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The influence of chromium and aluminium doping on the over-reduction during activation of iron-oxide-based
water-gas shift catalysts was investigated using Mossbauer spectroscopy for the first time. In situ Mossbauer
spectra of catalysts exposed to industrially relevant gas compositions were recorded with increasingly reducing R
factors R = [CO]*[H2]/[CO2]*[H20]. Whereas a-Fe and cementite formed during exposure of a non-doped iron-
oxide catalyst to process conditions with an R factor of 2.09, such phases were only observed at R = 4.60 for a

chromium-doped catalyst, showing that chromium stabilizes the catalyst. Over-reduction was enhanced to R =
2.88 in a chromium-copper co-doped catalyst. a-Fe was already observed at R = 1.64 in an aluminium-doped
catalyst, while cementite formation occurred at R = 2.09, showing that over-reduction was enhanced, the
presence of aluminium delaying carburization. Co-doping copper in the aluminium-doped catalyst showed
cementite formation at R = 2.09, the same as a non-doped catalyst.

1. Introduction

The water-gas shift (WGS) reaction (1) is industrially employed to
increase hydrogen production from natural gas after steam methane
reforming (SMR) [1-3]. High CO conversion is achieved by separating
the exothermic reaction into two processes [1]. Most CO is removed
during the high-temperature (water-gas) shift (HTS) reaction over a
copper/chromium doped iron-oxide catalyst between 360 and 450 °C.
The concentration of CO in the effluent (2-4 %) is then lowered to
~0.1 % in a low temperature (water-gas) shift (LTS) step over a
copper-based catalyst between 190 and 250 °C [1,4].

CO + Hy0 2 CO3 + Hy (@]

The active industrial HTS catalyst consists of magnetite (Fe3O4) and
is formed by exposing a Fe>"-oxide or -oxyhydroxide precursor to WGS
conditions [5-7]. Chromium and copper are added to this catalyst as
promoters. Chromium exists as Cr®* and Cr>* in the calcined precursor
and is incorporated into the magnetite structure during activation,
which will reduce Cr®* to Cr®* [7]. The presence of chromium prevents
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thermal sintering of the active phase and limits the over-reduction of the
active magnetite phase to a-Fe and FeCy [1,4-6,8]. The formation of a-Fe
and FeCy is undesired because such phases catalyse unwanted metha-
nation and Fischer-Tropsch side reactions [9]. Over-reduction is also
associated with catalyst pellet degradation, which can induce a signifi-
cant pressure drop in industrial reactors [9]. Copper is added to com-
mercial catalysts to enhance CO conversion via a chemical promotion
mechanism [6,8]. The Wachs group recently showed that divalent
copper in the calcined catalyst precursor is removed from the Fe-Cr
structure during activation, resulting in cu’ nanoparticles partially
covered by an iron oxide overlayer on the active chromium-doped
magnetite catalyst [8,10]. This results in active sites that are more
active than the separate iron oxide and metallic copper sites [11].

The presence of hexavalent chromium, a health concern, in the fresh
catalyst has inspired researchers to investigate alternative dopants [2,
12-16]. Several groups have shown that aluminium doping resulted in
high activity at atmospheric pressure after relatively short reaction
times [13,17,18]. We recently demonstrated that industrially relevant
chromium/copper- and aluminium/copper-doped catalysts have similar
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Table 1
Phase identification of calcined catalysts (data taken from [19]).
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Spectral contribution (%)

Mossbauer spectroscopy at —269 °C Spectral contribution (%)

a-Fex03 100
o-Fey03 100
o-Fey03 14
FesHOg o 4 H,0 86
o-Fey03 17
FesHOg o 4 H,0 83
o-Fe;03 5
FesHOg o 4 H,0 95

Sample XRD Mossbauer spectroscopy at room temperature
HM o-Fey03 o-Fey03 100
Cr-HM o-Fe,03 o-Fe,03 100
CrCu-HM a-Fe,03 Fe** SPM 100
Al-HM a-Fe,03 Fe* SPM 100
AlCu-HM Fe>* SPM 100
Calcined
400 °C air
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Fig. 1. In situ Mossbauer spectra of HM catalyst as a function of H>O content.
Two sextets of magnetite dominate the spectra. Peaks of the cementite sextet
are indicated with an (*).

