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ARTICLE INFO ABSTRACT

Keywords: Chromium promotion of iron oxide based water-gas shift (WGS) catalysts prepared via co-precipitation/
Water-gas shift reaction calcination was investigated. Mossbauer spectroscopy and XRD evidence that chromium is incorporated in the
Iron oxide calcined hematite (a-FexO3) precursor irrespective of the doping level (0—12 wt.%). CO-TPR shows chromium
g?g;?ig: delays the reduction of hematite and the active magnetite (Fe304) phase. WGS activity was evaluated under

realistic conditions for 4 days. Enhanced CO conversion was observed with increased chromium doping.
Mossbauer spectra indicate that chromium incorporates into octahedral sites of magnetite and prevents reduction
of Fe3* to Fe?* during formation of the active phase, leading to an increased Fe>*/Fe?" ratio in octahedral sites.
The higher Fe>*/Fe?* ratio did not affect the high CO conversion associated with the structural stabilization
mechanism of Cr-doping. Interpretation of the Mossbauer spectra was supported by computational modelling of
various chromium and vacancy-doped magnetite structures. The bulk structure of an in situ prepared chromium-
doped high-temperature WGS catalyst is best described as a partially oxidized chromium-doped magnetite phase.
No surface effects of Cr-doping were found.

Mossbauer spectroscopy

1. Introduction

Hydrogen is an important reagent used mainly in industrial ammonia
synthesis [1,2]. Traditionally, hydrogen is produced by the steam
methane reforming (SMR) process, which involves the water-gas shift
(WGS) reaction to maximise hydrogen production (1) [1,3]. As the WGS
reaction is mildly exothermic (AH =—40.6 kJ/mol), high CO conversion
is favoured at low temperature [1]. In practice, the WGS section is
divided into two steps: (i) a high-temperature shift (HTS) step, which is
typically performed at 350—450 °C over an
iron-chromium-copper-oxide catalyst and removes the bulk of CO from
the synthesis gas product stream from the SMR step, and (ii) a
low-temperature shift (LTS) step, performed at temperatures in the
range of 190—250 °C on a more active copper-zinc-alumina catalyst
[3-6]. In the HTS step, the CO concentration is typically decreased from
10-15% CO to 2-4 % CO [4].
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H,O + CO 2 CO, + Hy 1)

The active phase of HTS catalysts, magnetite, is formed in situ by
partial reduction of hematite or other bulk Fe>*-oxide precursors such as
maghemite (y-FeoO3) [5,7]. Magnetite has an inverse spinel structure
with the formula AB;04 [7]. In stoichiometric magnetite the tetrahedral
A-sites are occupied by Fe3* and the octahedral B-sites by an equimolar
mixture of Fe** and Fe3* [8]. The activity of iron-based WGS catalysts is
often linked to the Fe?>*/Fe®' redox couple in the octahedral sites [1,9].
Boreskov et al. [10] showed that Fe?* can be oxidised by Hy0 to Fe>*
and Fe®' can be reduced to Fe>™ by CO. More recently, Keturakis et al.
[5] confirmed that the HTS reaction follows a redox mechanism and that
oxygen atoms at the surface are the most abundant reactive in-
termediates. Magnetite as such is prone to thermal agglomeration and
over-reduction under practical WGS conditions [1,2]. The addition of
chromium to the Fe3*-oxide precursor typically increases the stability of
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magnetite towards sintering and reduction of the active phase to Wiistite
(FeO), metallic iron, and iron carbides. Metallic iron and iron carbides
are highly undesired, because they catalyse methanation and
Fischer-Tropsch side-reactions. Keturakis et al. [5] recently showed that
hexavalent chromium, which is present on the surface of freshly calcined
catalysts, is reduced to Cr®* upon exposure to WGS feed mixtures. Ac-
cording to Keturakis et al., the main role of chromium is that of a
structural promoter, decreasing sintering and over-reduction. Khan and
Smirniotis [7] showed that hematite is converted into magnetite under
atmospheric pressure HTS conditions and that chromium stabilizes the
active phase against sintering. The positive effect of chromium against
sintering of the active phase was later confirmed by Reddy et al. [11]
Another proposed role of chromium is that of a chemical promoter,
enhancing the WGS activity of magnetite by involvement of the
cr®/cr®* redox couple [2,12]. This view is not supported by more
recent findings however [13]. Robbins et al. [14] and Topsge and
Boudart [15] showed by Mossbauer spectroscopy that chromium is
incorporated in octahedral sites of magnetite. Reddy et al. [16] recently
confirmed this for their WGS catalysts. The exact position of chromium
in the octahedral sites is however still unknown. Robbins et al. [14]
reported that chromium replaces an equal amount of Fe?* and Fe*' in
the octahedral sites, while Topsge and Boudart [15] could not confirm
this for their WGS catalysts. A difference between these studies is that
only the work of Topsge and Boudart involved Mossbauer spectroscopy
characterization of samples after exposure to WGS reaction conditions.
A literature review by Zhu and Wachs [1] mentioned that cr3t replaces
Fe3* at octahedral sites of magnetite, which is the active phase for the
HTS reaction. Nevertheless, these authors recently referred to the Rob-
bins model as the correct model of chromium incorporation [13]. Rangel
et al. [17] showed that chromium-doped magnetite, prepared by heating
chromium-containing iron(Ill)hydroxyacetates, resulted in a lower
Fe>/Fe3* ratio compared to stoichiometric magnetite. This was
explained by the preference of Cr’* to occupy octahedral sites, which
prevents Fe?" formation. More Fe?* was observed upon use of their
catalysts in the WGS reaction. Commercial HTS catalysts also contain
small amounts of CuO to enhance CO conversion [18]. Copper is known
to form a separate metallic phase, which may be partially covered by an
iron oxide over-layer during HTS conditions. These partially covered
Cu® nanoparticles enhance CO conversion by providing additional active
sites [19,20].

Concerns about the presence of Cr®t in the fresh catalyst [21] have
resulted in the search for novel compositions in which chromium is
replaced by other dopants [6,13]. Rational design of such a catalyst is
hindered by a lack of clear understanding of the working mechanism of
Cr stabilization and the local structure of Cr in magnetite. The recent
insights discussed above for chromium-doped iron oxide catalysts were
mostly obtained under conditions different from industrial HTS condi-
tions, i.e., atmospheric pressure and/or non-representative WGS reac-
tion feed mixtures. A thorough characterization study of such catalysts
aged for a prolonged time under industrially relevant HTS conditions is
still lacking.

