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The structural properties of three Fe-based Fischer-Tropsch synthesis (FTS) catalysts containing different
amounts of Cu, K and SiO; additives were investigated during pretreatment and FTS in a fixed bed-
like reactor using combined in situ X-ray absorption fine structure (XAFS)/wide angle X-ray scattering
(WAXS) techniques. This combination enabled acquisition of complementary information regarding the
local environment of iron atoms from XAFS and crystalline phases from WAXS during H, and CO/H,
pretreatment and FTS at 1 bar. The presence of the SiO, support and promoter elements significantly

;Z{‘ffgf%opsch synthesis influenced the structural properties of the catalysts after pretreatment. After FTS, H, pretreated catalysts
Iron mainly consisted of amorphous 6-FesC clusters (unsupported catalysts) or amorphous iron (II) silicate
Catalyst promotion (supported catalyst), while the CO/H, pretreated catalysts all consisted mainly of y-Fe and x-FesC,.
Inssitu Catalysts activated in CO/H, showed superior stability and activity, while Hp pretreated unsupported
XWAAF)is catalysts deactivated rapidly during the first 15 h of FTS.

© 2009 Elsevier Inc. All rights reserved.

1. Introduction

In Fischer-Tropsch synthesis (FTS), carbon monoxide is catalyt-
ically converted through a hydrogenation-polymerization reaction
to form hydrocarbon chains [1,2]. FTS enables the production of
virtually sulfur and aromatic free transportation fuels and chemi-
cal feedstock from carbon sources alternative from crude oil. De-
pending on the FTS process feedstock and desired products, ei-
ther cobalt or iron catalysts are applied industrially. Iron-based
Fischer-Tropsch catalysts are typically applied for the conversion
of synthesis gas from coal [3] and are promising catalysts for the
conversion of biomass [4], while cobalt catalysts are mainly used
in the conversion of synthesis gas from natural gas [5]. There are
several advantages in the use of iron-based catalysts in FTS [6].
However, the main advantage is that iron-based catalysts catalyze
the water-gas shift (WGS) reaction. Therefore, these systems can
be used in the conversion of syngas with a lower H,/CO ratio than
stoichiometrically needed for the synthesis of long-chain hydro-
carbons (Hy/CO = 2). As syngas from coal and biomass sources
typically have low H/CO ratios (1 or less), iron catalysts are es-
pecially advantageous for conversion of these syngas types.
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Iron-based catalysts typically consist of a precipitated iron oxide
phase to which promoters are added to improve catalyst selectivity,
activity and stability. The iron oxide catalyst precursors can be ac-
tivated in Hy, CO or H,/CO to obtain the active FTS catalyst [7-13].
Typical promoters are Cu, K, and SiO;. SiO, is added to disperse
Fe phases and to prevent sintering and attrition of the active cat-
alyst, Cu is added to improve the reducibility of the catalyst and
K is used to improve the selectivity of the catalyst toward longer
hydrocarbon chains [1,14,15].

Although FTS over iron catalysts was reported as early as the
1920s, the complexity of the iron-carbon-oxide system prevents
the straightforward identification of a single active phase and a re-
lated reaction mechanism. As a result, there are currently three
mechanisms that describe the FTS over iron catalysts that are gen-
erally supported in literature [6,16]. As in every catalyst, active
sites are located on the surface of the iron catalysts. Nonetheless,
the underlying bulk structure may play an important role in de-
termining the nature of these sites and therefore catalytic activity.
For this reason, many studies attempt to correlate bulk catalyst
composition with FTS performance. It is well established that the
iron catalyst consists of a complex mixture of iron carbides (i.e.
&-Fe,Cle’-Fey,C, Fe;C3, x-FesCy and 6-FesC), metallic iron (o-Fe)
and iron oxide (Fe3O4) during FTS. All these phases have been
claimed to be active in the synthesis reaction [6].
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The study of the activated catalysts is challenging in many
ways. The complex, dynamic, composition of the catalysts makes
straightforward correlation of structure and activity difficult. More-
over, recent work has established that, when not carefully handled,
iron catalysts can change composition upon exposure to air [17].
In this respect, the recent development of advanced in situ spec-
troscopic techniques could prove helpful in gaining new insights
into the complex system [6,18]. While some authors have carried
out their research under (semi) in situ conditions [11,19-26], most
work relies on the extraction of the catalyst from the reactor bed
and subsequent ex situ characterization after exposure to air. In
addition to this, one of the main characterization methods that
is applied to the iron FTS system, X-ray diffraction (XRD), selec-
tively probes crystalline phases. In this respect, XRD is a powerful
characterization technique that has been used extensively for the
quantification of phases present in the catalyst. However, active
iron catalysts often form very small carbide particles under FTS
conditions [27]. Since these particles do not show long range or-
dering, part of the active catalyst may be left undetected in XRD
studies. Other techniques that are applied for catalyst characteri-
zation, that probe on a more local scale, are often not compatible
with in situ measurements, either because of the high temperatures
involved (e.g. Mdssbauer effect spectroscopy (MES)) or because of
the gaseous environment (e.g. X-ray photoelectron spectroscopy
(XPS)).

Recently, X-ray absorption fine structure spectroscopy (XAFS)
was applied to characterize the local order of iron-based FT cat-
alysts [19,28,29]. In XAFS, two spectral regions, the X-ray absorp-
tion near edge structure (XANES) and extended X-ray absorption
fine structure (EXAFS) provide detailed information about the ox-
idation and coordination state of the absorber atoms. XAFS is an
element selective technique and therefore, selectively probes the
surroundings of iron atoms. As XAFS probes the local environment
of iron species, ill defined, non-crystalline phases that are common
in catalysis, are also detected. This can provide important comple-
mentary information to other characterization techniques. Finally,
XAFS uses a hard X-ray probe (7.112 keV at the Fe K-edge) and
therefore can be conveniently applied in situ.

In the current contribution we have applied a combined in
situ X-ray absorption spectroscopy/wide angle X-ray scattering
(XAFS/WAXS) setup [30-33] to study catalysts at elevated temper-
atures (up to ~450°C) under 1 bar of reactant gas pressure. The
measurements were carried out on the samples in a fixed bed-
like environment at low conversion. Although industrially FTS is
performed at ~20 bar pressure and high (~40%) conversion, our
1 bar, low conversion experiments allowed the systematic study
and comparison of three distinct model catalyst systems under dif-
ferential conditions. Furthermore, the combination of techniques
[34] allowed us to study the influence of different pretreatment
procedures and FTS reaction conditions on the local and long range
structure and FTS reaction performance of unpromoted, promoted,
unsupported and supported Fischer-Tropsch catalysts.
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2. Experimental methods
2.1. Catalyst preparation

Unpromoted Fe;03 (denoted as Fe;03), singly promoted Fe;03/
CuO (denoted as Fe;03-Cu) and fully promoted, supported Fe;03/
CuO/K,0/SiO, (denoted as Fe;03-Cu-K-Si) iron-based catalyst ma-
terials were prepared by precipitation from a ferric nitrate solution
in a basic sodium carbonate solution [1]. 25 g of Fe(NOs3)3-9H,0
(Acros, 98+% A.CS. reagent) was dissolved in 100 mL of distilled
water. For the promoted catalysts, 1.2 g of Cu(NOs3);-3H,0 (Merck,
p.a. 99.5%) was added to this solution. The solution was heated
to its boiling point, after which it was slowly (~1 min) added
to a vigorously stirred, near boiling solution of 25 g Na;COs in
100 mL distilled water. The resulting precipitate was filtered and
re-slurried in about 1 L of near boiling distilled water to remove
any residual sodium. This process was repeated about four times,
until the pH of the solution was about pH ~ 7.

