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Abstract

A series of iron-based Fischer–Tropsch catalysts, either pure or promoted with Ce or Mn, were subjected to different activation treatments
with H2, CO, or H2/CO. The surface species formed after different treatments were characterized by temperature-programmed surface reaction
with hydrogen (TPSR-H2) and temperature-programmed surface desorption with argon (TPD-Ar). After activation and temperature-programmed
treatments, the samples were passivated and characterized by X-ray diffraction and Raman spectroscopy. After each activation treatment, the
catalysts were tested in the Fischer–Tropsch synthesis, and selected postreaction samples were characterized by Mössbauer spectroscopy. After CO
and syngas treatment, cementite (θ -Fe3C) and Hägg (χ -Fe2.5C) carbides were formed, respectively. Different surface carbonaceous species were
stabilized over these carbides. Cementite species are less active in the Fischer–Tropsch synthesis; however, under the Fischer–Tropsch reaction
environment, they can evolve into the Hägg carbide, over which the more active carbonaceous intermediate species are formed. Modification
of the catalyst composition by Mn and Ce is effective only when the samples are activated under CO, accelerating the stabilization of active
carbonaceous intermediates.
© 2006 Elsevier Inc. All rights reserved.
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1. Introduction

Hydrocarbon production via Fischer–Tropsch synthesis
(FTS) is receiving a renewed interest for both industrial and
academic applications. FTS renders sulfur- and aromatic-free
liquid fuels along with valuable intermediates (mainly alco-
hols and alkenes) from syngas. The major drawback hindering
wider implementation of FTS relates to its financial competi-
tiveness. However, issues associated to the current oil extraction
and transformation technologies, such as more stringent envi-
ronmental regulations, the tremendous rise of oil prices and the
need for further investments within the refinery sector, are mak-
ing FTS (or, in a wider sense, the gas-to-liquids process) more
attractive and feasible for hydrocarbon production.
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The oxides of groups 8, 9, and 10 metals (Co, Ni, Ru,
and Fe) are the archetypal catalysts precursors used in FTS.
Because the oxide form is inactive for the reaction, the solids
must be subjected to an activation treatment to obtain the ac-
tual Fischer–Tropsch catalyst. Cobalt-, nickel-, and ruthenium-
based solids require an H2 treatment at temperatures between
473 and 723 K to become active, remaining in their metallic
state during FTS [1]. However, the activation process is not so
simple for the iron-based catalysts that have been reported to be
activated under carbon monoxide [2,3], hydrogen [4], or syn-
thesis gas [5–8] treatments.

During the pretreatment step and even during FTS, Fe-based
catalysts may develop several phase transformations. The na-
ture of the final phase(s) after the pretreatment, or, more likely,
the more stable phase(s) under FTS, will determine the perfor-
mance of the catalyst. During the activation process, iron oxide
first transforms from hematite (α-Fe2O3) to magnetite (Fe3O4)
irrespective of the activation gas used for pretreatment. From
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this point, the nature of the activating atmosphere will deter-
mine the nature of the Fe phases formed. Under CO or syngas
pretreatment, iron carbide phases are formed. Among these,
O carbides (carbides with carbon atoms in octahedral inter-
stices, ε-Fe2C, ε′-Fe2.2C, and FexC) and TP carbides (carbides
with carbon atoms in trigonal prismatic interstices, χ -Fe2.5C
and θ -Fe3C) have been identified [9]. Hydrogen activation of
iron-based samples yields metallic iron (Fe0), which evolves
into iron carbide species under the FTS environment (syn-
gas) [10]. Furthermore, the actual nature of the Fe phases
formed during the different pretreatments depends on the time
of exposure to the reactant feed, the composition of the feed,
the reactor system, and the activation conditions (temperature
and pressure) [11].

Despite the controversy concerning the actual nature of
the active phases [12–14], a correlation between the carbide
content and the Fischer–Tropsch activity has been widely ob-
served [2,11,15,16]. Two models have been proposed to explain
the role of the carbide phase. On the one hand, the carbide
model [17] proposes that FTS occurs in the surface of a bulk
iron carbide phase; being the density of such sites dependent
on the extent of the bulk carburization. On the other hand, the
competition model [18] proposes that one or more carbon atoms
together with metallic iron form the active site at which the
carbon atoms are hydrogenated. Iron carburization and hydro-
carbon formation from surface “C-containing” species occur
simultaneously in a competitive reaction. It should be noted that
on either model, Fe carbide formation is a necessary step to
yield the actual FTS catalyst. However, the correlation between
bulk carbide species, surface carbon species, and catalytic ac-
tivity has not yet been established. Neither has the actual role
of the carbide species in FTS been established; whether they
are really involved in the reaction or they are mere spectators is
a matter of debate. Moreover, a lack of correlation between the
amount of bulk iron carbide and the activity of the Fe catalyst
has been reported [4,19].

Recently, Bartholomew et al. [20,21] identified and quan-
tified several carbon and metal carbide species on the sur-
face of unsupported and supported used Fe catalysts by means
of temperature-programmed surface reaction with hydrogen
(TPSR-H2). In both systems, good correlation between the cov-
erage of atomic surface carbon species and their catalytic per-
formance was found. However, pinpointing the nature of the
species formed after the activation treatment, correlating their
presence and abundance with the different activation treatments
and identifying the optimum activation treatment remain sub-
jects for future study.