The aim of this study is to understand better the role of chromium in
Fe-based HTS catalysts with a focus on the location of chromium in the
active magnetite phase obtained when the catalyst precursor is exposed
to industrially relevant WGS conditions [4]. A range of Fe-Cr mixed
oxide  catalysts were prepared via a  single step
co-precipitation/calcination route. Dedicated ageing protocols were
used including prolonged exposure to HTS conditions, industrially
relevant gas feed compositions, and high pressure. Catalysts were aged
at 2 and 25 bar to investigate the influence of the reaction pressure.

The bulk and surface properties of the aged catalysts were investi-
gated by XRD, XPS and Mossbauer spectroscopy. XRD, Mossbauer
spectroscopy, CO-TPR, N-physisorption, and TEM were also applied to
gain insight into the chromium in the catalyst precursors. Mossbauer
spectroscopy is a highly sensitive bulk technique based on the effect
discovered by Mossbauer in 1958, involving the nearly recoil-free
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emission and absorption of nuclear X-rays in solids [22]. This tech-
nique is extremely useful for the study of iron catalysts [23,24]. Its
sensitivity for iron allows for deconvolution of Mossbauer spectra of the
active magnetite phase into separate sub-spectra for the tetrahedral and
octahedral Fe sites from which detailed information on local dopant
incorporation and oxidation state can be obtained. The interpretation of
experimental Mossbauer parameters for chromium-doped magnetite
catalysts was supported by computing hyperfine parameters of a range
of magnetite structures containing iron vacancies or chromium in
octahedral sites. Chromium-doping in tetrahedral positions was not
considered based on existing experimental evidence [14,15,17]. The
formal composition of magnetite is [F63+] A[Fe2+Fe3+]B[02’]4 where
cations in A and B sites are tetrahedrally and octahedrally coordinated
by oxygen, respectively [8,25]. The B sublattice exhibits mixed-valance
character. The structure of magnetite depends on the temperature: the
inverse cubic spinel of magnetite above the Verwey phase transition at
120 K, characterized by equivalency of all A and B sites, transforms in
the monoclinic Cc structure with 8 different groups of crystallographi-
cally equivalent A sites and 16 different groups of crystallographically B
sites.

2. Experimental
2.1. Catalyst preparation

Catalysts were prepared by a single-step co-precipitation/calcination
method described elsewhere [26]. Briefly, appropriate amounts of
chromium and iron nitrates were dissolved in deionised water and
precipitated by addition of an aqueous NaOH solution. The resulting
slurry was aged at 60 °C and pH 10 for 1 h, after which it was filtered
and washed before drying at 150 °C for 3 h and calcination at 400 °C for
4 hin air. A total of 5 catalysts with compositions of x wt.% Cry03 (x =0,
1, 4, 8, and 12) in a-Fe,O3 were prepared in this way. Catalysts were
denoted as Cr(x) in the following.

2.2. Catalyst characterization

X-ray powder diffraction (XRD) patterns were recorded on a
PANalitical X pert pro diffractometer between 10' < 20 < 100, step size
0.008; using Cu-K, radiation. The HighScore Plus software was used for
spectral fitting. Approximately 30 mg of sample was placed in an
airtight sample holder and characterised at room temperature. The aged
catalysts were stored and measured under Ar, calcined catalysts were
stored and measured in air.

Temperature programmed reduction (CO-TPR) experiments were
performed in a quartz tube suspended in a tubular oven. In a typical
experiment, 50 mg freshly calcined catalyst was diluted with 200 mg
SiC and placed in between quartz wool plugs in a quartz reactor tube.
The samples were pre-treated at 400 °C under 10 % Oy/He flow (50 mL
min~1) for 1 h. The reactor was then purged with He and cooled to
room-temperature. The temperature was subsequently ramped to
650 °C under a constant flow of 10 % CO/He (50 mL min ). A heating
rate of 5°C min~! was maintained during pre-treatment and the TPR
experiment. Product formation was monitored by an online mass spec-
trometer (ESS, GeneSys Evolution), different reduction temperatures
were determined by the shift in COy evolution peak. A Mossbuaer
spectrum was recorded of a Cr(0) sample after stopping the reaction at
411 °C by replacing the CO/He feed with He followed by cooling to
room temperature. The sample was then exposed to air and a Mossbauer
spectrum was recorded at room temperature.

Transmission >’Fe Mossbauer spectra were recorded in constant-
acceleration and sinusoidal velocity spectrometers [27] using a 5Co
(Rh) source. Samples (~30 mg) were mixed with graphite and placed
between Kapton foil in a copper ring. In the room-temperature
Mossbauer measurements, the source and absorber were kept at
ambient conditions, while in the low-temperature measurements the
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Table 1
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Fe-oxide reference structures used to determine hyperfine parameters of Fe nuclei using DFT.

Structure” Name” Cr content (%) Content of Fe vacancies (%) Space group Lattice parameters A)
Fe304 Fe304 (magnetite) 0 - Fd-3m a=8.424
(Feg)[CrFe 51033 Cr-1 4.2 - R-3m a=11.901
c=14.574
y =120°
(Feg)[CroFeq4]1032 Cr-2 (D 8.3 - c2 a=11.932
b =25.377
c¢=11.853
y = 160.6°
Cr-2 (I Cm a=11.933
Cr-2 (11D C2/m b =8.410
c=11.854
vy =89.5°
(Fey)[CrFes3]Og Cr-4 16.7 - R-3m a=5.870
c=14.883
¥ =120°
(Fey)[CroFe3]Og Cr-8 33.3 - Fm-3 a=28.395
(Feq6) [(OFe311064 Vac-0.5 - 2.1 R-3m a=11.914
c=29.183
y=120°
(Fea4)[[sFea0]O0g6 Vac-8/3 (maghemite) - 11.1 P4,2,2 a =8.503
c = 25.456
(Fey)[[JFe3]0g Vac-4 - 16.7 R-3m a=5.876
c=14.394
¥ =120°

@ Fe ions in tetrahedral positions are shown in parentheses (), Fe ions in octahedral position in brackets []. Octahedral metal vacancies are indicated by a square [].
b Cr-x refers to chromium-doped models with x indicating the number of octahedral Fe ions being replaced by Cr®* per unit cell. Vac-x refers to structures containing

octahedral vacancies with x referring the number of such vacancies per unit cell.

source and absorber were cooled in liquid He. The temperature was
constant during the measurements. Mossbauer spectra were recorded in
a standard He bath cryostat. The source if connected via a rod to the
transducer and the direction of the y-beam is vertical. The absorber and
source can be moved independently from the cryostat which allows for
the recording of room-temperature spectra outside of the cryostat
without the need for heating the cryostat to room-temperature. Veloc-
ities are reported relative to a-Fe at room-temperature. The Mosswinn
4.0 software was used for spectral fitting [28]. Samples were stored
under argon atmosphere prior to and during characterisation.