CO conversion at 25 bar after 4 days on stream under industrial HTS
conditions [19].

Despite the consensus that aluminium doping results in enhanced
thermal stability of the catalyst, no such agreement exists on the influ-
ence of aluminium on the reducibility of the fresh and activated catalyst.
Meshkani and Rezaei [18] and Aratjo and Rangel [20] showed by
Ho-TPR that the FeoO3 — FegOy4 transition is shifted to lower tempera-
tures in the presence of aluminium. Thus, aluminium can enhance the

Table 2
Fitting parameters of in situ Mossbauer spectra HM catalyst.

reducibility of the Fe;O3. Nevertheless, these authors did not observe an
influence of aluminium doping on the Fe304 — FeO and FeO — a-Fe
transitions. Jeong et al. [21] followed a similar effect of aluminium
doping. In their catalysts, the Fe;O3 — Fe3O4 transition shifted to lower
temperatures, while the over-reduction peak of Fe304 was not distinct
enough to interpret. In contrast, Natesakhawat et al. [17] showed that
aluminium doping did not affect the FeoO3 — Fe304 transition, while the
Fe304 — FeO, a-Fe transition shifted to higher temperatures. Comparing
such TPR results is likely complicated by using different heating rates,
catalyst preparation methods, and phases in the catalyst precursors. We
recently showed in two separate studies that the calcined catalyst pre-
cursor could contain a significant amount of small amorphous ferrihy-
drite (FesHOg e 4 H,0) particles, partially invisible to XRD analysis, in
addition to hematite (a-FeyOs), typically observed as the dominant
phase by XRD [6,19]. The presence of ferrihydrite unequivocally
demonstrated by >’Fe Mossbauer spectroscopy complicates the inter-
pretation of the TPR patterns because of overlapping reduction features
with hematite [22]. In Hy-TPR, over-reduction of magnetite leads to
reduction features between 650 °C and 770 °C [17,18,21], which is far
above realistic industrial HTS conditions (typically in the range of
360-450 °C). However, over-reduction during the WGS reaction also
depends on the concentration of reducing and oxidising gasses [2].
When studying aluminium-doped iron oxides, the precipitation rate of
iron and aluminium species relies heavily on the pH. Natesakhawat et al.
[17] suggested that low pH favours iron precipitation, while high pH
favours aluminium precipitation. They showed that a catalyst prepared
at pH = 9 provided the highest CO conversion in the pH = 8-11 prep-
aration range. The authors proposed that precipitated aluminium spe-
cies start to dissolve at pH > 9, possibly due to the amphoteric nature of
aluminium. This suggests that not all aluminium added for precipitation
is incorporated into the catalyst structure when catalysts are aged at
elevated pH and possibly a separate alumina phase is formed. While
alumina itself is not reducible, an impact on Hy-TPR data can be ex-
pected because aluminium can enter the iron oxide phases. This can
explain the different outcomes of TPR measurements reported for
aluminium-doped iron oxides.

R Phase IS (mm s’l) QS (mm s’l) Hyperfine field (T) Linewidth (mm s’l) Spectral contribution (%)

1.48 Fe304(tet) 0.27 -0.01 49.1 0.29 35
Fe304(oct) 0.67 0.01 45.8 0.26 65

1.64 Fe304(tet) 0.27 -0.01 49.1 0.28 35
Fe304(oct) 0.67 0.02 45.9 0.25 65

1.84 Fe304(tet) 0.27 -0.01 49.1 0.26 36
Fe304(oct) 0.67 0.01 45.9 0.23 64

2.09 Fe304(tet) 0.27 0.00 49.1 0.27 35
Fe304(oct) 0.67 0.01 45.8 0.24 62
a-Fe 0.00 0.00 321 0.5 1
Fe3C 0.18 0.00 21.0 0.5

2.42 Fe304(tet) 0.27 0.00 49.1 0.27 32
Fe304(oct) 0.67 0.01 45.9 0.25 56
Fe3C 0.18 0.02 21.0 0.34 12

Experimental uncertainties: Isomer shift: IS + 0.01 mm

spectral contribution: + 3 %.