Consequently, the present work was undertaken to pro-
vide a detailed characterization study of iron-based FTS cat-
alysts subjected to CO (pure and diluted), hydrogen, or syngas
(H2/CO) pretreatment to determine the most effective activation
method, as well as the nature of the bulk and surface species
formed during the different pretreatments. The study was con-
ducted over pure iron oxide and Mn- and Ce-modified iron
samples. The characterization results were correlated with the
catalytic activity measurements. Manganese is known to be an
important promoter for improving the yield to light olefins [22],
and cerium recently has been reported as a good structural pro-
moter [23]. This approach has provided valuable information
about the influence of the activation treatment as a function
of the catalyst nature. For the oxide-modified samples, the in-
fluence of Mn and Ce on the activation process has also been
characterized. To date, the role of K and C as additives in the
activation treatment has been rarely studied [24,25], and only
a few works have dealt with the role of Mn [26,27]. To the best
of our knowledge, the effect of adding Ce to Fe-based catalysts
on the activation process has not yet been reported.

The catalysts were characterized in situ after each ac-
tivation method by surface techniques, including TPSR-H2
and temperature-programmed surface desorption with argon
(TPD-Ar). The samples were then further characterized (after
careful passivation) by X-ray diffraction, Raman spectroscopy,
and Mössbauer spectroscopy to obtain information about their
bulk composition after activation and reaction.

2. Experimental

The experimental procedure for sample preparation has been
described previously [23,28]. Briefly, sample 100Fe was pre-
pared by precipitation of a solution of Fe(NO3)3·9H2O (Fluka,
98–100%) with an ammonia solution. The solid was dried in air
at 343 K and calcined at 573 K for 6 h. Sample 95Fe5Mn, with
a Fe/Mn atomic ratio of 95/5, was prepared by the microemul-
sion technique [29] using a water solution of Fe(NO3)3·9H2O
and Mn(NO3)3·4H2O (Fluka, 97%) as a metal precursor. Isooc-
tane (Aldrich, >99%) and Tergitol 15-S-5 were used as the
organic phase and surfactant, respectively. An NH4OH (Pan-
reac, 28.0–30.0%) water in oil microemulsion was used as the
precipitating agent. The solid was recovered and washed thor-
oughly with distilled water and ethanol several times, dried at
383 K, and calcined at 773 K for 6 h. Sample 95Fe5Ce (with
a Fe/Ce atomic ratio of 95/5) was prepared by the coprecip-
itation method. Two water solutions of Fe(NO3)3·9H2O and
Ce(NO3)3·6H2O (Aldrich, 99.99%) were added simultaneously
to a precipitating batch containing 500 ml of distilled water. Ad-
dition of precipitating agent (NH4OH) was accomplished using
a pH-stationary device, maintaining the pH constant (at 8.0)
during precipitation. The solid was recovered, washed thor-
oughly with distilled water at 343 K, dried in air at 353 K, and
then calcined at 573 K for 6 h. Sample 70Fe30Mn (atomic ratio
70/30) was prepared by precipitating an aqueous solution of the
nitrate precursors by adding an aqueous solution of NaOH. The
precipitated solid was washed with water, dried in air at 353 K,
and calcined in air at 773 K for 6 h.

For the temperature-programmed experiments, ca. 40 mg of
the sample was loaded into a U-shaped quartz reactor. The sam-
ples were pretreated in H2, CO, CO/Ar (5% CO), or H2/CO
(ratio 2:1) mixtures at 723 K (at a heating rate of 10 K min−1)
for 1 h and then flushed with Ar at 723 K for 15 min. Then the
samples were cooled to room temperature under Ar flow. The
reactivity of the species remaining on the surface of the solids
was tested by passing Ar (TPD-Ar), H2/Ar (10%) (TPSR-H2),
or (H2 + CO)/Ar (10%) (TPSR-H2-CO). The gas flow rate was
50–100 ml min−1, and the temperature was increased from 298
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to 1123 K at a rate of 10 K min−1. The evolution of different
compounds was monitored by selected m/z fragments followed
by a quadrupolar mass spectrometer connected on-line to the
reactor. Downstream lines were heated to 393 K to prevent con-
densation of products.

After the activation and the temperature-programmed treat-
ments, the samples were passivated with an 1 vol% O2/He
mixture at room temperature for 1 h, according to a standard
procedure described elsewhere [30]. Then the samples were an-
alyzed by X-ray diffraction (XRD). Powder XRD patterns were
recorded in the 10◦–80◦ 2θ range in the scan mode (0.05◦, 2 s)
using a Seifert 3000 XRD diffractometer equipped with a PW
goniometer with Bragg–Brentano θ/2θ geometry, an automatic
slit, and a bent graphite monochromator.

Raman spectra of passivated samples were recorded in He
flow to prevent oxidation of the sample due to the heating
power of the laser beam [28]. Raman spectra were collected
using a single monochromator Renishaw system 1000 equipped
with a thermoelectrically cooled CCD detector and holographic
super-notch filter. Typically, 20 mg of a powdered sample was
mounted on a treatment chamber, and the sample was excited
with the 514.5-nm Ar line. The spectral resolution was ca.
3 cm−1, and the spectrum acquisition time was 300 s.

The samples were tested in the CO hydrogenation reaction
using a fixed-bed microreactor (stainless steel 316, 165 mm
long, 8.5 mm i.d.). The reactor temperature was measured with
a K-type thermocouple buried in the catalytic bed. The reac-
tor was held within a furnace equipped with a temperature
controller. All pipes after reactor outlet were kept at 433 K.
The reaction system was equipped with a downstream stainless
steel trap set at 353 K to collect the heavier products (C17+
hydrocarbons). Flow rates were controlled using Bronkhorst
High-Tech Series mass flow controllers. The calcined samples
(110 mg, 0.25–0.30 mm particle size) were diluted with SiC
(ca. 2.5 g, 0.25–0.30 mm particle size) to avoid hot spots. First,
the catalysts were activated in situ with different treatments
(CO, pure or diluted with Ar, H2/CO, or H2) at 723 K and
atmospheric pressure. The reactor was then cooled down in in-
ert gas to the reaction temperature (573 K) and pressurized at
1.01 MPa. CO hydrogenation was measured for 10,000 min
(GHSV = 0.0023 L g−1 s−1). Analysis of reactant gases and
products was performed on-line with a gas chromatograph (Var-
ian CP-3800). A polymeric column connected to a thermal con-
ductivity detector was used to analyze inorganic gases (H2, N2,
CO, and CO2) and water. Hydrocarbons and oxygenated com-
pounds were analyzed with a Restek Rtx-1 capillary column
(105 m × 0.25 mm × 0.25 µm) connected to a flame ionization
detector. The following temperature program was used: 213 K
for 6 min, then a ramp of 8 K min−1 to 498 K, maintained at
this temperature for 26 min. N2 was used as internal standard
for chromatographic analyses.