N, physisorption experiments were performed on a Micromeritics
2420 ASAP instrument. Samples were degassed with nitrogen at 140 °C
for at least 1 h prior to characterisation. A p/pg range of 0.005 to 0.995
was used for the absorption/desorption measurements. Around 500 mg
sample was used for each measurement.

Transmission electron microscopy (TEM) images were recorded
on a FEI Tecnai 20 (type Sphera) TEM. Samples were suspended in
~3 mL acetone, sonicated for ~30 min in a sonication bath, and sub-
sequently dispersed over a Cu grid containing holey carbon film. Particle
size averages were obtained by counting 200 particles per sample using
ImageJ software.

X-ray photoelectron spectra (XPS) were recorded on a Thermo
Scientific K-Alpha spectrometer using an aluminium anode (Al Ko
=1486.6 eV). Binding energy calibration was performed relative to
adventitious carbon at BE =285 eV. The CasaXPS software (version
2.3.19PR1.0) was used for spectral fitting. Samples were transferred to
the spectrometer under vacuum. The pressure in the XPS analysis
chamber was typically below 10~° mbar, while the pressure during
sample transfer was in the range of 0.1 mbar.

Catalytic activity measurements were performed in a custom-built
set-up comprising 6 parallel fixed-bed microreactors with an inner
diameter of 3 mm and a length of ~20 cm, operated under identical
conditions (temperature, pressure, inlet gas composition) at 2 or 25 bar.
Thermocouples placed in the jacket walls of the microreactors, 10 cm
below the reactor inlet, ensured isothermal operation. The micro-
reactors were housed in a nitrogen-purged oven. Liquid water was added
using peristaltic pumps and vaporised inside the oven prior to mixing
with the dry gas feed. Exit gas compositions were measured at 1 bar

using an online infrared gas analyser (Emerson X-Stream 2), capable of
simultaneous analysis of CO, CO and methane. The relative error in the
gas analysis values was estimated to be ~5%. The exit gas compositions
of the different reactors were collected after a stabilisation period of
45 min per reactor, after which time the next reactor stream was
selected by means of an automated Valco selection valve. In a typical
experiment, the reactor tubes were charged with 100 mg catalyst diluted
with 500 mg a-Al,O3. The reactors were purged with nitrogen after
which the temperature was raised to 250 °C at a rate of 2 °C min~ ..
Steam was added followed by the addition of reaction gas to reach the
desired composition (37 % Hj, 9% CO, 4% CO3, 17 % Ny, 33 % H,0)
representative for industrial HTS conditions. The temperature was
subsequently ramped to 450 °C at a rate of 1 °C min~! and maintained
for 24 h to age the catalyst at equilibrium conversion, while CO con-
version was recorded. The temperature was then lowered to 360 °C and
the activity was measured for 24 h at conditions relatively far away from
thermodynamic equilibrium. A second thermal ageing step was carried
out at 450 °C for 24 h followed by additional activity measurement at
360 °C for 24 h. The temperature was then lowered to 250 °C and the
H,, CO, and CO, flows were switched to N,. When no more CO was
observed in the effluent stream, steam addition was stopped and the
catalysts were cooled to room-temperature in nitrogen flow. The re-
actors were then closed off and transferred to a glovebox where the
catalysts were removed under inert atmosphere to ensure no air expo-
sure occurred. The catalysts were finally stored under an argon atmo-
sphere prior to characterization.

2.3. Computational modelling

Hyperfine parameters required for simulating Mossbauer spectra
were calculated based on spin-polarized density functional theory (DFT)
using WIEN2k [29], which employs full-potential augmented
plane-wave method to describe the ion-electron interactions. The size of
the basis set and the number of k-points in reciprocal space were care-
fully converged. Electron-exchange correlation was represented by the
generalized gradient approximation (GGA) with the
Perdew-Burke-Ernzerhof (PBE) exchange-correlation functional. Radii
of the atomic spheres for Fe, Cr, and O atoms were chosen as 2.0, 1.85,
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Table 2

Selected physico-chemical properties of the calcined catalysts.

Applied Catalysis B: Environmental 297 (2021) 120465

Sample d (nm) BET SA (m? g™ !) Vi (cm® g71) Average dyore (nm) Cry0% (wt. %) Nay0P (wt. %)
TEM XRD?

Cr(0) 28 +17 44 45 0.22 19.9 0.0 0.6

cr(1) 18 + 11 38 56 0.22 15.7 0.8 0.6

Cr(4) 17+7 29 81 0.23 11.2 3.9 0.7

Cr(8) 12+ 4 25 110 0.25 9.2 7.3 1.6

Cr(12) 12+4 24 125 0.31 9.9 11.3 2.1

@Calculated from XRD line broadening analysis using the Scherrer equation.

YObtained by XRF analysis. The Cr,O3 content is slightly lower than intended, possibly due to the presence of some residual Na,O [33].
“Surface area (SA) determined by the Brunauer-Emmett-Teller (BET) method, pore volume (Vi), and pore diameter (dpore) using the BJH (Barrett-Joyner-Halenda)

method.

Cr(0)

cr(1)

Cr(4)

Cr(8)

Intensity (a.u.)

Cr(12)

| JCPDS: 00-024-0072
I | il I I 1 I | LA L1
20 30 40 50 60 70 80

20 (degree)

35.0 35.2 354 35.6 358 36.0 36.2 36.4
20 (degree)

Fig. 1. XRD patterns of freshly calcined catalysts (right panel shows magnified region around the (110) reflection of hematite).

and 1.5 bohr units (1 bohr unit, @y = 5.29 x 107! m).

The isomer shift (IS) in Mossbauer spectra scales linearly with the
electron charge density at the Fe nucleus relative to a reference, which is
typically metallic bcc a-Fe. The charge density at a particular Fe site was
determined by DFT as the charge within a uniformly charged Thomson
sphere with radius Ry = 5x10> ag. The computed charge difference Ap
with the reference obtained in this way was converted to the IS using IS
= a * Ap, where o was obtained by calibration using a set of 11 exper-
imental IS values of Fe reference compounds [30]. The original set of 11
compounds was extended to 16 reference materials in this work,
yielding o = —0.32 £ 0.02 mm s} e aj.