For the unpromoted (Fe;0O3) and singly promoted (Fe;03-Cu)
catalyst, the precipitate was dried for ~6 h at 60°C and subse-
quently 24 h at 120°C. The catalyst precursors were calcined in a
flow of air at 300°C for 5 h using a heating ramp of 5°C/min.

For the fully promoted catalyst (Fe;0O3-Cu-K-Si), the washed
precipitate was re-slurried in 200 mL distilled water. About 8 g
of potassium waterglass solution (K0:Si0, (1:2.15), Akzo-PQ) was
added to the slurry under vigorous stirring. 1.5 mL of concentrated
HNO3; was added to precipitate the SiO, and lower the total potas-
sium content. After this, the precipitate was dried and calcined in
the same way as the unsupported catalysts.

The final catalyst compositions were confirmed by X-ray flu-
orescence (XRF) analysis on a Goffin Meyvis Spectro X-lab 2000
machine. The relative molar compositions of the catalysts were 100
Fe, 100 Fe/3.9 Cu and 100 Fe/7.5 Cu/5.9 K/15.6 Si for the Fe,0s,
Fe;03-Cu and Fe;03-Cu-K-Si catalysts, respectively.

2.2. XAFS/WAXS combined setup

The XAFS/WAXS data were collected on the Dutch Belgian
Beamline (DUBBLE, BM26A) [33,35] at the European Synchrotron
Radiation Facility (ESRF). The storage ring operated at 6 GeV at
50-90 mA in 16 bunch filling mode. A schematic representation of
the setup is shown in Fig. 1.

All measurements were performed with the sample mounted
in 1.0 mm diameter borosilicate glass capillaries, designed for X-
ray applications. The capillary was mounted on a goniometer con-
nected to a gas manifold allowing the supply of He, H, and CO
gasses [31]. Heating was provided by a calibrated nitrogen heat
gun, which allowed treatment temperatures up to 450 °C. The ac-
tual temperature of the catalyst bed during treatments was moni-
tored using an external thermocouple.

Fe K-edge (7112 keV) absorption spectra were collected in
transmission mode. The beamline was equipped with a Si(111)
double crystal monochromator and a vertically focusing mirror.
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Fig. 1. Schematic drawing of the combined XAFS/WAXS setup at the DUBBLE BM26A beamline at ESRF.
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Ionization chambers filled with Ar/He mixtures were used to de-
tect the initial and transmitted signal. The higher harmonics of
the primary energy, transmitted by the monochromator, were sup-
pressed with the vertically focusing Si mirror after the monochro-
mator. The factor of suppression for the third harmonic was about
~1000. The overall energy resolution was better than 2.0 eV. A
5 pm reference Fe-foil was measured simultaneously for energy
calibration purposes. Average acquisition time for a typical XANES
spectrum was ~10 min. EXAFS data were acquired in the quick EX-
AFS mode, where the monochromator crystal was run at a constant
speed in order to reduce the “dead time” of the measurements.
Typically, three EXAFS scans were obtained and averaged in order
to get better data quality resulting in a total acquisition time of
about 45 min.

The WAXS data were collected using a wavelength of 1.781 A
(6.980 keV), well below the Fe K-edge. Scattered (diffracted) light
was detected by a position sensitive INEL detector placed above
the capillary. The setup allowed a 26 range of 35° < 26 < 80°. The
acquisition time for a diffractogram was typically 10 min.

An online mass spectrometer was used to detect reactants and
products in the capillary effluent gas stream.

2.3. Sample preparation

Catalyst samples were diluted with SiO, in order to obtain an
edge jump of about 1.0-1.5 absorption units in the XAFS data. The
use of amorphous SiO, ensured that there was no interference be-
tween crystalline phases of the diluent and the WAXS signal of the
sample. The diluted samples were gently pelletized, ground and
sieved to a particle size of 150-250 pm and loaded between plugs
of glass wool into the 1.0 mm diameter borosilicate glass capillary.
To ensure isothermal heating, the bed length was limited to about
1 cm, about the same size as the “hot spot” of the heater gun.
The beam profile was about 500 pm high and 5 mm broad, which
ensured that a substantial part of the catalyst bed was probed.

2.4. Hy activation and in situ Fischer-Tropsch experiments

Samples were activated in Hp flow (10 mL/min) at 350°C for
2 h. A heating ramp of 10°C/min was used. During the ramp and
2 h dwell time, XANES and WAXS data were acquired continuously.
After reduction, EXAFS data were collected. For FTS, the sample
was cooled down to 250°C, exposed to a flow of CO and Hj (4
and 8 mL/min, respectively) and XANES and WAXS data were col-
lected continuously for 4 h. Samples were run under differential
conditions. A high gas hourly space velocity (GHSV~ 1 x 10° h™!)
further ensured low partial pressures of product H,O in the cata-
lyst bed during reduction and FTS and therefore low WGS activity.
After FTS, EXAFS data were collected from the samples.

2.5. CO/H; activation experiments

The activation of the catalyst precursor materials was stud-
ied by heating the samples in a mixture of CO and Hy (4 and
8 mL/min, respectively) to 450 °C at 2 °C/min. XAFS and WAXS data
were acquired continuously during the activation treatment. After
activation, EXAFS data were collected.

2.6. Catalyst performance testing

Catalytic performance data obtained from the online mass spec-
trometer was limited due to overlapping hydrocarbon mass frag-
ments. Therefore, separate catalytic performance tests were per-
formed. For this, about 50 mg of sample (particle size 212-500 pm)
was diluted in 200 mg SiC to ensure isothermal conditions and
loaded into a tubular glass reactor with an internal diameter

of 1.0 cm. The reactor was heated using a tubular quartz oven
and equipped with thermocouples to monitor the temperature of
the catalyst bed. Samples were tested at 1 bar and 250°C us-
ing CO/Hy (2/4 mL/min) after treatments in either H, at 350°C
(5°C/min) or CO/H, at 300°C/min (2°C/min) for 2 h. It is noted
that though, typically, iron catalysts are tested at much higher
pressures (~20 bar), here we chose to use the same pressure as
our combined XAFS/WAXS experiment in order to make a fair
correlation between the collected characterization data and the
catalytic performance. Conversions were kept low (~1%), ensuring
differential plug-flow conditions and limiting WGS activity. Product
analysis (C;-Cyg) was carried out using an online Varian CP-3800
gas chromatograph (GC) equipped with a FID detector and fitted
with a 50 m CP-Sil 5 CB column. All reactor lines were kept at
170°C to prevent the condensation of heavier hydrocarbon prod-
ucts and all products were analyzed from the gas or vapor phase.