After the catalytic measurements, selected samples were
passivated and characterized by 57Fe Mössbauer spectroscopy.
Transmission Mössbauer spectra were recorded at room tem-
perature using a conventional constant-acceleration spectrome-
ter equipped with a 57Co (Rh) source. Finely ground powdered
absorbers were prepared with a natural Fe thickness of about
10 mg cm−2. The spectra were computer-fitted to a sum of
Lorentzian-shaped lines by applying the constraints of equal
line width and area for the two peaks of doublets and equal line
width and areas at a ratio of 3:2:1:1:2:3 for the six peaks of sex-
tets. The relative concentrations of the different Fe species were
calculated from their spectral area ratios assuming equal f fac-
tors (probability of Mössbauer effect) for all of the Fe species
present in the spectrum. Isomer shifts were referred to the cen-
ter of the α-Fe sextet at room temperature.

Scheme 1 summarizes all of the activation pretreatments and
characterization techniques used in this work.
Scheme 1. Activation pretreatments and characterization techniques used.
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3. Results

3.1. Catalyst characterization

We start by comparing the TPSR-H2 results obtained with
the samples pretreated in H2/CO, CO/Ar, and CO streams. Once
the samples were pretreated, the weakly adsorbed species were
removed from their surface by passing an Ar flow at 723 K for
15 min. Subsequently, a TPSR-H2 experiment was recorded.
When the samples were pretreated in hydrogen, metallic iron
was the only species formed (except in sample 70Fe30Mn,
which also contained manganowustite), as demonstrated by
the XRD analysis of the passivated samples. Therefore, the
TPSR-H2 experiments were not performed over these samples.

The TPSR-H2 profiles of the species either desorbed (CO)
or formed under the TPSR reactive atmosphere (H2O and CH4)
depended on the nature of both the sample and the pretreatment.
Water is formed from the reduction of the iron oxide, whereas
CH4 is formed from the hydrogenation of either Fe carbides
and/or surface carbonaceous species, as we discuss below. Note
that hydrocarbons other than methane are not formed under the
TPSR-H2 experimental conditions, regardless of the nature of
the carbon source [20,21].

Fig. 1A depicts the TPSR-H2 profiles of samples 100Fe,
95Fe5Mn, 95Fe5Ce, and 70Fe30Mn. Methane formation was
observed in all cases, with the shape and the position of the
peaks strongly influenced by the nature of the solids and the
pretreatment step. When pretreated under syngas, the sam-
ple 100Fe formed methane in a broad peak between 900 and
1100 K. When pretreated under pure CO, methane formation
on sample 100Fe occurred in three steps centered at ca. 770,
900, and 1050 K. Noticeably, when the sample was pretreated
in diluted CO (5 vol% CO/Ar), water formation, centered at ca.
680 K, was observed. Immediately afterward, methane forma-
tion, showing two peaks centered at ca. 770 and 900 K, was
detected. The ratio of the peak areas was reversed with respect
to the methane formation peaks recorded after the CO treat-
ment. The peak at 1050 K was not observed. For the Ce- and
Mn-loaded samples, the TPSR-H2 profiles recorded under the
same conditions displayed both common and distinct features
with respect to sample 100Fe. As in sample 100Fe, methane
formation in the promoted samples was observed. The process
was shifted to lower temperatures when the samples were pre-
treated under pure CO. The shape and position of the methane
formation peaks were dependent on the nature of the sample
and on the pretreatment. However, unlike in 100Fe, CO desorp-
tion was also detected.

As described for sample 100Fe, methane formation was pre-
ceded by a water formation process when the pretreatment
was performed in 5 vol% CO/Ar flow. Because water forma-
tion was not observed after pure CO pretreatment, it is rea-
sonable to think that water was formed as a result of reduc-
tion of the iron oxide phase. For the 5 vol% CO/Ar pretreat-
ment, the reduction of hematite (either promoted or not) was
not complete, whereas the pure CO pretreatment led to the
complete reduction of the iron oxide. Therefore, in the for-
mer case, water was formed as a consequence of reduction of
the iron oxide with hydrogen during the TPSR-H2 experiment.
It is noteworthy that methane formation occurs only after water
is released; therefore, oxide reduction precedes carbon hydro-
genation under H2 atmosphere, that is, before the catalyst is
able to form hydrocarbons. To confirm whether this behavior
can be extrapolated to the actual Fischer–Tropsch atmosphere,
sample 100Fe was pretreated with a 5% CO/Ar mixture, after
which a temperature-programmed surface reaction with syn-
gas (H2 + CO) was recorded (Fig. 1B). It can be seen that
both carbon dioxide and water (both according to reduction of
the iron oxide phase) were formed before methane. Actually,
CO2 formation preceded H2O formation, indicating that car-
bon monoxide was more effective than hydrogen in reducing
iron oxides. However, methane formation started even when
iron oxide reduction was not complete. These results suggest
that hydrocarbons can be formed in the presence of Fe3O4 as
long as sufficient reduced iron sites (most likely carburized) are
available.