The total local magnetic field at Fe nucleus was calculated by DFT as
a sum of all relevant contributions. The hyperfine fields induced by
electron orbital moment and due to interaction with the electron spin
(within the dipole limit) were obtained straightforwardly from the
occupation matrices of the Fe 3d electrons. To compute the contact part
of the hyperfine field, the method of Novak and Chlan was used [31],
involving calculation of the spin magnetic moments of the Fe 3d and 4 s
electrons. Additionally, the dipolar field from the neighbouring atomic

moments in the lattice was evaluated by direct summation of moments
within a sufficiently large Lorentz sphere (radius = 250 ap).

Various structural models of magnetite were employed to determine
the total hyperfine magnetic field and the isomer shift at the Fe nuclei
including magnetite, octahedral-vacancy-containing magnetite (Fes(;-
5)04), and chromium-doped magnetite (Fes4xCryO4) where Fe in octa-
hedral positions was replaced by Cr. The structures, their space groups
and optimized lattice parameters are listed in Table 1. All structural
models were considered within one conventional spinel unit cell (or its
equivalent for cases with different symmetry). For the lowest Cr con-
centrations the number of possible models is reasonable (one for 4 % Cr
and three for 8 % Cr), however, for larger Cr concentrations the number
of variants would be unfeasible, and thus only the most symmetric
models were selected. In addition to investigating the impact of chro-
mium content, the three different Cr-2 models allow to estimate the
impact of Cr arrangement on the observed quantities. The Cr arrange-
ment in all these DFT model structures is fixed and repeated infinitely by
periodic boundary conditions and, therefore, cannot represent the
complete structural variation of the experimental sample. Hence, we
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Fig. 2. Particle sizes of calcined catalysts as determined by TEM analysis: (a) Cr(0), (b) Cr(1); (c) Cr(4); (d) Cr(8), and (e) Cr(12).

used parameters that were the weighted averages within each Fe sub-
lattice (A or B sites in the AB,O4 structure of magnetite).

3. Results and discussion
3.1. Calcined catalysts

Chromium-doped iron oxide catalysts were prepared using a co-
precipitation/calcination method adapted from Meshkani and Rezaei
[26]. Routine physico-chemical properties of the calcined catalysts are
shown in Table 2. XRD patterns of freshly calcined catalysts are pre-
sented in Fig. 1. The main reflections in the XRD patterns belong to
hematite, irrespective of chromium doping level. The position of the
(110) reflection of hematite shifts to higher 26 values in the chromium
doped samples compared to the non-doped Cr(0). The shift of the he-
matite diffraction lines to higher 26 values points to contraction of the
unit cell, which can be explained by the incorporation of chromium
cations (Cr®") with a smaller radius (62 pm) than iron cations (Fe3+,
65 pm) in the host structure. No apparent trend in 26 values upon
increased chromium doping was observed however, possibly due to the
similar ionic radii of Cr>* and Fe>* ions causing only small shifts. No
other phases were observed, indicating that pure hematite was formed.
This, however, does not exclude the presence of small (< 3 nm) or
amorphous oxides of iron or chromium [32].

XRD line broadening analysis shows a decreasing crystallite size with
increased chromium content from 44 nm for Cr(0) to 25 nm for Cr(8)
(Table 2). The average crystallite sizes of the Cr(8) and Cr(12) samples
were similar. Average particle sizes obtained by TEM analysis (Fig. 2)

show a similar trend. The average particle size decreased from
28 4+ 17 nm for Cr(0) to 12 + 4 nm for Cr(8). The average particle size
of the Cr(8) and Cr(12) sample as judged from TEM analysis were again
similar. The trends in particle size established by TEM and XRD analysis
are confirmed by the surface areas determined by Ny physisorption
(Table 2), showing a higher surface area with increasing chromium
content.

Room-temperature Mossbauer spectra are shown in Fig. 3. These
spectra contain a magnetically split sextet with isomer shift (IS) values of
~0.38 mm s~ ! and quadrupole splitting (QS) values of ~-0.22 mm s},
irrespective of the chromium content (Table 3). These parameters, in
combination with an average hyperfine magnetic field between 50.5 T
and 47.3 T, confirm that the sample consists of hematite [34,35], in
agreement with the XRD analysis. The hyperfine magnetic field distri-
bution as displayed in Fig. 4 becomes broader with increasing chromium
content. Such broadening can arise from a decrease in hematite particle
size and/or the incorporation of a dopant in hematite 3. We already
discussed that the average particle size of the hematite phase decreased
with increasing chromium content (Table 2). Therefore, we cannot un-
equivocally assign the broadening in the hyperfine magnetic field dis-
tribution to increasing levels of chromium doping. The similar particle
sizes determined for the Cr(8) and Cr(12) samples provide a strong
indication that the broadening of the hyperfine magnetic field distri-
bution with increasing chromium content from Cr(8) to Cr(12) is the
result of the incorporation of additional chromium into hematite. The
superparamagnetic (SPM) phase with an isomer shift of 0.38 mm s!
(Table 3), which is observed in the Mossbauer spectrum of the Cr(12)
sample, points to a fraction of small particles of an Fe-oxide phase with
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RT -269 °C
cr(0)
cr(1)
-
S
S| cr@)
>
=
(/2]
c
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]
£
Cr(8)
Cr(12)
10 5 0 5 10 10 5 0 5 10

Doppler velocity (mm s™) Doppler velocity (mm s™)

Fig. 3. Mossbauer spectra calcined of catalysts recorded at room-temperature (left) and —269 °C (right).

Table 3
Mossbauer parameters of freshly calcined samples obtained at room-temperature (RT) and —269 °C.
Measurement Temperature Sample IS (mm s ) QS (mm s™Y) Hyperfine field (T) I'(mms Y Phase Spectral contribution (%)
RT Cr(0) 0.38 —0.23 50.5¢ 0.23 a-Fey03 100
Cr(1) 0.38 —0.21 50.1} 0.23 a-FepO3 100
Cr(4) 0.38 ~0.22 50.5¢ 0.24 a-Fe,03 100
Cr(8) 0.38 —0.21 48.5t% 0.25 a-Fey03 100
Cr(12) 0.37 —0.22 47.3t 0.32 a-FepO3 54
0.38* 0.69 - 0.60 Fe* SPM 2
0.38* - - 9.28 Fe> SPM 44
—269 °C Cr(0) 0.35 0.40 53.61 0.28 a-Fe,O3 AF¢ 100
Cr(1) 0.36 0.39 53.7t 0.40 a-Fe,O3 AF 68
0.35 -0.10 53.2% 0.40 o-Fe,05 WEC 32
Cr(4) 0.35 -0.19 52.8t 0.30 a-Fey03 100
Cr(8) 0.36 —0.21 52.7% 0.26 a-FepO3 100
Cr(12) 0.36 —-0.20 52.41 0.33 a-Fey03 100

“Fixed values are marked with an asterisk (*), average values with a dagger ().