2.7. WAXS data analysis

Rough estimations of relative crystal phase contributions after
various pretreatments were made by powder diffraction pattern
calculation and profile fitting using the Powdercell software pack-
age [36].

2.8. XAFS data analysis

EXAFS data reduction was performed using XDAP software [37,
38]. The signal-to-noise ratio of the experimental data typically
allowed using k ranges of 2.0-10.0 A~! for the Fourier trans-
form procedure. «-Fe;03, Fe304, Fe;SiO4 and o -Fe references were
measured and used as standards for the least squares linear com-
bination fitting of the XANES data and for EXAFS scattering ampli-
tudes and phases. For the phases for which no experimental refer-
ence data could be measured; y-Fe, e-Fe;C, x-FesC, and 6-FesC,
theoretical scattering phases and amplitudes were calculated using
the Artemis program. Least squares linear combination fitting were
performed on the normalized XANES spectra and their derivatives
using the Athena program. Both programs are part of the IFFEFIT
software package [39]. Calculations of scattering phases and ampli-
tudes within this program are performed using the FEFF code [40].
All Fourier transforms presented in this work are k! weighted to
emphasize contributions from light scatterer atoms (C and O).

3. Results

The reducibility of the Fe,03, Fe;03-Cu and Fe;03-Cu-K-Si cat-
alysts was investigated by heating to 350°C in Hy flow while
acquiring XAFS and WAXS data. After the Hy pretreatment, XAFS
and WAXS were used to monitor changes in catalyst composition
during 4 h of Fischer-Tropsch synthesis at 250°C in CO/H;. For
comparison, the three catalyst samples were also directly exposed
to CO/H; flow and heated up to 450 °C, while continuously acquir-
ing XAFS and WAXS data. The H, pretreatment and consequent
Fischer-Tropsch synthesis will be considered here first.

3.1. Hj pretreatment: reducibility of the iron catalysts

Clear differences were observed in the reduction behavior of
the different catalyst materials under study. Fig. 2 shows the
XANES spectra and corresponding WAXS diffractograms of the
Fe;03, Fep03-Cu and Fe;03-Cu-K-Si catalysts during H, pretreat-
ment and after different FTS reaction times. At room temperature,
the XANES data of all three catalysts show a pre-edge at 7113.5 eV
corresponding to the 1s — 3d electronic transition and a main
edge (1s — 4p) transition at 7123.1 eV, both characteristic for «-
Fe;03 [41]. The WAXS data also confirms crystalline «-Fe;03 in
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Fig. 2. WAXS diffractograms (left) and XANES spectra (right) of the catalyst materials during reduction in H, and Fischer-Tropsch synthesis in CO/H;. (a) Fe;0s3, (b) Fe;03-Cu

and (c) Fe;03-Cu-K-SiO,.

the Fe;03 and Fe,03-Cu samples. «-Fe;03 has major contributions
at 38.5, 41.4, 57.8, 63.3, 73.6 and 75.5° 26 originating from the
(104), (110), (024), (116), (214) and (300) reflections, respectively.
The Fe;03-Cu-K-Si sample does not show a clear contribution of
any crystalline phases in WAXS. However, a very broad contribu-
tion is observed in the regions typical for a-Fe;03. As the XANES
data also suggested the presence of «-Fe;O3 in this sample, the
catalyst precursor most likely consists of amorphous and/or very
small «-Fe,03 crystallites.

Upon exposure to Hy and heating, the catalysts are slowly re-
duced. In the XANES data of the Fe;0O3 catalyst, the edge position
gradually shifts from 7123.5 eV toward 7123.0 eV at 350°C. Dur-
ing the 2 h dwell time at 350°C, the catalyst is largely reduced
to metallic iron, as indicated by the increasing intensity of the
edge feature at 7112.0 eV. The XANES spectra and WAXS diffrac-
tograms of the three catalysts after 2 h reduction in Hy at 350°C

are plotted in Fig. 3. Least squares linear combination fitting of
the XANES spectrum was carried to the estimate the phase com-
position of the catalyst material after pretreatment. The reference
XANES spectra of «-Fe, Fe304 and «-Fe,03 were used to fit the
experimental spectrum, resulting in a phase composition of 58%
Fe®, 38% Fe304 and 4% «-Fe;03. The WAXS data for this catalyst
show similar trends to the XANES data. The «-Fe;O3 phase is ini-
tially converted to Fe304, which has main reflections at 41.5, 67.5
and 74.5° 20, originating from the (311), (511) and (440) reflec-
tion planes, respectively. Subsequently, Fe304 is converted to «-Fe,
which has two diffractions lines, at 52.1° (110) and at 76.8° (200)
26.

As is evident from Fig. 3, there is still a small contribution from
o-Fe;03 after 2 h reduction at 350°C. In addition to the charac-
teristic lines of «-Fe and Fe3Qy, there is also a small contribution
of diffraction lines at 47.6, 50.0 and 50.9° 26. These lines are char-
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Fig. 3. XANES spectra (left) and WAXS diffractograms (right) of the catalyst materials after treatment in H, at 350°C for 2 h.
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Fig. 4. Fourier transformed EXAFS data of the three catalyst materials after reduction
in Hy at 350°C for 2 h. The solid line indicates measured data, dotted lines indicate
references.

acteristic for the (201), (211) and (102) reflections of 6-Fe3C [42].
The observation of this phase is rather surprising, as there was no
carbon source present in the gas phase. However, it is well known
that o-Fe very rapidly dissolves carbon into its crystal lattice after
reduction [43]. It is therefore postulated here that, after reduction
of the iron oxide to metallic «-Fe, this phase forms from adven-
titious carbon present on the surface of the catalyst, similar to
observations by van der Berg et al. [44].

The non-phase corrected, k! weighted, Fourier transformed EX-
AFS data for the reduced catalyst, represented in Fig. 4, confirms
the observations from the WAXS data. The scattering contributions
of Fe304 and «-Fe references show reasonable agreement with the
experimental data. The contribution of «-Fe to the Fourier trans-
form is lower than expected from the XANES data. This is most
probably due to the k! weighting data for the Fourier transform,
which increases the weighing of light scatterers (i.e. O and C) rela-
tive to heavy scatterers (Fe). The k* weighted Fourier transform of
the data (not shown here) indeed shows a significantly larger in-
tensity at Fe-Fe scatterer distances characteristic for «-Fe and the

relative contribution is closer to the phase composition estimations
from XANES.