, quadrupole splitting: QS + 0.01 mm s}, line width: I' & 0.01 mm ™!, hyperfine magnetic field: + 0.1 T,
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Fig. 2. In situ Mossbauer spectra of Cr-HM catalyst compared to ex situ spec-
trum of calcined catalyst. Visible peaks of the cementite sextet are indicated
with an asterisk (*), those of a-Fe with a plus (+).

Herein we investigated, with XRD and Mossbauer spectroscopy, two
well-known bulk representative methods, the stability of aluminium-
and chromium-doped magnetite with and without copper promoter
under industrially relevant reaction conditions. The effect of dopants on
FeO, a-Fe, and FeCx formation was investigated with in situ Mossbauer
spectroscopy. Mossbauer spectroscopy has been used extensively to
study the formation of FeCx phases in iron-based Fischer-Tropsch cata-
lysts because of its high sensitivity for bulk iron species [23,24]. In the
present work, we exposed model HTS catalysts to increasingly reducing
gas atmospheres by decreasing the steam partial pressure in a simulated

Table 3
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HTS gas mixture containing Hy, CO, CO2, He, and H-O.
2. Experimental
2.1. Catalyst preparation

Catalysts were prepared via a single-step co-precipitation/calcina-
tion route [5,6,19]. In brief, appropriate amounts of iron, chromium,
aluminium, and copper nitrates were dissolved in deionised water at 60
°C. The metals were precipitated by adding a NaOH solution until the pH
reached 10. The resulting slurry was aged for 1 hour at 60 °C, after
which the precipitates were washed with hot (60 °C) deionised water.
After washing, the precipitates were dried at 150 °C for 3 hours and
calcined at 400 °C for 4 hours in static air. Typical chromium and copper
contents of commercial HTS catalysts are 8 wt% and 3 wt%, respec-
tively. Accordingly, we prepared a chromium-doped iron oxide with a
chromium content of 8.4 mol% (corresponding to 8 wt% chromium) and
an aluminium-doped iron oxide with an aluminium content of 8.4 mol%.
Both catalysts contained 3 wt% Cu. The calcined catalyst precursors are
referred to as M-HM or MCu-HM, where M is the metal dopant, and HM
refers to hematite.

2.2. In situ Mossbauer spectroscopy

In situ Mossbauer spectra were recorded in an in-house reactor cell. A
detailed description is provided elsewhere [25]. Gas flows were
controlled with mass flow controllers. Water was added via a controlled
evaporator mixer (Bronkhorst). In a typical experiment, the in situ
Mossbauer spectroscopy cell was charged with 32.5 mg catalyst mixed
with approximately 30 mg graphite. Experiments were performed at
atmospheric pressure. After purging the cell in a He flow of
100 ml min~! at room temperature for 3 min, the samples were exposed
to reaction conditions at 450 °C in a gas flow with a steam to gas ratio of
0.5, containing steam (added as liquid water at a rate of 2.22 g hour™ %),
Hs (55 ml min~}!), CO (14 ml min™ '), and CO; (6 ml min~!), while the
He flow was reduced to 25 ml min~". Starting from this composition, the
steam concentration was lowered in steps of 3 % until over-reduction
was observed. After 1 hour at 450 °C, the temperature was lowered to
250 °C. At 250 °C, the Hy, CO, and CO», flows were replaced by He. After
flushing for 3 min, water addition was stopped and the cell was allowed
to cool to room temperature under a He flow. At room temperature, the
gas inlet of the cell was closed, and a Mossbauer spectrum was recorded
overnight. Most of the contribution of iron dissolved in the beryllium
windows of the in situ Mossbauer cell was removed in the presented

Fitting parameters of in situ Mossbauer spectra were obtained after exposure of the Cr-HM catalyst to gas mixtures of increased reducibility.