YExperimental uncertainties: Isomer shift: IS + 0.01 mm s, quadrupole splitting: QS + 0.01 mm s, line width: I" + 0.01 mm s~!, hyperfine magnetic field: + 0.1 T,
spectral contribution: + 3%.

°AF (antiferromagnetic), WF (weakly ferromagnetic) [35].

high-spin Fe3" jons in octahedral positions [24]. Based on the
Mossbauer parameters of the SPM phase alone, it cannot be established
what bulk Fe>*-oxide phase is present.

To investigate the SPM fraction observed for Cr(12) in the room-
temperature Mossbauer spectrum in more detail, a Mossbauer spec-
trum was recorded at —269 °C to regain magnetic splitting. The low-

temperature Mossbauer spectra (Fig. 3) and the deconvolution results
(Table 3) confirm the presence of a single hematite phase in Cr(12),
indicating that the SPM fraction observed in the room-temperature
Mossbauer spectra is hematite. In the Mossbauer spectrum of Cr(0)
measured at —269 °C, a hyperfine magnetic field of 53.6 T was observed
with a QS value of 0.40 mm s~ (Table 3). The higher hyperfine
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Fig. 4. Hyperfine magnetic field distributions obtained by fitting of the Mossbauer spectra recorded at room-temperature (left) and —269 °C (right) (* No hyperfine
magnetic field distribution was fitted for the spectrum Cr(1) recorded at —269 °C because of a partial Morin transition, cf. Fig. 3, Table 3).
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Fig. 5. CO-TPR patterns from 50 °C to 650 °C (left) and from 150 °C to 230 °C (right) of calcined catalysts. Mossbauer spectrum recorded after quenching Cr(0) at
411 °C. Sub-spectra of y-FesCq(I), x-FesCo(II), and y-FesCo(III) are indicated in red, blue, and magenta, respectively. The sub-spectrum of o-Fe is shown in green, SPM
Fe,C in orange.

magnetic field of Cr(0) compared to the Cr(4)-Cr(12) samples (~52.7 T) the only sample containing hematite particles larger than 20 nm

and the QS value of ~0.40 mm s !indicate that hematite underwent the (Table 2). In the Cr(1) sample, two spectral contributions of hematite
Morin transition [37]. The Morin transition occurs for hematite particles can be distinguished (Fig. 3). For the antiferromagnetic phase, the
larger than 20 nm [35]. This transition is observed for Cr(0), which is occurrence of the Morin transition indicates that this sample contains a



M.I Ariéns et al.

Applied Catalysis B: Environmental 297 (2021) 120465

360 °C 360 °C 360 °C 360 °C
90, 450°C 450 °C _ 450°C 450 °C
—~ 75 H H H K SR H e
o
s ——0% Cr 0% Cr
& © ey ——1%Cr
‘» ——8%Cr 1 ——4%Cr
- —e—8% Cr
o 454 ——12%Cr k °
2 - - - Equilibrium ——12% Cr
g - - = Equilibrium
S 30- -
(@)
O 15- i
0

0 15 30 45 60 75 90 105 120
Time (hours)

0 15 30 45 60 75 90 105 120
Time (hours)

Fig. 6. CO conversion with time on stream during HTS at (left) 25 bar and (right) 2 bar (37 % Ha, 9% CO, 4% CO, 17 % N,, 33 % H,0, 360-450 °C). Methane
formation was monitored throughout the catalytic tests and did not exceed 0.16 % (25 bar) and 0.06 % (2 bar) of the exit stream.

fraction of particles with a size larger than 20 nm. The Mossbauer
spectra of Cr(4), Cr(8), and Cr(12) show a single sextet belonging to
hematite (Fig. 3, Table 3). As mentioned above, the broadening of the
hyperfine magnetic field distribution from Cr(8) to Cr(12) points to
chromium incorporation into hematite. Thus, the low-temperature
Mossbauer measurements provide strong evidence that the super-
paramagnetic Fe>"-oxide phase observed in the Cr(12) sample at room
temperature belongs to chromium-doped hematite.
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c
= |Cr(8)
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The influence of chromium on the reducibility of the calcined cata-
lysts was determined by CO-TPR (Fig. 5). The TPR patterns consist of
two main reduction peaks, representing the reduction of hematite to
magnetite (Fe304), and the further reduction of magnetite to metallic Fe,
possibly followed by carburization. A Mossbauer spectrum recorded
after quenching a TPR experiment of Cr(0) at 411 °C (Fig. 5) revealed
the nearly complete transformation to Hagg-carbide (y-FesCy) with only
a small amount of o-Fe (3.6 %) remaining. This shows that the

2 bar

PR

!Iu_l '||_|._.||._ P
30 40 50 60 70 80 90

20 (degree)

100

Fig. 7. XRD patterns of discharged catalysts after treatment under HTS conditions for 4 days at 25 bar (left) and 2 bar (right). Magnetite reference: JCPDS no. 00-

019-0629.
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Table 4
Average crystallite size of calcined hematite in fresh and activated magnetite
phase in used catalysts.

Sample dXRD (nm)”

Calcined 25 bar 2 bar
Cr(0) 44 74 71
Cr(1) 38 89 85
Cr(4) 29 55 52
Cr(8) 25 64 41
Cr(12) 24 30 27

@ Determined using the Scherrer equation.

chromium-free hematite phase can be easily reduced to metallic Fe,
which is then rapidly carburized in the presence of CO. The reduction
feature of hematite to magnetite (Fe3O4) shifted from 270 °C to 330 °C
with increasing chromium content. The start of the reduction of
magnetite was delayed from 280 °C for Cr(0) to 360 °C for Cr(12). Small
reduction features between 150 °C and 230 °C relate to the reduction of
a small amount of hexavalent chromium, which is most likely present at
the surface in chromium-containing samples [38]. This reduction
feature is indeed absent in the CO-TPR pattern of the chromium-free Cr
(0) (Fig. 5). CO2 evolution observed at ~500 °C, prevalent in all
reduction patterns, can be attributed to the Boudouard reaction. These
results show that chromium doping delays the formation and
over-reduction of magnetite, which is considered the active phase in the
WGS reaction.