Noticeably, the area under the methane formation peak
was smaller when the samples were pretreated with syngas
(H2/CO), as shown in Fig. 1A. This is probably due to partial
formation and desorption of methane during the pretreatment
step (723 K in syngas). We tested this hypothesis by performing
temperature-programmed reduction experiments under syngas
(TPRsyngas) with the different samples. The results obtained
with sample 100Fe, given in Fig. 2, show that methane forma-
tion started at temperatures above 640 K.

Methane formation was not observed when the TPD ex-
periments of pretreated samples were carried out under Ar
(TPD-Ar) instead of H2 (TPSR-H2). In that case, CO and H2
were the only products detected. Fig. 3 depicts the TPD-Ar
profiles recorded for samples 100Fe, 95Fe5Mn, 95Fe5Ce, and
70Fe30Mn. Sample 100Fe desorbed hydrogen only in a broad
peak between 950 and 1075 K. A single hydrogen peak, smaller
and shifted to higher temperatures, was also observed with sam-
ples 95Fe5Mn, 95Fe5Ce, and 70Fe30Mn. For the Ce- and Mn-
loaded samples, the TPD-Ar profiles also showed a CO des-
orption band between 700 and 1100 K. The number, position,
and area of the peaks were strongly influenced by the nature of
the catalyst. Thus, CO desorption for 95Fe5Mn occurred in two
steps centered at 850 and 1050 K, with the last peak showing
the largest area. Sample 95Fe5Ce evolved three CO desorption
peaks at 750, 850, and 1050 K. The peak at 850 K displayed
the largest area. In contrast, sample 70Fe30Mn showed a single
broad peak between 750 and 1100 K.

In an attempt to characterize the catalysts in detail after the
different pretreatments, the samples were passivated following
standard procedures [30] and studied by Raman spectroscopy
and XRD as depicted in Scheme 1. The results were compared
with those obtained from the calcined samples.

Raman spectra of selected samples and pretreatments are
depicted in Fig. 4. The spectra of the calcined samples dis-
played mainly the peaks described for the α-Fe2O3 phase [31].
In addition, samples 70Fe30Mn and 95Fe5Ce presented a band
centered at ca. 650 cm−1 ascribed to the formation of mixed
phases (Fe–Ce or Fe–Mn) [23,28]. For samples 70Fe30Mn and
95Fe5Mn, pretreatment with CO/Ar led to the formation of
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(A)

(B)

Fig. 1. (A) TPSR-H2 of samples after activation pretreatments (5% CO/Ar, CO, or H2/CO at 723 K for 1 h); (B) TPSR-syngas of sample 100Fe after activation
treatment in 5% CO/Ar.
Fe3O4 and Fe–Mn mixed oxide, supporting the hypothesis that
iron oxide was not fully reduced under diluted CO. In addition,
two peaks at ca. 1300 and 1600 cm−1, ascribed to disordered
and ordered graphitic species, respectively, were observed af-
ter pure CO or H2/CO pretreatment [32]. The relative intensity
of such peaks depended on the nature of the pretreatment. The
relative abundance of such species was higher when syngas
was used than under carbon monoxide. It is noteworthy that
a mixed iron–manganese phase was detected in both fresh and
pretreated 70Fe30Mn samples. This result points to a lower car-
burization level of sample 70Fe30Mn compared with the rest of
the series. Raman spectra of the samples pretreated under pure



204 T. Herranz et al. / Journal of Catalysis 243 (2006) 199–211
Fig. 2. Temperature-programmed reduction of sample 100Fe under CO + H2.

Fig. 3. TPSR-Ar of samples after H2/CO activation pretreatments at 723 K for
1 h.

CO and syngas and subjected to TPSR-H2, once passivated,
were also recorded (data not shown). It was observed that the
two graphitic bands remained relatively stable; that is, graphitic
species were stable during FTS. During TPSR-H2, methane for-
mation was observed, but the abundance of the graphitic species
was not diminished. These graphite species are not precursors
of the production of hydrocarbons and do not impede their for-
mation. In other words, they are mere spectators, at least at
certain concentrations. A higher concentration of such graphitic
species might block the access of the reactants to the active
sites, acting thus as poisoning species rather than as mere spec-
tators.

XRD analysis of the pretreated and subsequently passivated
samples endorses the assignments of the species deduced from
the other characterization techniques. The diffractograms of the
samples subjected to different pretreatments are depicted in
Fig. 5. A summary of the nature of the different species de-
tected from the XRD analysis after the different pretreatments
Table 1
Phases detected by XRD after activation pretreatments and temperature pro-
grammed experiments

Sample Pretreatment Phases after
pretreatment

Phases after
TPDc-Ar

Phases after
TPSR-H2

100Fe 5% CO/Ar Fe0; Fe3O4 Fe0; θ -Fe3C Fe0

θ -Fe3C
CO θ -Fe3C Fe0

H2/CO χ-Fe2.5C Fe0; θ -Fe3C
Fe3O4 (traces)

95Fe5Ce 5% CO/Ar Fe0; Fe3O4 Fe0; θ -Fe3C Fe0

θ -Fe3C
CO θ -Fe3C Fe0

H2/CO χ-Fe2.5C Fe0; θ -Fe3C
Fe3O4 (traces)

95Fe5Mn 5% CO/Ar Fe0; Fe3O4 Fe0; θ -Fe3C Fe0; θ -Fe3C
θ -Fe3C

CO θ -Fe3C θ -Fe3C
H2/CO χ-Fe2.5C Fe0 (traces) θ -Fe3C

θ -Fe3C

70Fe30Mn 5% CO/Ar Fe0; Fe3O4 Fe0; FeO Fe0; θ -Fe3C
FeO FexMn1−xO

CO θ -Fe3C θ -Fe3C
FexMn1−xO FexMn1−xO

H2/CO χ-Fe2.5C θ -Fe3C θ -Fe3C
FexMn1−xO FexMn1−xO FexMn1−xO

Note. χ -Fe2.5C: Hägg carbide; θ -Fe3C: cementite; Fe0: metallic iron; Fe3O4:
magnetite; FexMn1−xO: manganowustite.

is shown in Table 1. The assignment of the different Fe carbide
phases (θ -Fe3C and χ -Fe2.5C) from the X-ray diffractograms
should be performed carefully because they showed similar
diffraction patterns. Peak assignation was based on the char-
acteristic Bragg angles of θ -Fe3C (JCPDS 76-1877) at 78.0◦
and 70.1◦, which are not present in the diffractogram of the
sample χ -Fe2.5C (JCPDS 36-1248). The relative intensity of
the diffraction peaks was also taken into account for the correct
identification of the carbide species.