Fig. 2 illustrates that the Fe;Os3-Cu catalyst is reduced more
rapidly. The XANES data show that at 150°C, the sample is con-
verted into a mixture of Fe304 and «-Fe. At 300°C, it is almost
completely reduced to «-Fe. The WAXS data confirm these obser-
vations. At 150°C, all @-Fe,03 has been converted to a mixture of
Fe304 and «-Fe. At 350°C, the «-Fe is the main crystalline phase.
A very broad contribution at 41.5° 26 indicates the presence of
small Fe304 particles. Again, some 6-Fe3C is observed after 2 h of
reduction. Linear combination fitting of the XANES data yields a
phase composition of 84% Fe® and 16% Fe304.

The «-Fe diffraction lines are much sharper in the Fe;03-Cu
sample compared to the unpromoted Fe,O3 sample. From the
broadening of the «-Fe (110) diffraction line at 52.1° 26, an esti-
mate of the particle size of both catalysts after reduction was made
using the Scherrer equation [45]. The Fe,03 catalyst had an aver-
age «-Fe crystallite size of 20.0 nm, while the Fe;03-Cu catalyst
had an average crystallite size of 30.6 nm (Table 1).

The Fourier transformed EXAFS data (Fig. 4) for this catalyst
confirm that the catalyst is largely reduced after H, treatment.
There is some Fe-O scattering observed around ~1.4 A due to the
presence of Fe304.

Overall, XANES, EXAFS and WAXS data clearly indicate that cop-
per promotes the reduction of iron oxide phases to «-Fe.

The fully promoted Fe,03-Cu-K-Si catalyst reduces much slower
than the unsupported catalysts (Fig. 2). Even after 2 h of reduction
at 350°C, the XANES spectrum (Fig. 3) shows a strong intensity at
~7125 eV, characteristic for the presence of iron in 2+ or 3+ oxi-
dation state. The edge position after reduction is about 7123.0 eV.
Least squares linear combination fitting with «-Fe and Fe304 does
not yield a good fit, suggesting the presence of a third phase. It
is well known in literature, that reduction from «-Fe;03 to «-Fe
proceeds through Fe304 and FeO, respectively. FeO is not normally
observed in the reduction of unsupported (bulk) catalysts but is
often observed in supported catalysts. Strong interaction with the
support material (especially in the case of SiO3) can lead to the for-
mation of iron (II) silicate (Fe;SiO4) species [25,46,47]. The XANES
spectrum indeed resembles literature spectra [48] and our refer-
ence spectrum. The Fourier transformed EXAFS data for this sam-
ple, represented in Fig. 4, fits the reference data when the con-
tribution for both Fe3O4 and Fe,SiO4 are included. Therefore, it is
concluded here that a poorly crystalline Fe;SiO4 phase forms dur-
ing reduction of the supported catalyst. Linear combination fitting
yields a phase composition of 6% Fe®, 64% Fe304 and 30% Fe,SiOj.
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Table 1
Estimated Fe metal crystallite sizes and detected phases after pretreatment and FTS.
Catalyst Pretreatment Metallic Lattice Metal crystallite Phase composition Observed phases Observed
phase constant size after from XANES after from WAXS phases from
(A) pretreatment?® H; reduction after 4 h FTSP EXAFS after
(nm) treatment 4 h FTS
Fe;03 Hy a-Fe 2.87 20.0 58% Fel &-Fe,Cle’-Fe;5C, 6-Fe3C, a-Fe
38% FE304 0—FE3C, FE304,
4% a-Fey03 x-FesCy, a-Fe
CO/H; y-Fe 3.55 44.6 - y-Fe, x-FesCy y-Fe, x-FesCy
y'-Fe 3.58 28.6
Fe;03-Cu Hy «a-Fe 2.88 30.6 84% Fel 6-FesC, x-FesCy, 0-Fe3C, a-Fe
16% Fe304 Fe304, a-Fe
CO/H; y-Fe 3.55 26.4 - y-Fe, x-FesCy y-Fe, x-FesCy
y'-Fe 3.58 29.9
Fe;03-Cu-K-Si H, a-Fe - <10 6% Fel - Fe304,
64% F6304 F625i04
30% Fe,Si04
CO/H2 y-Fe 3.57¢ 12.0¢ - y-Fe, x-FesCy y-Fe, x-FesCy
4 As calculated from WAXS using Scherrer’s equation.
b In order of estimated relative abundance.
¢ Data from possibly overlapping peaks.
¢ s-FeCle-Fe, C O y-FeC,
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Fig. 5. XANES spectra (left) and WAXS diffractograms (right) of the catalyst materials after treatment in Hy at 350°C for 2 h and subsequent Fischer-Tropsch synthesis in

CO/H; at 250°C for 4 h.

The WAXS data show a low intensity, broad, «-Fe peak after reduc-
tion, indicating a crystallite size of well below 10 nm. There is also
a broad contribution from Fe304 in some regions of the diffrac-
togram, again pointing to very small or poorly crystalline particles.
The Fe;SiO4 phase, observed from the XAFS data, is not clearly re-
solved in the WAXS data.

An overview of metal crystallite particle sizes, lattice constants
and calculated phase compositions after H, pretreatment is pre-
sented in Table 1.

3.2. Phase transformations in the H, pretreated catalysts during
Fischer-Tropsch synthesis

After cooling to 250°C, FTS was initiated by switching the gas
flow to CO/H,. The XANES spectra and WAXS patterns during FTS
are shown in Fig. 2. The same data after 4 h FIS are shown in
Fig. 5.

The XANES data of the Fe;O3 sample show a significant in-
crease in the feature at 7112.0 eV, indicating further reduction
of iron species under FT conditions. Furthermore, a slight shift
(0.5 eV) of the edge position to lower energies and an enhanced
intensity at ~ 7130 eV are observed, characteristic for the pres-

ence of a carbide phase [28,49-52]. It is noted here that there are
few papers dealing with the near edge structure of iron carbide
phases and because of the instability these phases, the only carbide
phases considered in these papers are the stable 6-Fe3C [50-52]
or a mixed FeyC phase [28,49]. As «a-Fe and iron carbides gener-
ally have quite similar near edge structures, and no reliable iron
carbide reference materials were available, we use the b.c.c. «-Fe
reference to estimate the total amount of carbides (FexC) present
under the assumption that most reduced iron species are present
as carbides (evidenced by the WAXS data). Although this assump-
tion might lead to less accurate phase compositions we use this
method to give an indication of the amount of carbide species rel-
ative to Fe30g4.

The least squares linear combination fitting of the XANES data
after 4 h of FTS yields a phase composition of 92% FeyC and 8%
Fe304.