3.2. Catalytic activity

Fig. 6 shows the CO conversion of the catalysts under industrially
relevant HTS conditions. After activation and ageing for 24 h at 450 °C
at 25 bar, the catalytic performance was compared at 360 °C, away from
equilibrium conditions. Clearly, the activity increased with chromium
content. The trend was similar after a second 24 h ageing step at 450 °C
with slightly higher activities for all samples at 360 °C. The promoting
effect of chromium on the CO conversion is usually attributed to a higher
surface area [1,5], which is in line with the textural properties of the
calcined catalyst precursors (Table 2). The catalysts exposed to indus-
trially relevant conditions for 4 days at 2 bar show a similar increasing
CO conversion with increasing chromium content after the first and
second thermal ageing step. The higher activities observed for
chromium-doped catalysts at both reaction pressures indicate that the
structural stabilisation by chromium doping is independent of pressure.

3.3. Used catalyst

After the HTS reaction, the catalyst samples were stored and trans-
ported under argon to prevent oxidation of the active magnetite cata-
lysts to maghemite. The used catalysts were investigated with XRD,
Mossbauer spectroscopy, and XPS. Mossbauer parameters computed by
DFT using various magnetite structural models were used to interpret
the experimental Mossbauer spectra.

The XRD patterns of the used catalysts, after exposure to industrially
relevant HTS conditions for 4 days at 25 and 2 bar, show reflections that
can be attributed to either magnetite or maghemite (Fig. 7). The pres-
ence of maghemite is, however, unlikely during the reaction because it
will typically convert into magnetite under WGS conditions [5]. These
findings also show that the formation of magnetite does not depend on
the reaction pressure.

Decreasing crystallite sizes were observed with increasing chromium
content (Table 4), independent of the reaction pressure, which is in line
with the proposal that chromium prevents sintering of the magnetite
phase [1,2].

Before discussing the Mossbauer spectra of the used catalysts pri-
marily consisting of magnetite, we first discuss the results of the
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Fig. 9. IS values for tetrahedral and octahedral Fe of various magnetite refer-
ence structures determined by DFT calculations. The Vac-8/3 structure repre-
sents maghemite.

calculations of hyperfine parameters for different magnetite structures,
i.e., magnetite, magnetite with octahedral Fe vacancies (Fes(;.5)04), and
chromium-doped magnetite (Fes xCryO4) where Fe3* in octahedral po-
sitions is replaced by Cr*.

The calculated hyperfine magnetic field values are displayed in
Fig. 8, with error bars reflecting the dispersion of values in a given Fe
sublattice and the estimated overall uncertainty due to the computa-
tional setup. Slightly higher octahedral and tetrahedral hyperfine mag-
netic field values are predicted for maghemite (Vac-8/3) in comparison
to the non-doped magnetite structure. This is in line with experimental
data for these two structures [34]. Vacancy doping has a negligible ef-
fect on the hyperfine magnetic field values when the vacancy content
was low (Vac-0.5), whereas a significant decrease in the octahedral
hyperfine magnetic field was observed for the Fes(1.5)04 structure with a
higher vacancy content (Vac-4). It should be pointed out, however, that
the Vac-4 structure will likely not occur in practice, because its vacancy
content is higher than that of maghemite (Vac-8/3). Maghemite can be
regarded as fully oxidized magnetite. Therefore, it can be concluded that
the influence of vacancy doping on the hyperfine magnetic field values is
small. On the other hand, the octahedral hyperfine magnetic field value
decreases with increasing substitution of octahedral Fe by Cr. This
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Fig. 10. Mossbauer spectra of used catalysts at 25 bar (left) and 2 bar (right).

substitution in octahedral sites did not affect the tetrahedral hyperfine
magnetic field values as much.

The IS values computed for the tetrahedral and octahedral Fe sites in
reference structures are shown in Fig. 9. The IS values of the octahedral
sites are typically higher than those of the tetrahedral sites. The higher
octahedral IS values can be explained by the presence of both Fe>* and
FeZ" in these sites, whereas the tetrahedral sites are only occupied by
Fe®*. For the vacancy-doped Vac-8/3 and Vac-4 structures, a significant
decrease of the octahedral IS values is predicted, which demonstrates
that the absence of Fe>" results in a lower IS compared to the mixed-
valence (Fe*/Fe®’) octahedral sites in stoichiometric magnetite.
Introducing chromium results in higher octahedral IS values in the Feg
xCrxO4 structures. The higher IS values can be explained by the
replacement of octahedral Fe>* by Cr>*, resulting in a lower Fe>*/FeZ*
ratio of the octahedral B sites. The computed tetrahedral IS values for
the Cr-4 and Cr-8 structures are higher than those of the Cr-1 and Cr-2
structures. This trend is in line with the high IS value observed for
chromite (FeCr,04) where the tetrahedral sites are completely occupied
by Fe?" jons [39].

In summary, modelling shows that incorporation of chromium in
octahedral sites results in a decrease of the hyperfine magnetic field for
the octahedral Fe sites, whereas the hyperfine magnetic field of tetra-
hedral Fe remains unaffected. The influence of octahedral vacancies on
the hyperfine magnetic field is negligible. The data also show a signifi-
cant effect of chromium doping on octahedral IS values due to a change
in the Fe3*/Fe?* ratio. The following trends can be discerned: when
Fe3" is replaced by Cr®*, the octahedral IS value increases with Cr
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Table 5
Catalysts after exposure to HTS conditions for 4 days at 25 bar.
Sample  Phase IS Qs H(T) I'(mm  Spectral
(mm (mm ) contribution
sh s (%)

Cr(0) Fe3O4(tet) 0.26 —0.03 48.7 0.38 38
Fe304(oct) 0.68 —0.03 45.71% 0.32 62
o-Fe 0.00* 0.00* 33.0**  0.50* 1

Cr(1) Fe304(tet) 0.27 —0.03 48.6 0.43 37
FesO4(oct)  0.67 0.03 456t  0.37 62
o-Fe 0.00* 0.00* 33.0* 0.50* 1

