carbides to form large ‘‘clusters.’’

3.4.2.2. Stability of bulk and SPM iron carbides during FTS reac-
tion. The distributions of iron phases in the post mortem catalysts
and their Mössbauer parameters measured by MES at 20 K are dis-
played in Fig. 10. For 100Fe and FeMo catalysts, the content of the
v-Fe5C2 phase was 100.0% after pretreatment in syngas or CO at
350 �C. This content, however, decreased sharply to only 13.5%
for post mortem 100Fe catalyst, while this content was 72.2% for
100Fe5Mo and 100.0% for 100Fe10Mo catalyst after the FTS reac-
tion (time on stream (TOS) = 192 h) (Fig. 10 and Table 3). This indi-
cated that the Mo promoter improved the stability of bulk iron
carbides in the FeMo catalyst, and the stabilization effect of Mo



Table 3
Mössbauer parameters of 100Fe5Mo and 100Fe10Mo after pretreatment and after FTS reaction.

Run No. Phases After pretreatment Phases After FTS reaction

100Fe5Mo 100Fe10Mo 100Fe5Mo 100Fe10Mo
Area (%) Area (%) Area (%) Area (%)

H2, 280 �C a-Fe 22.1 10.2 e9-Fe2.2C 26.7 40.7
Fe3O4 77.9 79.4 Fe3O4 71.4 48.1
Fe (spm)a – 10.4 Fe (spm)a 1.9 11.2

H2, 350 �C a-Fe 81.0 51.9 e9-Fe2.2C 41.0 70.8
Fe3O4 14.9 42.2 Fe3O4 55.1 22.0
Fe (spm)a 4.1 5.9 Fe (spm)a 3.9 7.2

CO, 280 �C v-Fe5C2 66.3 72.5 v-Fe5C2 36.4 70.7
Fe3O4 25.5 – Fe3O4 60.6 11.0
Fe (spm)a 8.2 27.5 Fe (spm)a 3.0 18.3

CO, 350 �C v-Fe5C2 97.3 79.1 v-Fe5C2 81.2 79.6
Fe (spm)a 2.7 – Fe3O4 14.3 –
Fe (spm)a – 20.9 Fe (spm)a 4.5 20.4

Syngas, 280 �C v-Fe5C2 28.5 64.9 v-Fe5C2 29.1 72.7
Fe3O4 64.0 10.1 Fe3O4 69.2 10.7
Fe (spm)a 7.5 25.0 Fe (spm)a 1.7 16.6

Syngas, 350 �C v-Fe5C2 93.3 82.7 v-Fe5C2 82.0 78.5
Fe3O4 – – Fe3O4 11.7 –
Fe (spm)a 6.7 17.3 Fe (spm)a 6.3 21.5

a Fe (spm) includes Fe3+ (spm) and Fe2+ (spm).
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was enhanced as the Mo loading level increased. Furthermore, the
stabilization of SPM v-Fe5C2 crystallites was enhanced with addi-
tional Mo. For instance, the SPM v-Fe5C2 crystallites in the pre-
treated 100Fe5Mo catalysts (CO, 350 �C; syngas, 350 �C) were
reoxidized to SPM Fe3O4 crystallites, whereas the SPM v-Fe5C2

crystallites in the activated 100Fe10Mo catalysts (CO, 350 �C; syn-
gas, 350 �C) showed high stability even after roughly 200 h of FTS
reaction (Fig. 10). As indicated by HRTEM, larger MoOx particles
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or nanorods formed on the 100Fe10Mo catalysts activated in CO or
syngas at 350 �C than on the 100Fe5Mo counterparts. Hence, it ap-
peared that the SPM v-Fe5C2 crystallites scattering on round large-
sized MoOx species showed higher stability.

3.5. FTS performances: activity and selectivity

The MoOx species exhibit no FT activity [29]. However, pretreat-
ment-induced evolution in the promotional effects of the MoOx

species, as implied by HRTEM and MES characterization, influenced
the nature of active iron particles, which may consequently influ-
ence the catalytic performances. This expectation was confirmed
by the catalytic measurements reported in this section.

The FTS performances of all the catalysts is presented in
Figs. 11–13 and Table 4. The CO conversion was used as a measure-
ment of FTS reactivity for all fixed-bed FTS runs.