The WAXS data show that immediately after switching to FTS
conditions, new diffraction peaks appear in the WAXS pattern.
The diffraction peaks at 43.2, 48.1, 50.0 and 66.8° 20 values
are attributed to the (100), (002), (101) and (102) reflections of
(pseudo)hexagonal ¢-Fe,C, respectively [53]. Niemantsverdriet et
al. later challenged the assignment of this phase and, on the basis
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Fig. 6. Fourier transformed EXAFS data of the calculated carbide reference materials (a) and the three catalyst materials after reduction in H, at 350°C for 2 h and subsequent

4 h FTS in CO/H; at 250°C (b).

of Mdssbauer experiments, suggested that these peaks were better
assigned to the &’-Fe;,C phase [54]. This structure is very similar
to the former structure, except for a lower overall carbon content
and a more disordered crystal structure [55]. A broad diffraction
peak is observed at 52.1° 26, suggesting that a small part of crys-
talline o-Fe was might not have been converted to iron carbides
after 4 h FTS. However, because of the overlap with the 6-Fe3C
(102) diffraction peak and the very small contribution of the (200)
«-Fe diffraction peak, a reliable estimation of the relative amount
of a-Fe cannot be made.

The WAXS pattern suggests a smaller contribution of 6-Fe3C
[42] and x-FesCp [56]. A small contribution of Fe;Cs [57] could
not be ruled out. These carbide phases all show reflections be-
tween 49° and 54° 26, and peak overlap between these reflections
accounts for the broad and unusual peak shape in that 26 range.
The somewhat sharp peaks at 46.3° and 55.3° 26 can be assigned
to the combined (500), (—411) and (020) and the (221) and (2-
21) diffraction peaks of x-FesC,, respectively. These reflections are
distinct for this crystal structure. The broad, underlying contribu-
tion in the WAXS pattern at ~51° and ~57° 26, fits a broad-
ened diffraction pattern of #-Fe3C. A rough estimation of relative
amount of this phase by theoretical profile fitting of the diffrac-
tion pattern shows that, in fact, up to 50 vol% of the sample might
consist of 6-FezC. The largest part of the catalyst might thus be
present as very small or poorly crystalline 6-Fe3C carbides.

a-Fep03, which was present after the reduction step, was con-
sumed during reaction. The «-Fe;Os3 diffraction peaks disappear
from the WAXS pattern after switching to FTS conditions. In ad-
dition, it is observed that the (311) reflection at 41.5° 260, charac-
teristic for Fe304, decreases in intensity and broadens somewhat,
indicating a decrease in crystallite size.

The EXAFS data analysis confirms the conversion of the Fe304/
o-Fe mixture into a carbide phase. Since not all pure iron carbide
reference materials were available, theoretical scattering phases
and amplitudes for 6-Fe3C, x-FesC, and &-Fe,C were calculated
using the FEFF code [40]. Normalized contributions of iron and car-
bon scatterers of the different carbide phases are shown in Fig. 6a.
The amount of carbon dissolved in the iron lattice increases from
0-Fe3C > x-FesCy > ¢-FeyC. However, the relative contribution of
the carbon scatterer does not follow this trend as the contribution
of the iron scatterer in the different phases changes as well and
is highest for the high symmetry ¢-Fe,;C carbide. It can be seen

that the first iron coordination shell shifts from 2.2 A in 6-FesC
to 2.3 A in e-Fe,C as a result of the expansion of the a-Fe b.c.c.
lattice (first shell Fe-Fe 2.1 A (uncorrected)) to accommodate the
higher amount of dissolved carbon.

Fig. 6b shows the EXAFS data of the Fe;03 sample after 4 h FTS,
along with the theoretical contributions of «-Fe and e-Fe,C. The
relatively high intensity of the scattering contribution at 3.2 A and
the high contribution at short scattering distances does not fit the
theoretical ¢-Fe,C reference correctly and may suggests a major
presence of “carbon lean” 6-Fe3C instead of the “carbon rich” e-
Fe,C/e’-Fe; »C phase that was observed in WAXS. This supports the
earlier estimation that up to 50 vol% of the sample might consist
of poorly crystalline or very small 6-Fe3C particles during FTS.

The Fe;03-Cu sample reacts quite differently under FT condi-
tions. In the XANES data recorded during FTS (Fig. 2), a clear shift
of the edge position toward higher energies, a decrease in the
edge feature at 7112.0 eV, accompanied by an increase in inten-
sity of the feature at ~7125 eV is observed after the first 30 min
of FTS. These changes indicate that the catalyst is partially reoxi-
dized, even in the reducing CO/H, atmosphere. The WAXS pattern
(Fig. 5) confirms this. Broad Fe304 diffraction lines appear in the
pattern at 41.5° and 74.5° 20, indicating the appearance of small
Fe304 crystallites. The «-Fe (110) reflection line at 52.1° 26 de-
creases in intensity, while the (200) line at 76.8° 26 disappears
from the WAXS pattern, showing that the phase is almost com-
pletely consumed during FTS. At the same time, a very broad
contribution around 51° and 57° 20 appeared. Distinct peaks at
50.0°, 51.0° and 53.6° 20 can be assigned to the (211), (102) and
(112) reflections of #-Fe3C, respectively. The asymmetric peak cen-
tered at 51.9° 20 is attributed to a combination of the (220) and
(031) reflections of #-FesC and a small contribution of «-Fe. The
broad contribution underlying the sharper 6-Fe;C peaks again sug-
gests that poorly crystalline, smaller 8-Fe3C particles are present in
the catalyst. Some evidence of crystalline &-Fe,C/e’-Fe;2C, Fe7C3
and x-FesC, is found in the diffraction pattern, suggesting a mi-
nor presence of these phases. From linear combination fitting of
the XANES data, the composition of the catalyst after 4 h reaction
time was 86% FeyxC, 14% Fe304.

EXAFS analysis confirms the observation from WAXS that «-Fe
formed after reduction is readily converted during FTS. Similar to
the Fe; 03 catalyst, the EXAFS data show (Fig. 6b) that the catalyst
is largely converted into an iron carbide phase. The high contribu-
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tion at low scattering distances (~1.3 A) and the high scattering
contribution at 3.2 A fit the theoretical scattering of §-Fe3C quite
well. This is in agreement with the WAXS data, where a significant
contribution of the #-Fe3C phase is observed.

The XANES spectrum of the Fe;03-Cu-K-Si catalyst shows a
slight increase in the edge feature at 7112.0 eV upon exposure to
CO/H,, indicative for reduction to Fe® species. The WAXS pattern
also shows small changes. The broad diffraction peak at 52.1° 20,
attributed to «-Fe, slowly decreases in intensity during 4 h FTS,
most likely because of the formation of small iron carbide clusters.
Some weak, broad diffraction signals are observed in the regions
typical for carbides (~50° 260). It is, however, not possible to assign
these broad lines to specific carbide phases. Linear combination fit-
ting of the XANES data results in a phase composition of 4% Fe,C,
66% Fe304 and 30% Fe,SiO4 after 4 h of FTS. EXAFS (Fig. 6b) does
not show significant changes after 4 h of FTS. The main scattering
peaks that are observed reflect the calculated composition from
the linear combination fitting of the XANES data.