Metallic iron (Fe0) was the only species detected by XRD
after hydrogen pretreatment. Metallic iron was also the most
abundant crystalline species detected in samples 100Fe,
95Fe5Ce, and 95Fe5Mn after pretreatment with diluted CO.
Fe3O4 and cementite (θ -Fe3C) phases were also detected. The
X-ray diffractograms of sample 70Fe30Mn displayed reflec-
tions from either wustite or manganowustite (an accurate as-
signment of the phases was difficult due to the low intensity of
the reflections) and Fe3O4 phases. In contrast, diffractograms of
the samples pretreated with pure CO presented only reflections
ascribed to cementite (θ -Fe3C). Sample 70Fe30Mn showed re-
flections ascribed to manganowustite, in agreement with the
Raman analysis (Fig. 4). The diffractograms of the samples
pretreated with syngas displayed reflections from the Hägg
carbide (χ -Fe2.5C). Again, sample 70Fe30Mn exhibited reflec-
tions arising from a manganowustite phase, in good agreement
with the Raman analysis. All of the patterns displayed a broad
reflection centered at 2θ angles of ca. 25◦ attributed to carbona-
ceous deposits. After the temperature-programmed experiments
with Ar (TPD-Ar) of the samples pretreated with diluted CO,
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Fig. 4. Raman spectra of samples after activation pretreatments (5% CO/Ar, CO, or H2/CO at 723 K for 1 h): (") Fe2O3, (e) Fe3O4, ( ) graphite, (F) Fe–Ce or
Fe–Mn mixed oxide.
metallic iron and cementite were observed. Cementite was also
detected in all samples after TPSR-H2 of the solids pretreated
with both CO (pure or diluted) and H2/CO. In the latter case,
the Hägg carbide evolved to cementite, as reported by Hofer [9],
with the relative abundance of cementite and metallic iron de-
pending on the nature of the sample. In the samples pretreated
with pure CO or H2/CO, the diffraction patterns of graphite
were also observed even after temperature-programmed treat-
ments with Ar or H2, indicating the high stability of these
graphite-like species.

3.2. Catalytic performance

The samples pretreated with the different reactive atmo-
spheres were tested in the FTS reaction at 573 K for 10,000 min.
The CO conversion versus time-on-stream plots for samples
100Fe, 95Fe5Ce, and 95Fe5Mn are depicted in Fig. 6; the re-
sults for sample 70Fe30Mn are not shown, because of the low
activity. As a general trend, syngas pretreatment yielded the
most active catalysts in terms of CO conversion, whereas hy-
drogen pretreatment led to the less active materials of the series.
Only moderate CO conversion differences were detected when
sample 100Fe was pretreated with pure or diluted CO, the lat-
ter being slightly more efficient. The CO conversion value was
independent of the oxide additive when the samples were acti-
vated with syngas. However, the differences in CO conversion
between the promoted and nonpromoted samples became more
evident when the activation protocol was performed in CO, fol-
lowing the order 95Fe5Ce > 95Fe5Mn ≈ 100Fe � 70Fe30Mn.

A common and intriguing feature is that all of the samples
seemed to undergo reconstruction after ca. 1000 min on stream,
increasing their catalytic activity from that time on. This fea-
ture was less pronounced when the samples were activated with
hydrogen, requiring more time to achieve any increase in cat-
alytic activity. A similar behavior has been ascribed to surface
reconstruction of the catalyst [10].

Table 2 collects the catalytic results of selected samples.
The selectivity toward the different Fischer–Tropsch products
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Fig. 5. Diffraction patterns of samples after activation pretreatments (5% CO/Ar, CO, or H2/CO at 723 K for 1 h): (2) Fe0, (1) γ -Fe3O4, (a) θ -Fe3C, (e) χ -Fe2.5C.
(–CH2 units) was independent of the time on stream (data not
shown). The selectivity toward carbon dioxide was higher for
the Ce- and Mn-loaded samples, probably due to their higher
activity in the water-gas shift reaction when activated with CO
(either pure or diluted). The same applies to the hydrogen pre-
treatment, albeit to a lesser extent.

We must remark that product selectivity did not change with
reaction time, even after reconstruction of the catalyst surface.
This finding indicates that reconstruction involves the forma-
tion of more active sites, with their nature remaining unaltered.
When samples were pretreated under CO, the rate of formation
of active sites was increased by the oxide additive (Mn or Ce),
thus reaching the steady state before. In that sense, it is worth
recalling that the relationship between the surface area and the
activity of the samples can be drawn only when the nature of the
active sites is similar [25]. Therefore, evaluating catalyst activ-
ity by extrapolating and comparing the surface area values with
different active species (cementite or the Hägg carbide) may be
inaccurate.