For 100Fe catalyst, the activity decreased with time on stream,
irrespective of pretreatment protocols. Besides, the stable activities
after treatment with H2 were lower than those of syngas-pretreated
counterparts, probably because the sintering of a-Fe particles oc-
curred during H2 pretreatment (Figs. 11 and 12) [10]. In contrast,
H2-pretreated FeMo catalysts showed higher stable activity than
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Table 4
Effect of pretreatment procedures on the FTS performances of the catalysts.a

Catalyst 100Fe 100Fe5Mo 100Fe8Mo 100Fe10Mo

Activation temperature (�C) 350 350 280 280 350 350 350 350 280 280 280 350 350 325 350
Activation gas H2 Syngas H2 CO H2 CO Syngas Syngas H2 CO Syngas H2 CO Syngas Syngas

TOS, h 193 168 187 189 194 187 193 192 193 192 191 194 190 192 194
CO conversion (%) 35.1 58.4 59.0 57.3 49.7 71.0 54.2 34.0 60.5 36.2 43.6 59.0 43.4 33.8 33.9
H2/CO in tail gas 1.5 2.0 2.2 2.1 2.3 2.6 2.1 1.7 2.3 1.7 1.8 2.2 1.7 1.7 1.6
Kp(PCO2 � PH2 Þ=ðPCO � PH2O) 0.6 1.2 4.6 3.8 2.1 4.3 2.2 1.7 5.1 1.8 2.1 5.3 1.3 2.1 1.1
CO2 selectivity 25.5 27.8 46.4 45.4 32.6 42.4 30.8 42.1 42.7 34.9 32.2 46.7 34.1 40.2 28.1
Selectivities (wt.%)
CH4 18.0 16.8 28.6 29.3 26.7 23.4 24.4 21.8 31.0 32.5 29.9 28.2 15.9 23.6 14.0
C2–4 42.6 37.3 52.2 44.1 53.4 39.5 41.2 39.0 51.7 45.5 42.4 51.8 31.0 38.6 26.8
C5–11 29.2 32.9 16.4 24.0 18.1 28.4 24.3 28.0 13.9 17.7 19.7 14.5 33.7 37.8 c 28.8
C12–18 5.9 7.5 0.9 1.4 1.5 4.5 7.0 7.9 2.1 3.2 4.5 3.0 12.5 – 14.7
C19+ 4.3 5.5 1.9 1.2 0.3 4.2 3.1 3.3 1.3 1.1 3.5 2.5 6.9 – 15.7
C¼2 —C¼4 =Co

2 � Co
4 (mol/mol) 0.8 1.0 0.5 0.4 0.5 0.7 0.7 0.9 0.4 0.5 0.6 0.4 1.1 0.9 1.2

Alcohols (wt.%) b 8.1 8.6 4.6 6.1 12.1 7.0 3.9 8.4 7.8 11.9 10.0 6.6 12.2 – 15.1

a Reaction condition: 280 �C, 1.5 MPa, H2/CO = 1.6 and GHSV = 3000 h–1.
b Alcohols in total hydrocarbon and oxygenates.
c Cþ5 selectivity.
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H2-pretreated 100Fe catalyst (Fig. 11). This improvement in the sta-
ble activity was more pronounced on 100Fe10Mo catalyst. The
higher activity of H2-pretreated FeMo catalysts was due to the dis-
persive effect of Mo on the active iron sites, which suppressed the
sintering of active iron sites. Another obvious trend observed in
Figs. 11–13 was that the CO or syngas pretreatment of 100Fe10Mo
catalyst resulted in much lower stable activity than that of the H2-
pretreated catalysts. As indicated by HRTEM, reduced MoOx species
agglomerated to form large particles in syngas pretreatment, or to
form large nanorods in CO pretreatment on the FeMo catalyst sur-
face at an elevated activation temperature (350 �C) or at a high Mo
loading level, which led to several consequences: (1) the dispersion
effect of MoOx species was weakened to a large extent, which in
turn caused an agglomeration of active iron crystallites; (2) MoOx

species (either large particles or nanorods) were enriched on the
surface of the catalyst, which as a result covered part of the iron ac-
tive sites. Overall, the epitaxial crystal growth of MoOx species
caused a decrease in the available active iron sites and conse-
quently a loss of catalytic activity. This explained the low stable
activity observed on the 100Fe10Mo catalysts after activation in
CO or in syngas. For 100Fe5Mo, the epitaxial crystal growth of MoOx