The main detected phases by WAXS and EXAFS and the calcu-
lated phase compositions from XANES after 4 h FTS are presented
in Table 1.

3.3. Effect of direct CO/H, activation on the iron phase composition

Activation of the catalyst materials in a mixture of CO/H,
yielded very different results from H; activation. Overall, the cat-
alyst materials were converted much more facilely and all catalyst
materials showed roughly the same composition after treatment.
The WAXS and XANES data collected during heating in CO/Hj, is
shown in Fig. 7.

For the Fe;O3 and Fep;O3-Cu samples, most of the iron oxide
precursor is consumed at 210 °C. The XANES data suggest a slightly
faster reduction of the Fe;03-Cu catalyst. However, the difference
is very small compared to the differences observed in the case of
H, reduction. The WAXS data show that both catalysts are con-
verted from Fe,03 to Fe304, a-Fe and finally into a mixture of
x -FesC, and two distinct phases of (face centered cubic (f.c.c.)) y-
Fe. The intensity of the x-FesC, lines at 46.3° and 55.3° 20 are
low, but resolvable. However, since the theoretical reflection in-
tensities of this phase are much weaker compared to y-Fe, the
amount of this carbide phase in the samples is substantial. The
XANES and WAXS data of the three catalysts after CO/H, treat-
ment are shown in Fig. 8. From the WAXS data, lattice parameters
for both y-Fe phases were calculated. The lattice parameters were
a (=b=c)=3.55 A and 3.58 A. The occurrence of a second y-Fe
phase (at lower 26) above 400°C, suggests that y-Fe is partially
converted into another, expanded, y’-Fe phase. This is probably a
result of dissolution of more carbon into its f.c.c. crystal structure.

For the Fe;03-Cu-K-Si catalyst, the XANES results show that
the catalyst is not completely reduced even after reaching 450°C
(Figs. 7 and 8). Typical reduction steps appear to be delayed by
about 50 °C when compared to the Fe;O3 and Fe;03-Cu catalyst.

The XANES data of the three catalyst materials could not be
fitted correctly by using the o-Fe reference. Therefore, estimated
phase compositions are not reported here. It can be seen from the
data, however, that the reduction degree of the catalysts compares
as Fep03-Cu-K-Si < Fe;03 < Fep03-Cu.

Diffraction lines were exceptionally broad in this sample, in-
dicating a very small crystallite size. The intensity of the two
diffraction peaks at 450°C was significantly lower in this sample,
indicative for a lower overall crystallinity of the material. The cal-
culated crystallite sizes and unit cell lattice constants for the three
different catalysts are reported in Table 1. A small, broad contribu-
tion of yx-Fe5;C, was observed in the WAXS pattern of this catalyst.
A rough estimation of the relative amount of crystalline phases
was made by fitting the data. The vol% of x-FesC, changed from

20% in the Fe;03 and Fe;03-Cu-K-Si sample to 30% in the Fe;O3-
Cu sample.

The Fourier transformed EXAFS data for the three catalysts are
plotted in Fig. 9. Similar to the WAXS data, the EXAFS data of the
three catalysts do not show major differences. The main scatter-
ing contribution at ~2.1 A fits a combination of the calculated
scattering contributions of y-Fe and x-FesC,. There is a clear con-
tribution at 1.3 A for all three catalysts, which fits the calculated
carbon scattering contribution of the carbide phases. This contri-
bution increases from Fe;03 < Fe;03-Cu < Fe;03-Cu-K-Si. This, in
combination with the increasing broadness of the main scattering
contribution at ~2.1 A and the scattering contribution at ~3.3 A
from Fe;03 < Fe;03-Cu < FepO3-Cu-K-Si, suggest that the carbide
content of the Fe;03-Cu-K-Si catalyst may be larger than for the
two unsupported catalysts, and larger than one would expect on
the basis of the WAXS analysis. This is a strong indication that, as
was observed for the y-Fe phase in this sample, the x-FesC, car-
bide phase is less crystalline and/or smaller than in the other two
samples.

Metal crystallite sizes, lattice constants and detected phases
from WAXS and EXAFS after CO/H, pretreatment are reported in
Table 1.

3.4. Catalytic performance

The performance of the activated catalysts for both pretreat-
ments is summarized in Fig. 10 and Table 2. Immediately after
activation in Hj, both the Fe;03 and Fe,03-Cu catalyst show FTS
activity. Within roughly 3 h, the activity drops to half of its initial
value for these catalysts and after 10 h the activity is almost sta-
ble, although it slowly continues to decline with time on stream.
The Cs4 (chains of five carbon atoms and longer) selectivity of the
Fe;03 catalyst dramatically decreases with time as the CHy selec-
tivity increases from 6% to 19%. The Fe;03-Cu catalyst shows a less
dramatic decrease in selectivity to longer hydrocarbon chains after
15 h FTS.

The fully promoted Fe;03-Cu-K-Si catalyst shows very differ-
ent catalytic performance with time on stream. After activation in
Hy, the catalyst slowly becomes active, reaching steady state after
about 5 h on stream. After 15 h the catalyst is more than twice as
active as the Fe;03 and Fe;03-Cu catalysts. However, the Cs; se-
lectivity is somewhat lower than for those catalysts, stabilizing at
40% with a CHy selectivity of 17%.

The CO/H; activated catalysts showed distinct catalytic be-
havior. When treated in CO/H; at 350°C or 450°C (not shown
here), the catalysts showed almost no FTS activity. Heating slowly
(2°C/min) in a mixture of CO/H, up to 300 °C or lower, resulted in
very active, selective and stable catalysts. The performance of the
catalysts after this treatment is shown in Fig. 10 and Table 2. It
can be seen that all three catalysts show initial FTS activity, while
the Fe;03-Cu and Fe;03-Cu-K-Si catalysts continue to grow more
active within the first 15 h time on stream. The CH4 and Cs4 se-
lectivity of the catalysts after 15 h are comparable. The catalytic
performance of the Fe;03-Cu catalyst is clearly superior with 68.2%
Cs, selectivity and a conversion of 3.80 x 106 molCOgFe~1s~1.

It should be noted here that though the Fe;03-Cu-K-Si catalyst
contained K, no typical influence of this promoter on the catalyst
selectivity was observed in the catalytic tests. This might be due
to the low FTS reaction pressure and conversion, where the alkali
promotion effect might be less pronounced [14].