Cr(4) Fe304(tet) 0.27 —0.02 48.6 0.43 37
FesO4(oct)  0.66 0.01 453t 0.38 62
o-Fe 0.00* 0.00* 33.0* 0.50* 2

Cr(8) Fe304(tet) 0.28 0.00 48.6 0.34 34
Fe304(oct) 0.64 —0.01 44.61 0.32 61
o-Fe 0.00* 0.00* 33.0* 0.50* 2
SPM 0.30* 0.86 - 0.50* 2

Cr(12)  FesOu(tet)  0.28 —0.01 484 0.41 31
FesO4(oct)  0.63 —0.02 441t  0.40 64
o-Fe 0.00* 0.00* 33.0* 0.50* 3
SPM 0.30* 0.80* - 0.50* 2

Fixed values are marked with an asterisk (*), average values with a dagger ().
bExperimental uncertainties: IS + 0.01 mm s}, QS £+ 0.01 mm s~ line width:
I+ 0.01 mm s~}, hyperfine magnetic field: + 0.1 T, spectral contribution: + 3%.
“Small amounts of a-Fe were observed in all catalysts with no clear correlation to
Cr content. The small SPM fraction present in some of the catalysts represents
small particle magnetite.
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Fig. 11. Hyperfine magnetic field distributions of the octahedral sites of magnetite fitted for Mossbauer spectra in Fig. 10, 25 bar (left), 2 bar (right).

content. In structures where Cr>" replaces an equal amount of Fe>* and
Fe?" in the octahedral sites, the octahedral isomer shift is unaffected by
chromium doping. In a structure where the presence of octahedral Cr®*
prevents the reduction of Fe3* to Fe?*, the octahedral IS will decrease

Table 6
Hyperfine parameters determined by fitting Mossbauer spectra of used catalysts
after exposure to HTS conditions for 4 days at 2 bar.

Sample  Phase 15 Qs H(M  T(mm  Spectral with increased chromium content
= tributi ) ) . .
?11;1 ?11;1 s E;DI; ribution The computed hyperfine parameters will be used to discuss the
experimentally obtained parameters with a focus on the impact of
Cr(©) FegOq(tet) 028 —0.04 49.0 0.38 35 chromium incorporation. Room-temperature Mossbauer spectra of used
Fe;Os(oct)  0.64 —-0.00 4561 0.29 63 P ’ P pectra o
oFe 0.00*  0.00% 33.0*  0.50* 2 catalysts after treatment for 4 days at 2 and 25 bar are shown in Fig. 10.
cr(1) FesOu(tet)  0.28 -0.03 489 041 35 These spectra were fitted with two sub-spectra representing Fe>* in
FesO4(oct)  0.65 0.01 45.61  0.39 62 tetrahedral sites and mixed valence Fe?t/Fe>" in octahedral sites. A
a-Fe 0.00%  0.00 33.00 050" 4 decreasing trend in the hyperfine magnetic field values of the octahedral
Cr(4) FesOutet)  0.28 -0.03 487  0.34 35 ites f 457 T to 441 T b d with i - hromi
Fe:Oaloct)  0.65 1003 4510 032 61 sites from 45.7 T to 44.1 T was observed with increasing chromium
«-Fe 0.00% 0.00* 33.0*  0.50* 4 content for the used catalysts after treatment at 25 bar (Table 5). The
Cr(8) FesO4tet)  0.29 -0.01 485 033 33 hyperfine magnetic field values of the tetrahedral sites did not vary
FegO4(oct)  0.64 —0.02 4431 0.33 65 significantly (48.6 T +/- 0.1 T) for the used Cr(0)-Cr(8) catalysts with a
o-Fe 0.00*  0.00% 33.0+  0.50* 3 : .
Cr12)  FesOutet)  0.28 001 483 034 27 slightly lower Val.ue of 48.4 T ‘t.)elng obserYed .for the used Cr(12) cata-
FesOqloct)  0.61 _003 4361 0.41 70 lyst. A decrease in the hyperfine magnetic field can be the result of
a-Fe 0.00* 0.00* 33.0+  0.50% 4 chromium incorporation or smaller crystallites [36]. The finding that

the hyperfine magnetic fields of the tetrahedral sites did not change
PExperimental uncertainties: IS + 0.01 mm s, QS + 0.01 mm s, line width: much with chromium content shows that a particle size effect is un-
I'+0.01 mm s, hyperfine magnetic field: + 0.1 T, spectral contribution: + 3%. likely. Together with the modelling results, it can be concluded that
“Small amounts of a-Fe were observed in all catalysts with no clear correlation chromium is incorporated in the octahedral sites of magnetite. The
with the Cr content. octahedral components were fitted with a hyperfine magnetic field
distribution (Fig. 11). The hyperfine magnetic field distribution was

Fixed values are marked with an asterisk (*), average values with a dagger (7).
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Fig. 12. IS values of the octahedral sites of magnetite compared to chromium doping fitted for Mossbauer spectra in Fig. 10, 25 bar (left), 2 bar (right).
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Fig. 13. Fe 2p region of used catalysts after treatment for 4 days at 25 bar (left) and 2 bar (right).

seen to broaden as the chromium content increases. This trend confirms
that chromium is incorporated into octahedral sites of the active
magnetite phase in HTS catalysts [36].

The octahedral IS values decreased with increasing chromium con-
tent in the used catalysts after treatment at 25 bar (Table 6, Fig. 12). The
IS value, which is 0.68 mm s7! for the non-doped Cr(0) sample, de-
creases with increasing chromium content to 0.63 mm s~ for the Cr(12)
sample. The IS provides information about the oxidation state of Fe [40].
The bulk IS value of the octahedral sites of magnetite of ~0.67 mm s~*
at room temperature is the average of fast electron hopping between
Fe" and Fe>' ions in octahedral sites *!. As this electron hopping is
faster than the lifetime of an excited nuclear state in the Mossbauer
experiment, the bulk IS value of ~0.67 mm s~ ! represents an average
2.5+ state of the Fe ions in octahedral sites [41]. IS values of ~0.3 mm
s~! are common for Fe®t-oxide species. Thus, the lower IS value
observed upon chromium doping indicates a higher than unity
Fe3*/Fe?* ratio in the octahedral sites [42,43].