species would be much less obvious due to its low Mo loading level.
Thus, higher stable activity was found on the 100Fe5Mo catalysts
after pretreatment in CO or in syngas than on the 100Fe10Mo
counterparts.
Furthermore, the product distributions of 100Fe5Mo catalysts
shifted toward methane and light hydrocarbons (C2–C4) in com-
parison with 100Fe catalyst, while the product distributions of
100Fe10Mo catalyst were dependent on both the Mo promoter
and pretreatment procedures. As can be seen from Table 4,
100Fe10Mo pretreated at 280 �C (H2, CO, or syngas) or pretreated
in H2 at 350 �C showed product distributions similar to those of
100Fe5Mo, i.e., high selectivity toward methane and C2–C4 hydro-
carbons, whereas unexpected product distributions were ob-
served on 100Fe10Mo catalysts after pretreatment in CO or
syngas at 350 �C, i.e., the selectivities to methane, light gases
(C2–C4) and gasoline fractions (C5–C11) were lower than those of
100Fe activated in syngas at 350 �C, while the selectivities to die-
sel and wax fractions ðCþ12Þ were twice as high as those of 100Fe
activated in syngas at 350 �C (Table 4). This improved selectivity
to heavy hydrocarbons observed on 100Fe10Mo catalysts pre-
treated in CO or syngas at 350 �C did not result from low catalyst
activities. For example, the FT selectivity of 100Fe10Mo pre-
treated in CO or syngas at 280 �C was quite different from that
pretreated in CO or syngas at 350 �C even though they showed
similar activities (Table 4). It appeared that the catalyst selectivity
was determined by the nature of active iron carbides, which was
shaped by the pretreatment-induced migration of Mo. As dis-
cussed above, the MoOx species were still dispersed in the FeMo
catalysts after pretreatment in H2, while activation in syngas or
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CO at 280 �C caused a mild agglomeration or epitaxial crystal
growth of the MoOx species, and the majority of MoOx species re-
mained in the bulk of the catalyst. Hence, the active iron sties
after these pretreatments closely interact with MoOx species,
and the nature of active iron sites was modified by neighboring
Mo species, leading to a shift in FT selectivity to light hydrocar-
bons. On the contrary, pretreated in CO or syngas at 350 �C led
to a severe agglomeration or epitaxial crystal growth of MoOx

species in the FeMo catalysts, which resulted in partial separation
between active iron carbides and MoOx species and consequently
more ‘‘pure’’ iron carbide performances. Furthermore, these active
iron carbide crystallites (bulk and SPM) were well stabilized by
Mo species during the FTS reaction; i.e., their size distributions
and local environments (with fewer neighboring Mo species)
were stable under the FTS conditions. Hence, the FT selectivity
shifted toward heavy hydrocarbons. To verify this assumption,
two sets of fixed-bed FTS runs were carried out. One was on
the effect of different Mo loading levels for a family of FeMo cat-
alysts; the other was to check the effect of pretreatment temper-
ature on the syngas-pretreated 100Fe10Mo catalyst. These
experiments were based on the HRTEM observation that the epi-
taxial crystal growth of MoOx species in the FeMo catalysts was
more pronounced in either at a high Mo loading level or at ele-
vated pretreatment temperatures. Test results are shown in
Figs. 14 and 15 and Table 4. The selectivity to CH4 of the FeMo
catalyst pretreated in syngas at 350 �C gradually decreased, while
that to Cþ5 increased with increased catalyst Mo loading levels
(Fig. 14a). However, this trend was not observed for catalysts pre-
treated in H2 at 350 �C, where both CH4 and Cþ5 selectivities fol-
lowed the opposite directions (Fig. 14b). The latter result could
be explained by the better dispersed Mo species in the catalyst
after pretreatment in H2, and hence the more pronounced inter-
action between active iron carbides and Mo species with the
increasing Mo loading level. Furthermore, increasing pretreat-
ment temperature, an increase in Cþ5 selectivity and a decrease
in CH4 were found on 100Fe10Mo catalyst when pretreated in
syngas, as displayed in Fig. 15.
4. Conclusions

During pretreatment, the catalyst structure experienced an
extensive restructuring process that was strongly dependent on a
synergistic effect of the pretreatment and Mo promoter loading le-
vel. An epitaxial crystal growth or agglomeration of Mo species in
CO or syngas at 350 �C caused phase separation between Fe and
Mo, which on the one hand led to the agglomeration of iron carbide
particles (12–26 nm) with fewer neighboring Mo species and on
the other hand to the formation of SPM iron carbide particles (5–
6 nm) along with large Mo species. In contrast, such Mo species
migration was mild after pretreatment in CO or syngas at 280 �C.
The majority of Mo remained in the bulk catalyst, leading to the
formation of small-sized iron carbide particles. During pretreat-
ment in H2, the well-dispersed Mo species in the catalyst facili-
tated the formation of surface active iron surface particles of
small size, which interacted closely with the nearby Mo species.
Generally, the dispersion effect of Mo promoter inhibited the
agglomeration of active iron sites, which resulted in high catalyst
activity. In contrast, the epitaxial crystal growth effect that hap-
pened at an elevated pretreatment temperature, or a high Mo load-
ing level caused a decrease in the available surface iron sites and
consequently a loss in catalytic activity. The epitaxial crystal
growth effect of Mo promoter during pretreatment exhibited a
twofold effect: on the one hand, it negatively influenced the cata-
lyst activity, and on the other hand, it improved the catalyst selec-
tivity in the current study, i.e., causing lower selectivity to C1–C4

and higher selectivity to Cþ12.
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