4. Discussion
The three iron-based catalyst materials converted in a signif-

icantly different way upon Hj; pretreatment, pretreatment in a
CO/H; mixture, and during FTS.
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Fig. 7. WAXS diffractograms (left) and XANES spectra (right) of the catalyst materials during treatment in a CO/H; mixture at increasing temperatures. (a) Fe;03, (b) Fe;03-Cu

and (c) Fe;03-Cu-K-SiO,.

In the unsupported Fe;03-Cu catalyst, Cu promotes the reduc-
tion of the initial iron oxide phase. However, whereas after H
treatment the catalyst material is more reduced compared to the
Fe,03 catalyst, during FTS it is oxidized and shows similar Fe304
content. The supported Fe;03-Cu-K-Si catalyst showed very dis-
tinct reduction behavior from the two bulk catalysts upon H;
treatment. Only a very small contribution of metallic «-Fe was
observed from WAXS and XANES. The catalyst mainly consisted
of Fe304 and iron (II) silicate (Fe,;SiO4). The latter phase is likely
formed by the strong interaction between Fe2* (Fe;_xO) species
and the SiO; support. Nonetheless, the catalyst showed superior

activity and comparable selectivity to the unsupported catalysts af-
ter 4 h FTS. It undergoes an induction period and only gradually
becomes active. Possibly, the small «-Fe crystallites in this cata-
lyst, in combination with strong interaction with the SiO, support
causes slower carburization compared to the bulk catalysts and
therefore longer activation times. Both the Fe,03 and the Fe;03-
Cu catalyst were active from the start of FTS and underwent rapid
deactivation.

After CO/H;, pretreatment, all catalysts show similar composi-
tion and consist of y-Fe along with small x-FesC, crystallites.
y-Fe has not before been reported as a major phase in FTS; only
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Fig. 9. Fourier transformed EXAFS data of the catalyst materials after treatment in
CO/H, while heating up to 450°C with a temperature ramp of 2 °C/min. The solid
line indicates experimental data, dotted lines indicate reference compounds.

minor amounts of the phase are sometimes found in spent cata-
lysts. Interestingly, the phase diagram of the Fe-C system indicates
that for bulk systems y-Fe is only formed above 723 °C [58]. This
is at significantly higher temperatures than the 250 °C observed for
the three catalysts. However, as the catalysts consist of nanometer
sized iron oxide particles, the surface enthalpies and energetics of
phase transformations might be significantly different from larger
crystallites [59]. Furthermore, because our experiments are per-
formed in situ in a fixed bed-like reactor, it is possible that y-Fe is
formed under our reactor conditions, but changes through an eu-
tectoid reaction into «-Fe and 6-Fe3C upon cooling (i.e. the pearlite
reaction) [58] and therefore is not typically observed in ex situ
studies.

Both WAXS and EXAFS show a lower extent of carburization
after treatment in CO/Hy compared to the Hy treated and subse-
quently CO/H; exposed samples. Apparently y-Fe is more stable
to carburization. It is known that the y-Fe phase can accommo-
date up to 2 wt% of carbon before disproportionating to a mix-
ture of iron carbides and y-Fe. This is significantly more than
the 0.02 wt% that o-Fe can dissolve [58]. Therefore, it can be ex-
pected that «-Fe is more readily converted to iron carbides and
that carbon buildup might proceed faster on «-Fe with respect to

the more accommodating y-Fe structure. This could explain the
higher, stable catalytic activity of the CO/H, pretreated catalysts
after prolonged reaction times.

As expected, the CO/H, mixture has more reducing power than
H;. The Fe;03-Cu-K-Si catalyst was largely reduced after CO/H;
treatment at temperatures as low as 250 °C, while the major part
of the iron species remained oxidic in the case of Hy reduction.
Reduction in CO/H, also has an important advantage in the sense
that no Fe;SiO4 is formed during treatment, thereby limiting the
loss of iron into the support material and increasing its availability
for FTS active species. The fact that no Fe;SiO4 is observed suggests
an alternative reduction pathway in the case of the CO/H, mixture.
It is known that above 230°C at elevated pressure (15 bar), H,O
can react with SiO; to form reactive, volatile, Si(OH)4 species [60,
61]. In earlier work on supported Fe/SiO, catalysts, Dumesic and
Lund [62] demonstrated that SiO, species can even become mo-
bile at atmospheric H,O pressure at temperatures around 400 °C.
Mobile Si species can react with the partly reduced iron species
to form an iron (II) silicate phase. Wielers et al. [46] observed
the encapsulation of iron species by iron (1) silicate during H; re-
duction. In their 20 wt% Fe/SiO, system, they even suggested that
the precursor iron (III) species were completely converted into iron
(1I) silicates before being reduced to metallic iron at temperatures
above 500°C. A recent in situ study performed in our group [25]
and our present study strongly confirm these observations. The fact
that reduction in CO/H; leads to the dominant presence of metal-
lic iron suggest that no mobile, reactive silica species are formed
in the presence of CO, possibly due to the reaction of iron ox-
ide species with CO, forming CO,. Thermodynamically, this is the
preferred reaction and mass spectrometry results also show the fa-
vored formation of CO, over H;0. The lower resulting H,O partial
pressures may prevent the formation of iron silicates. The CO/H;
pretreated catalyst showed higher FTS activity and much higher
selectivity as compared to the Hy pretreated catalyst after 15 h
on stream. There was no significant difference in reduction be-
havior between the Fe,03 and Fe;03-Cu sample during the CO/H;
treatment, in contrast to the Hj treated catalysts. This further sug-
gests an alternative reduction pathway involving CO. The suggested
mechanism for Cu promotion involves the ability of metallic Cu
to dissociate hydrogen and consecutive “spill-over” to the iron ox-
ide, thus facilitating reduction. The fact that no clear differences
are seen between the samples during CO/H, treatment, suggests a
limited role of the H; reductant and the Cu promotion mechanism.

It is unclear from the data why the catalysts treated at 350°C
and 450°C in CO/H, showed low FTS activity, while those that
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Fig. 10. Fischer-Tropsch synthesis performance data at 1 bar and 250 °C of the three materials after reduction in H, at 350°C for 2 h (upper graphs) and after pretreatment
in CO/H, while heating up to 300°C with a heating ramp of 2 °C/min (lower graphs). The dotted line in the graph indicates the end of XAFS/WAXS data collection.