R Phase IS (mm s 1) QS (mms™1) Hyperfine field (T) Linewidth (mm s 1) Spectral contribution (%)
1.48 Fe304(tet) 0.28 0.00 48.5 0.35 34
Fe304(oct) 0.64 -0.03 44.0 0.37 66
1.64 Fe304(tet) 0.28 -0.01 48.6 0.34 33
Fe304(oct) 0.64 -0.03 44.1 0.37 67
1.84 Fe304(tet) 0.28 0.00 48.4 0.37 33
Fe304(oct) 0.65 -0.03 43.8 0.36 67
2.09 Fe304(tet) 0.28 -0.01 48.4 0.40 35
Fe304(0ct) 0.65 -0.02 44.1 0.38 65
2.42 Fe304(tet) 0.28 -0.01 48.4 0.35 34
Fe304(oct) 0.64 -0.03 43.9 0.35 66
2.88 Fe304(tet) 0.28 -0.01 48.5 0.37 33
Fe304(oct) 0.65 -0.03 44.0 0.38 67
4.60 Fe304(tet) 0.29 -0.01 48.4 0.34 33
Fe304(oct) 0.65 -0.04 44.0 0.36 67
6.57 Fe304(tet) 0.28 -0.01 48.1 0.36 26
Fe304(oct) 0.65 -0.02 43.7 0.34 52
a-Fe 0.00 0.00 33.0 0.50 1
FesC 0.19 0.02 20.9 0.36 21

Experimental uncertainties: Isomer shift: IS + 0.01 mm*

spectral contribution: + 3 %.

, quadrupole splitting: QS + 0.01 mm s, line width: I' + 0.01 mm ™!, hyperfine magnetic field: + 0.1 T,
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Fig. 3. In situ Mossbauer spectra of CrCu-HM catalyst compared to ex situ
spectrum of calcined catalyst. Visible peaks of the cementite sextet are indi-
cated with an asterisk (¥), those of a-Fe with a plus (++).

spectra. In some spectra, minor features of the beryllium window remain
at ~0.00 mm s~ .

XRD patterns were recorded on a PANalitical X'pert pro diffrac-
tometer using a Cu-Ka source with a step size 0.008°. Spectral fitting was
performed using HighScore Plus software. Catalysts discharged from the
HTS reactors were exposed to air before XRD measurements.

Table 4
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3. Results and discussion

The detailed characterisation of the calcined catalyst precursors has
been reported elsewhere [5,6,19]. An overview of the phases present in
the calcined catalyst precursors is given in Table 1. In brief, XRD pat-
terns and Mossbauer spectra show that the non-doped HM and
chromium-doped Cr-HM reference samples consist of hematite. The
other samples, i.e., CrCu-HM, Al-HM, and AlCu-HM, contain a mixture of
hematite and ferrihydrite. While XRD suggests the exclusive presence of
hematite crystallites in all samples, room-temperature Mossbauer
spectra indicate the presence of a Fe>* superparamagnetic (SPM) phase.
By recording Mossbauer spectra at —269 °C, it was shown that this Fe>*
SPM phase consisted of a mixture of ferrihydrite and hematite. The
CrCu-HM, Al-HM, and AlCu-HM catalysts contain mainly ferrihydrite

Calcined
400 °C Air

1.48

Intensity (a.u.)

-10 -5 0 5 10
Doppler velocity (mm s™)
Fig. 4. In situ Mossbauer spectra of AI-HM catalyst compared to ex situ spec-

trum of calcined catalyst. Visible peaks of the cementite sextet are indicated
with an (*), those of a-Fe with a (+).

Fitting parameters of in situ Mossbauer spectra were obtained after exposure of the CrCu-HM catalyst to gas mixtures of increased reducibility.