3.3. Characterization of catalysts after reaction

After reaction, selected catalysts were studied by Mössbauer
spectroscopy. The samples were passivated by following the
protocol already described. Fig. 7 depicts the spectra obtained
with catalyst 95Fe5Mn activated with different pretreatment
gases. All of the spectra showed a complex pattern compris-
ing magnetic and paramagnetic components. The extent of the
magnetic hyperfine splitting, smaller than that of the α-Fe, was
in the range typical of the iron carbides [18,33]. The shape of
the magnetic component also revealed that it comprised at least
three distinct sextets. The spectrum of the CO-pretreated sam-
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Table 2
Activity and selectivity of selected samples after 10,000 min

Catalyst Pretreatmenta XCO
b HCc O/Pd αe CO2

f (%) Product selectivity

CH4 C2–C5 C6–C12 C13+

100Fe H2 23 27 1.1 0.57 15.0 19.4 60.8 16.7 3.0
CO 37 38 1.1 0.58 14.8 15.8 59.2 22.3 2.0
H2/CO 74 72 1.0 0.58 24.7 15.9 62.3 19.5 2.0

95Fe5Mn H2 27 27 1.4 0.65 24.0 14.8 46.2 35.7 2.3
CO 48 48 1.3 0.61 24.5 14.5 49.0 34.2 1.3
H2/CO 64 72 1.1 0.63 26.9 11.3 44.9 35.3 7.5

95Fe5Ce H2 44 48 0.7 0.55 37.4 24.8 60.1 14.6 0.5
CO 65 68 1.1 0.58 22.2 19.5 52.6 26.8 0.9
H2/CO 81 70 0.9 0.57 30.7 17.8 53.4 28.1 0.6

Note. Reaction conditions: 573 K, 1.01 MPa, H2/CO = 2 (GHSV = 0.0023 L g−1 s−1).
a Activation pretreatment.
b Carbon monoxide conversion (%).
c Hydrocarbon production expressed as gCH2 /gFe/s (×105), CH4 free.
d Olefin-to-paraffin ratio.
e Chain growth probability.
f CO2 free. Selectivity to oxygenates was negligible (<1.0%) in all cases.
Fig. 6. Carbon monoxide conversion vs time-on-stream for samples 100Fe,
95Fe5Mn, and 95Fe5Ce after activation pretreatments (33% H2/N2, 16 h/

673 K, 5% CO/Ar, CO, or H2/CO at 1 h for 723 K). (2) H2, ( ) H2/CO,
(") CO, (1) CO/Ar.

ple appeared to be different from the other two spectra, which
were both very similar. It is known that the Mössbauer spec-
trum of some iron carbides is formed by various sextets, and
that determining the number of the constituent sextets and their
relative intensities, as well as their corresponding hyperfine
magnetic fields, is essential to reliably identifying the differ-
ent carbide phases. Thus, the spectra were fitted to three sextets
Fig. 7. Mössbauer spectra of sample 95Fe5Mn activated in H2, CO, and H2/CO
after catalytic reaction for ca. 10,000 min. The computer fittings are shown as
solid lines.

(1, 2, and 3) and a doublet. Moreover, a fourth sextet had to be
included for the CO-pretreated sample to accomplish a consis-
tent fitting of the spectrum. We attempted to improve the fitting
of the H2-pretreated sample by introducing an additional Fe2+
doublet, but the relative spectral area obtained for this doublet
was too small (∼=1%), and the fitting result did not improve
significantly with respect to that obtained by fitting only one
doublet and the three sextets. The fitted spectra are shown in
Fig. 7, and the Mössbauer parameters obtained from the fit-
tings are collected in Table 3. The obtained parameters allowed
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Table 3
Mössbauer parameters of sample 95Fe5Mn after reaction for 10,000 min (acti-
vated with H2, CO and H2/CO)

H2 H2/CO CO

Doublet
(superparamagnetic
Fe3+)

δD (mm s−1) 0.31 (2) 0.33 (1) 0.32 (1)
ΔD (mm s−1) 0.91 (5) 0.99 (2) 0.98 (2)
ΓD (mm s−1) 0.40 (4) 0.52 (2) 0.56 (4)
AD (%) 11.0 19.8 17.4

Sextet 1
(χ-Fe2.5C)

δS1 (mm s−1) 0.20 (3) 0.19 (1) 0.19 (2)
2εS1 (mm s−1) 0.02 (2) 0.02 (1) 0.02 (2)
HS1 (T) 18.4 (2) 18.0 (1) 17.7 (1)
ΓS1 (mm s−1) 0.54 (3) 0.44 (3) 0.44 (4)
AS1 (%) 43.0 30.0 21.3

Sextet 2
(χ-Fe2.5C)

δS2 (mm s−1) 0.24 (3) 0.25 (1) 0.24 (2)
2εS2 (mm s−1) 0.07 (3) 0.03 (1) 0.00 (2)
HS2 (T) 10.8 (1) 10.6 (1) 10.6 (1)
ΓS2 (mm s−1) 0.36 (4) 0.40 (3) 0.40 (2)
AS2 (%) 18.5 18.7 12.5

Sextet 3
(χ-Fe2.5C)

δS3 (mm s−1) 0.27 (1) 0.26 (1) 0.28 (3)
2εS3 (mm s−1) 0.05 (1) 0.05 (1) 0.08 (3)
HS3 (T) 21.4 (1) 21.2 (1) 20.7 (1)
ΓS3 (mm s−1) 0.34 (3) 0.40 (2) 0.34 (2)
AS3 (%) 27.6 31.5 23.3

Sextet 4
(θ -Fe3C)

δS4 (mm s−1) 0.17 (3)
2εS4 (mm s−1) 0.03 (3)
HS4 (T) 20.5 (1)
ΓS4 (mm s−1) 0.38 (4)
AS4 (%) 25.4

χ2 1.2 2.8 1.7

Note. δ = isomer shift (relative to α-Fe); Δ = quadrupole splitting; 2ε =
quadrupole shift; Γ = full line width at half maximum; H = magnetic hyper-
fine field; A = relative spectral area; χ2 = normalized chi-squared. Numbers
in brackets indicate the error in the last figure.