Table 2
Fischer-Tropsch synthesis reaction performance data at 1 bar, CO:H, (1:2) and 250°C.
Catalyst Pretreatment Activity at Activity at Activity at CHy selectivity at Cs selectivity at
FTS;—op* FTS;—4p? FTSi=151* FTS¢=15h (%) FTS¢=15h (%)

Fe,03 H, 1.12 0.34 0.20 16.5 39.9

CO/H, 1.04 1.07 1.25 7.5 67.7
Fe;03-Cu H, 0.91 0.40 0.22 14.4 46.9

CO/H, 2.37 3.21 3.80 7.6 68.2
Fe,03-Cu-K-Si H, 0.25 0.63 0.69 16.7 39.2

CO/H, 0.25 0.46 0.98 8.9 67.3

2 10-5molCOgFe~'s1.

were treated below this temperature were very active. Possible
explanations might be excessive sintering or the deposition of in-
active carbon on the active surface of the catalyst. This was not
directly visible in the XAFS/WAXS data. Carbon deposition has been
reported in high temperature FTS reaction and is a common cause
for catalyst deactivation [54,63,64]. Indeed, Dry et al. reported a
tenfold increase in carbon deposition during FTS between 285 °C
and 338°C.

The fact that the H, pretreated Fe;03-Cu-K-Si catalyst is more
active than the Fe;O3 and Fe,03-Cu catalysts after 4 h FTS, even
though WAXS and XANES data of the former catalyst indicate
only a minor presence of carbide phases, illustrates that it is not

straightforward to relate particle sizes and iron phases present in
these catalysts to catalyst performance. This study confirms the dy-
namic nature of iron phases in FTS catalysts during reaction [6]. In
view of the activation/deactivation behavior of the catalysts, the
number of FTS active sites is expected to change strongly during
FTS. The Fe;03-Cu-K-Si catalyst has a higher dispersion than both
unsupported systems, but differences in dispersion do not explain
the higher activity after 4 h FTS. Interactions with the support ma-
terial are expected to substantially influence reaction performance
of the supported catalyst, as illustrated by the lower degree of re-
duced species in this catalyst. Furthermore, as noted above, carbon
species play an important role in determining the availability of
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active surface sites and therefore significantly influence the final
performance of the different catalyst systems under study.

A clear correlation between detected crystalline phases and cat-
alyst performance was not always evident. This is not unexpected,
as larger crystals, by definition, have a limited surface area on
which gas phase reactant can be adsorbed and therefore may play
a limited role in determining the catalytic performance of a solid.
However, certain crystalline iron carbide phase and/or a particu-
larly active crystal face may still accommodate active surface sites
by inducing steric and/or electronic effects, and thereby indirectly
influencing the FTS performance. In the case of the CO/H; activated
catalysts, for example, the amount of crystalline x-FesCy, carbides
seemed to play a role in the catalyst activity, with the most ac-
tive catalyst (Fe;03-Cu) showing the largest amount of this carbide
phase in WAXS.

The main crystalline phases observed in WAXS were shown to
not always be the dominant phases observed from XAFS. In this
sense, the local environment of the iron species from EXAFS pro-
vided complementary information about the catalyst systems to
WAXS. The deactivation of the unsupported H, treated catalysts
paralleled the occurrence of very small, amorphous 6-FesC clus-
ters, difficult to observe in WAXS. Therefore, based on our results,
6-Fe3C may play an important role in catalyst deactivation. No 6-
Fe3C was observed in the H, reduced Fe;03-Cu-K-Si catalyst and
all CO/H, pretreated catalyst materials after FTS. Combined with
the high relative stability these systems, this suggests that the
observed deactivation of the H, pretreated, unsupported catalysts
might involve the fast formation of a stable (amorphous) 6-Fe3C
phase along with non-stoichiometric amounts of carbon. Unfortu-
nately, we could not directly probe the carbon species deposited on
the catalyst materials using our combined setup. However, the for-
mation of 6-Fe3C is often associated with the buildup of carbona-
ceous species [65] and it is known that it is difficult to synthesize
0-Fe3C without some contribution of surface carbon [66,67]. Fur-
thermore, the break-up of §-Fe3C crystals into smaller clusters as a
result of carbon deposition is commonly reported in literature [68].

It is noted here that in our present study, FTS conditions were
limited to differential conditions in order to effectively correlate
catalyst structure and performance. Because of this, the extent of
catalyst deactivation by oxidation, an important issue in iron-based
catalysts [6], was limited. Furthermore, the ambient reactant pres-
sure might have some effect on the bulk iron phases and surface
carbon species that are formed during FTS compared to high pres-
sure experiments. Future challenges include studying the system at
elevated pressure and high conversion.

5. Conclusion

The characterization of iron-based catalysts in a fixed bed type
reactor by in situ XAFS/WAXS provided unique insights into local
and long range order of iron species during FTS. It was shown
that the observations from the two techniques complemented each
other. Whereas WAXS showed crystalline phases to be present af-
ter activation and during FTS, XAFS analysis suggested that for
some catalysts, the majority of iron was present in amorphous
phases, which were harder to detect by WAXS.

The two unsupported catalysts were largely reduced after 2 h in
H, at 350°C. These materials readily converted to carbides under
FTS conditions. Both catalysts deactivated rapidly during the first
4 h of FTS while the SiO, supported catalyst was still activating
during this time. 6-Fe3C was the main phase in both unsupported,
deactivated catalysts, suggesting an important (indirect) role of this
carbide phase in the deposition of carbonaceous species contribut-
ing to the overall deactivation process. In the supported iron-based
FTS catalyst, almost no crystalline phases were observed during Hy
activation and FTS and the largest part of the catalyst was present

as a mixture of Fe3O4 and an iron (II) silicate phase, most likely
in the form of Fe,;SiO4. The catalyst activated very slowly during
FTS and no crystalline phases were observed, even after 4 h FTS.
Activation in CO/H; led to the formation of f.c.c. y-Fe at tempera-
tures above 250 °C in all three catalyst materials. Two distinct y -Fe
phases were observed in the unsupported catalysts after treatment
up to 450°C, possibly owing to the lattice expansion as a result
of dissolution of carbon atoms in the y-Fe f.c.c. structure. A sig-
nificant contribution (up to 30 vol%) of crystalline x-FesC; was
observed in the catalysts. The copper promoter had a less profound
effect on the CO/H; activation treatment than was the case for Hy
treatment, suggesting an alternative reduction route in the CO/H,
treatment. This was further confirmed by the absence of iron (II)
silicate species in the supported catalyst, suggesting limited mobil-
ity of silicon species due to lower partial pressures of HyO. Dur-
ing FTS, the unsupported catalysts that were activated at 300°C
proved to be more active with time on stream compared to the
same catalysts activated in Hp, possibly owing to the prevention
of the formation of small 6-Fe3C clusters and non-stoichiometric
amounts of inactive carbon. The activity and selectivity of the three
catalysts materials after CO/H; activation were superior to the per-
formance of the H; reduced catalysts.

The iron-based FTS catalyst system remains a dynamic, com-
plex system and it was shown that the final catalyst structure and
performance are strongly dependent on the pretreatment condi-
tions used. Industrially, the FTS reaction pressure and conversion
conditions are very different from our present model study. These
conditions are expected to play an important role in overall FTS re-
action performance and possibly also on the iron phases that are
formed. Therefore, future studies will include studying the systems
under these conditions.
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