R Phase IS (mm s~ 1) QS (mms™1) Hyperfine field (T) Linewidth (mm s~1) Spectral contribution (%)

1.48 Fe304(tet) 0.28 -0.01 48.5 0.29 32
Fe304(oct) 0.64 -0.03 44.2 0.36 68

1.64 Fe304(tet) 0.28 -0.01 48.5 0.31 33
Fe304(oct) 0.65 -0.02 44.0 0.32 67

1.84 Fe304(tet) 0.28 0.00 48.5 0.3 33
Fes04(0ct) 0.64 -0.03 441 0.34 67

2.09 Fe304(tet) 0.28 -0.01 48.5 0.29 32
Fe304(oct) 0.65 -0.03 44.0 0.34 68

2.42 Fe304(tet) 0.28 -0.01 48.7 0.32 33
Fe304(oct) 0.65 -0.03 44.2 0.35 67

2.88 Fe304(tet) 0.28 -0.01 48.7 0.32 33
Fe304(oct) 0.64 -0.03 44.2 0.32 63
a-Fe 0.00 0.00 33.0 0.5 1
FesC 0.18 0.01 21.0 0.5

4.60 Fe304(tet) 0.29 0.00 48.5 0.32 33
Fe304(oct) 0.64 -0.03 44.0 0.32 62
a-Fe 0.00 0.00 33.0 0.5 1
FesC 0.17 0.09 20.4 0.5

6.57 Fe304(tet) 0.28 -0.01 48.5 0.3 28
Fe304(oct) 0.65 -0.03 44.1 0.31 57
FesC 0.20 0.04 20.6 0.5 15

Experimental uncertainties: Isomer shift: IS + 0.01 mm*

spectral contribution: + 3 %.

, quadrupole splitting: QS + 0.01 mm s, line width: I' + 0.01 mm ™!, hyperfine magnetic field: + 0.1 T,
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Fitting parameters of in situ Mossbauer spectra were obtained after exposure of the AI-HM catalyst to gas mixtures of increased reducibility.

R Phase IS (mm s 1) QS (mm s Hyperfine field (T) Linewidth (mm s 1) Spectral contribution (%)
1.48 Fe304(tet) 0.29 -0.01 48.4 0.37 33
Fe304(oct) 0.65 -0.03 44.5 0.35 67
1.64 Fe304(tet) 0.28 -0.02 48.4 0.37 36
Fe304(oct) 0.65 -0.02 44.6 0.35 64
1.84 Fe304(tet) 0.28 -0.01 48.4 0.36 34
Fe304(oct) 0.64 -0.03 44.7 0.33 62
a-Fe 0.00 0.00 33.3 0.5 4
2.09 Fe304(tet) 0.28 -0.02 48.4 0.37 32
Fe304(oct) 0.65 -0.02 44.7 0.35 61
a-Fe 0.00 0.00 33.0 0.5 4
Fe3C 0.17 0.02 20.6 0.5 3
2.42 Fe304(tet) 0.28 -0.01 48.5 0.35 31
Fe304(oct) 0.64 -0.03 44.7 0.34 59
a-Fe 0.00 0.00 33.0 0.5 4
FesC 0.17 0.04 20.9 0.5 6

Experimental uncertainties: Isomer shift: IS + 0.01 mm ™

spectral contribution: + 3 %.

Calcined
400 °C Air
1.48

.y

=

8 1.64

g 1.84

[

)

£

10 -5 0 5 10
Doppler velocity (mm s™)

Fig. 5. In situ Mossbauer spectra of AlCu-HM catalyst compared to ex situ
spectrum of calcined catalyst. Visible peaks of the cementite sextet are indi-
cated with an (*).

with small contributions of hematite. On the contrary, the HM and
Cr-HM reference catalysts only contain hematite.

We used in situ Mossbauer spectra to study the activation of the
calcined HM precursor in a simulated HTS feed mixture as a function of
the steam concentration. Table S1 lists the volumetric compositions
investigated and the corresponding R ratios (R = [CO]*[H2]/[CO2]*
[H20]) between the reducing gases Hy and CO and the oxidizing gases
H>O and CO, [2]. The variations in the H,O concentration were
balanced by changing the He concentration to keep the CO, CO; and Hy
concentrations constant. The gas composition with the highest steam
concentration of 27 % (i.e., the lowest R of 1.48) is close to that of a
commercial HTS feed with a steam to gas ratio of 0.5 (33 % steam) [4].
Starting from this composition, the steam concentration was lowered in
steps of 3 % until over-reduction was observed.