assignment of the three sextets labeled 1, 2, and 3 to Hägg car-
bide (χ -Fe2.5C) and sextet 4 to cementite (θ -Fe3C) [18,34].
Superparamagnetic or amorphous ferric oxides and even sub-
stituted iron oxides [35] produced parameters similar to those
obtained for doublet D. This finding precluded an unequivo-
cal assignment of this doublet. A quadrupole doublet analogous
to this one was the dominant component in the spectrum of
a Fe2O3/K2O/SiO2/CuO catalyst after the Fischer–Tropsch re-
action, due to a mixture of superparamagnetic particles of both
magnetite and hematite phases [35]. In summary, Mössbauer
data showed that samples pretreated with hydrogen or syngas
after reaction contained similar species, Hägg carbide and prob-
ably superparamagnetic ferric oxides, whereas an additional
carbide phase, cementite, was present in the CO-activated sam-
ple.

4. Discussion

4.1. Identification of the phases formed after the pretreatment

Scheme 2 depicts the routes of formation and the most stable
species obtained during the different pretreatments. Scheme 3
summarizes the different samples, activation pretreatments,
temperature-programmed experiments, desorbed species, and
phases detected.

Bartholomew et al. [20,21] have identified up to six different
carbonaceous species onto the surface of iron-based catalysts
after the FTS reaction. The reactivity of these species was as-
signed from the temperature value of the methane formation
peak in the TPSR-H2; that is, the more reactive the species, the
lower formation temperature. The identified species (in order
of reactivity) were Cα > Cβ > Cγ > Cδ . Two different Cγ and
Cδ species were reported. Cα is atomic carbonaceous species
resulting from the dissociative adsorption of CO; Cβ is a poly-
meric (2–3 atoms) surface carbonaceous species. Cγ is iron car-
bide, either ε′-Fe2.2C or χ -Fe2.5C. Finally, Cδ are graphite-type
carbonaceous species that are both ordered and less ordered, as
described above. The first peak of methane formation is due
to the presence of Cα-type species that, according to our re-
sults, appear at 770 K in sample 100Fe when pretreated in CO
(Fig. 1). In contrast, they were not observed in the promoted
samples or after syngas pretreatment, probably due to the fact
that under syngas, Cα species are prone to react with H2, form-
ing methane, as explained above. The appearance of a methane
formation peak at 870–900 K (after treatment with CO) or at
920–950 K (after treatment with syngas) was ascribed to the
presence of Cβ -type species. Methane formation at 1000 K was
observed. This process was assigned to the hydrogenation of
iron carbides (θ -Fe3C and χ -Fe2.5C), which were also identi-
fied by XRD. The former, cementite, is the most evolved iron
carbide species [9] and was detected only after pretreatment
with CO. The latter, the Hägg carbide, was stabilized after the
pretreatment with syngas. Other iron carbide species, such as
ε′-Fe2.2C, were not detected. This type of carbide has been only
detected in silica-supported iron catalysts and in massive iron
samples treated with syngas at low temperatures (513 K) [18].

Cementite is transformed into methane and metallic iron at
1000 K with hydrogen, as was revealed by the XRD analy-
sis of CO pretreated 100Fe and 95Fe5Ce samples subjected
to TPSR-H2 experiments. However, methane formation was
not observed for the Mn-containing samples. Furthermore, ce-
mentite phases were still observed by XRD analysis of these
samples after TPSR-H2. It seemed that the presence of Mn
impeded cementite decomposition, probably by decreasing H2
chemisorption.

The Hägg carbide (χ -Fe2.5C) is decomposed into methane
and cementite at ca. 1050 K with hydrogen. This finding was
confirmed by the X-ray diffractograms of the samples pre-
treated with syngas and subjected to TPSR-H2.

The graphite-type species were observed in both the XRD
patterns and the Raman spectra of the samples pretreated with
H2/CO and CO. As discussed above, such species are stable
under hydrogen (TPSR-H2) and oxygen below 650 K (data not
shown). When thermal analysis of the species formed after the
different pretreatment was conducted under Ar, hydrogen was
desorbed.

Syngas pretreatment led to formation of χ -Fe2.5C. As de-
duced from the TPSR-H2 experiments, this phase is prone to
stabilize Cβ -type species. However, cementite was the only iron
carbide detected after CO pretreatment. Sample 100Fe showed
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Scheme 2. Routes of formation of the carbonaceous species after pretreatments in CO and H2/CO (adapted from Ref. [21]).
both Cα and Cβ species after pretreatment with CO. The pro-
moted samples (95Fe5Ce and 95Fe5Mn) displayed more Cβ

species than sample 100Fe. Sample 70Fe30Mn behaved dif-
ferently; carbide formation was low, and mixed Fe–Mn oxide
phases (manganowustite) were clearly detected.

4.2. Structure–reactivity relationship

As stated above, syngas pretreatment yielded the most ac-
tive catalysts irrespective of the sample composition. This re-
sult agrees well with the finding that the nature of the sur-
face species after syngas activation was similar for all sam-
ples, with all samples displaying a methane formation peak
ascribed to Cβ . Hematite (α-Fe2O3) evolved into the Hägg
carbide (χ -Fe2.5C) that, in the presence of hydrogen, cannot
develop into cementite (θ -Fe3C).

The chemical composition of the sample played a key role
on its catalytic performance only if activated under CO. Ce-
mentite (θ -Fe3C) was detected in all samples pretreated in
pure CO, with Cα species stabilized on the surface, as re-
vealed by the TPSR-H2 experiments. In promoted samples
(95Fe5Ce and 95Fe5Mn), methane formation peaks arising
from Cβ species displayed higher areas than those arising from
the Cβ species stabilized over the nonpromoted samples; that
is, there were more Cβ species over promoted samples. Inter-
estingly, the Mn- and Ce-loaded samples, even when displaying
fewer Cα species, developed more active catalysts than sample
100Fe, revealing that Cβ is more closely related to FTS activity
than Cα .