Mossbauer spectra of catalysts treated for 4 days at 2 bar also show
the presence of a magnetite phase (Fig. 10). A similar decreasing trend in
IS values with chromium content (Fig. 12) was observed, indicating that
chromium results in a higher Fe3*/Fe?* ratio in octahedral sites of
magnetite also at a relatively low reaction pressure. Although Fig. 12
may suggest that the octahedral sites of catalysts treated at 2 bar contain
a higher Fe3* /Fe?" ratio than those treated at 25 bar, the differences are
within the accuracy of the IS measurement (+/-0.01 mm s‘l). The
broadening hyperfine magnetic field distributions of the octahedral sites
evident from Fig. 11 confirm the incorporation of chromium into the
structure. Different from the 25 bar results, a decrease of the hyperfine
magnetic fields of the tetrahedral sites with increasing chromium con-
tent can be observed. This decrease is however much smaller (0.7 T)
compared to the decrease in hyperfine magnetic fields of octahedral sites
(2.0 T). As discussed before, this difference indicates that particle sizes
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effects can most likely be excluded. An alternative explanation for the
high tetrahedral hyperfine magnetic fields in the Cr(0) and Cr(1) sam-
ples is that some accidental oxidation occurred to maghemite, which
typically has a hyperfine magnetic field of ~50 T 34 Partially oxidized
magnetite can explain the IS value of the Cr(0) sample below the bulk
value of 0.67 mm s~ ! (Table 6).

The modelled hyperfine parameters combined with the experimental
data allow us to revisit the chromium incorporation models discussed in
the introduction. Zhu and Wachs [1] conclude in their recent review on
HTS catalysts that Gr>* replaces octahedral Fe3* in structure 1 (see
below). Robbins et al. [14] suggested that Cr replaces an equal amount
of octahedral Fe>™ and Fe3*, which after charge compensation leads to
structure 2. Rangel et al. [17] proposed that the octahedral site prefer-
ence of Cr’t prevents Fe>* reduction during formation of the active
phase. This structure is best represented as structure 3. Based on the
calculated hyperfine parameters discussed above, it can be concluded
that the incorporation of chromium in octahedral positions, suggested in
all models, will decrease the octahedral hyperfine magnetic field. The
decreasing octahedral hyperfine magnetic field confirmed the incorpo-
ration of chromium into octahedral sites in our catalysts obtained after
the HTS reaction at 2 and 25 bar. For structure 1, the computed octa-
hedral IS values predict an increasing trend with Cr doping. In contrast,
these octahedral IS value should remain unaffected for structure 2. The
experimentally observed decreasing trend in octahedral IS values shows
that these models do not accurately describe the cation distribution in
the octahedral sites for our catalysts. Instead, the decreasing experi-
mental octahedral IS values show that chromium incorporation in the
octahedral sites results in an increased Fe>'/Fe?* ratio as is the case in
structure 3. Since the tetrahedral sites are unaffected by Cr incorpora-
tion, structure 3 can be simplified as Fes.(1.5)CrxO4, where x describes
the octahedral Cr content and § the octahedral Fe vacancy content. Thus,
chromium incorporation prevents Fe?" formation during magnetite
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Fig. 14. Cr 2p region of used catalysts after treatment for 4 days at 25 bar (left) and 2 bar (right).

formation. The presence of such a Fes.4(1.5)CrxO4 structure has not been
demonstrated before in in situ formed HTS catalysts. The resulting
partially oxidized chromium-doped magnetite structure had no negative
effect on the high CO conversion typically associated with chromium
doping.

(Fe")[Felt .CrivFe] 0, €))]
(Fei" + Fe*")[Fel* Crif Fet ] 0, 2
(Fel™) [Fe‘?fXCrf+Fe%fy + 5} 0, 3

The surface of the used catalysts was investigated by XPS analysis.
The Fe 2p region of the catalysts after exposure to HTS conditions for 4
days at 2 and 25 bar is shown in Fig. 13. The Fe 2p3,, peak of Fe>*-oxide
containing hematite is typically found at a BE between 710.6 and
711.2 eV, while the Fe 2ps/, peak of Wiistite Fe?t-oxide appears at a
slightly lower BE of 709.5 eV. The Fe 2p3,» peak for the mixed valence
Fe3*/Fe?"-oxide containing magnetite usually appears between these
values at BE =710.6 eV [44]. This makes identification of these
Fe-oxides difficult from spectral fitting alone. Pure Fe>*-phases like
hematite can also be identified from the satellite peak in the Fe 2p region
at BE =719 eV, while Fe?*-phases like Wiistite are characterized by a
satellite peak at BE =715.5 eV. A unique property of the Fe 2p region of
magnetite is the absence of these Fe> and Fe?" satellite peaks. The
absence of satellite features at BE =719 eV and 715.5 eV indicates that
the surface is dominated by magnetite [44]. This implies that there are
no structural differences between the surface and the bulk.

The XPS spectra of the Cr 2p region are shown in Fig. 14. Spectral
fitting following a procedure from literature [5] revealed the presence of
crdt species with the Cr 2p3/» peak at BE = 576.5—577 eV. A simple
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fitting model was chosen to prevent over-interpretation of the complex
Cr 2p region. The absence of a sharp peak at BE = ~580 eV indicates
that no Cr® is present on the catalysts surface after 4 days on stream,
indicating the complete conversion of cr® in the catalyst precursor to
Cr®* species. Chromium is present as Cr°" in the activated catalysts.

4. Conclusions

HTS catalysts prepared via co-precipitation and calcination consist of
hematite in which chromium can be doped (a-Fes xCryO3). Magnetite
formation and over-reduction of the active magnetite phase to a-Fe
occur at higher temperatures in chromium-containing samples.
Chromium-doped magnetite was formed after exposure of the calcined
samples to industrially relevant HTS conditions. The presence of chro-
mium led to higher activity, irrespective of the reaction pressure (2 or
25 bar). Chromium doping led to smaller crystallite sizes, confirming its
role as a structural promoter. Mossbauer evidenced the incorporation of
chromium in octahedral sites of magnetite, preventing reduction of Fe>*
ions during magnetite formation and leading to an increased Fe>*/Fe?*
ratio in octahedral sites. Interpretation of Mossbauer spectra was sup-
ported by DFT calculation of hyperfine parameters of various chromium
and Fe-vacancy doped magnetite structures. The variations in the Fe>t/
Fe?" ratio due to Cr doping had no measurable effect on the CO con-
version levels associated with Cr-doping. The structural characterization
shows that the active phase under industrial HTS conditions is best
described by Fes.y(1.5CrxO4 structure, in which crit s doped in the
octahedral sites and its presence during the formation of the active phase
prevents Fe?t formation, resulting in a partially oxidized structure
compared to stoichiometric magnetite.
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