Finally, when the samples were pretreated with CO/Ar, mag-
netite (Fe3O4) and metallic iron were also detected. However,
the resulting catalysts displayed higher activity than when the
samples were treated under pure CO.

Bartholomew et al. [20,21] established a straightforward re-
lationship between the amount of surface active species (quanti-
fied from the methane formation peaks detected in the TPSR-H2
experiments) and FTS activity. However, methane is not a rep-
resentative Fischer–Tropsch product because it is not formed
from the polymerization of the monomeric –CH2– units [36].
That is, whereas methane can be produced during FTS by
the hydrogenation of Cα species, a proper Fischer–Tropsch
product results from the hydrogenation of already polymerized
(–CHx–)n species (i.e., Cβ ), yielding hydrocarbons. However,
Cβ would yield methane rather than polymerized species at
atmospheric pressure only at a higher temperature than that
for Cα . This line of argument justifies our findings. The samples
activated with CO, although having more Cα species, were less
active in FTS. On the other hand, the samples activated with
syngas, displaying a larger amount of Cβ , were more active
in FTS. Equally important, an unequivocal correlation between
the nature of the iron carbide phase and the predominant surface
carbonaceous species can be drawn from this study. The activa-
tion with CO rendered the most evolved iron carbide phase, i.e.,
cementite, over which Cα species were stabilized, as it is in-
ferred from the TPSR-H2 experiments and confirmed by XRD
results. On the contrary, χ -Fe2.5C was formed with syngas, pro-
moting the stabilization of surface Cβ species. The higher activ-
ity was achieved when the samples were activated with syngas.
Therefore, the presence of surface Cβ species could be related
with the activity in FTS. This explains why the sample 100Fe
was more active when it was activated with diluted CO than
with pure CO, in spite of the larger amount of carbide species
observed after the latter pretreatment. As discussed above, ce-
mentite, metallic iron and magnetite were formed after CO/Ar
pretreatment. Once the activated sample entered in contact with
syngas (during FTS), the noncarburized iron species (metallic
iron and magnetite) developed the Hägg carbide, resulting in
a more active catalyst than seen in pure CO treatment. This re-
sult agrees well with the findings of Schulz et al. [16] in the
sense that such a carbide phase is the most active in FTS.

Further evidence supporting the finding that the amount
of methane formed in the TPSR-H2 experiments cannot be
straightforwardly related to FTS activity is depicted in Fig. 8.
This figure shows the TPSR-H2 profiles of sample 100Fe ac-
tivated with syngas at 553 and 723 K. Activation produced
a more active catalyst for FTS at 723 K (XCO = 60%) than at
553 K (XCO = 35%). However, methane desorption after pre-
treatment at 553 K was centered at ca. 770 K, being shifted up
to 1000 K for the sample pretreated at 773 K. As stated above,
methane desorption at ca. 1000 K is ascribed to the Cβ species,
whereas Cα renders methane at lower temperatures. In the case
of high-temperature pretreatment, methane formation from the
Cα species occurred during the pretreatment and thus was not
detected.

The effect of the nature of the pretreatment gas on the cat-
alytic performance of the different samples was clear for sam-
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Scheme 3. Activation pretreatments, temperature programmed experiments, desorbed species and phases detected for the different samples.
ple 100Fe. However, the differences in the catalytic behavior
were less obvious for the Ce- and Mn-containing samples, be-
cause those metals are known to increase carbon monoxide
chemisorption and to prevent Cα hydrogenation in some extent,
thereby stabilizing the Cβ species.

We have proposed that the Cβ species are the intermedi-
ates in FTS and that the Hägg carbide (χ -Fe2.5C) is the active
species. The FTS activity of the samples pretreated with CO
was lower because cementite (θ -Fe3C) was the species formed.
However, such samples displayed an increasing activity with
time in FTS, displaying higher CO conversion levels at the
steady state (10,000 min), although lower than those corre-
sponding to the samples pretreated with syngas. The Mössbauer
spectroscopy results show that cementite can evolve into the
Hägg carbide under FTS reaction conditions, thus yielding cat-
alysts as active as in the case of pretreatment with syngas. How-
ever, the extent of this transformation is limited, as evidenced
by the detection of cementite phases in the used catalyst. Con-
sequently, fewer active sites for FTS are found in the samples
pretreated with CO than in those pretreated with syngas.
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Fig. 8. TPSR-H2 profiles of sample 100Fe activated under syngas at 553 and
723 K.

5. Conclusion

When iron oxide (hematite) was pretreated with H2, CO,
and H2/CO, this material was transformed into different cata-
lysts. Only metallic iron was formed when the pretreatment was
carried out with hydrogen. However, iron carbide, mainly ce-
mentite, was formed with CO (pure or diluted) pretreatments. In
contrast, the Hägg carbide, rather than the most evolved cemen-
tite carbide, was formed when the pretreatment was performed
with syngas. Surface carbonaceous species were stabilized on
both types of iron carbides. Cα species were stabilized on ce-
mentite (θ -Fe3C), whereas Cβ species were stabilized on the
Hägg carbide (χ -Fe2.5C). θ -Fe3C species were less active in
FTS, although they can evolve in the reaction medium into the
more active species, the Hägg carbide, over which Cβ inter-
mediates are formed. The extent of this transformation is not
complete, and therefore, some cementite species remain stable.
Mn and Ce promotion is effective only when the samples are
activated with CO, thus favoring the stabilization of Cβ species
even on cementite.
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