Fig. 1 shows the in situ Mossbauer spectra of the used HM catalyst and
the reference ex situ Mossbauer spectrum of the calcined precursor of
HM. Exposure of the calcined HM catalyst to industrial HTS conditions

, quadrupole splitting: QS &+ 0.01 mm s~ line width: I + 0.01 mm ™, hyperfine magnetic field: + 0.1 T,

with R = 1.48 results in the disappearance of the magnetically split
sextet characteristic of hematite and the emergence of two new sextets
related to the tetrahedral and octahedral Fe sites of magnetite (Table 2).
No other Fe phases than magnetite were observed under these condi-
tions. Increasing R to 1.64 and 1.84 (more reducing conditions) gave
similar results. The onset of over-reduction was observed at R = 2.09
with the appearance of two more magnetically split sextets. The
Mossbauer parameters of these sextets indicate the formation of a-Fe
and Fe3C (cementite) phases. At R = 2.42, the reduction is substantial,
and the contribution of cementite is much larger than that of metallic Fe,
indicating rapid carburisation of the latter. These samples did not
contain wiistite (FeO), which is usually observed as an intermediate in
the reduction of magnetite to metallic Fe during TPR experiments [21].
These results show that a-Fe and likely FeO are short-lived intermediates
during the over-reduction of the active phase in HTS conditions to
Fe-carbides under practical HTS conditions. These Fe-carbides are a
significant cause of deactivation associated with over-reduction [1,9].
XRD patterns of the catalysts used in the in situ Mossbauer experiments
are shown in Fig. S1. Consistent with the Mossbauer data, HM treated at
R = 1.48 only contains magnetite. The same holds for the samples
treated in the R-range of 1.64 — 2.42. However, unlike the Mossbauer
findings, the catalysts exposed to R = 2.09 and 2.42 did not contain XRD
evidence for the presence of cementite. A likely explanation is that the
cementite phase is present as very small particles.

The corresponding Mossbauer spectra for Cr-HM are collected in
Fig. 2. Similar to the non-doped HM catalyst, the hematite phase in the
calcined chromium-doped catalyst precursor is completely converted
into magnetite upon exposure to HTS conditions of R = 1.48 (Table 3).
Unlike the HM catalyst, exposing Cr-HM to a feed with R = 2.42 does not
lead to the formation of cementite. Thus, chromium doping renders the
active magnetite phase more stable against over-reduction under
industrially relevant HTS conditions. a-Fe and FeCs phases were only
observed at R = 6.57 for this Cr-HM catalyst. These data show that
chromium-doped magnetite is more stable against over-reduction,
which aligns with literature [1,5]. The corresponding XRD patterns of
the used Cr-HM catalysts confirm these findings (Fig. S2). However, in
this case, XRD also showed the formation of cementite at R = 6.57.

The in situ Mossbauer spectra of the CrCu-HM catalyst are shown in
Fig. 3. The reference spectrum of the calcined precursor contains an SPM
doublet. Analysis of this sample by Mossbauer spectroscopy at —269 °C
confirmed the presence of hematite and ferrihydrite (Table 1). After
exposure of the calcined CrCu-HM catalyst to HTS conditions with R =
1.48, the SPM doublet disappeared, and two magnetically split sextets
related to magnetite emerged (Table 4). At R = 2.88, an additional
minor sextet appeared due to cementite. The fraction of cementite
remained constant until R = 4.60. At R = 6.57 the contribution of the
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Fitting parameters of in situ Mossbauer spectra obtained after AlICu-HM catalyst exposure to increased reducibility gas mixtures.

R Phase IS (mm s 1) QS (mm s Hyperfine field (T) Linewidth (mm s 1) Spectral contribution (%)

1.48 Fe304(tet) 0.28 -0.02 48.6 0.32 32
Fe304(oct) 0.65 -0.02 44.8 0.32 68

1.64 Fe304(tet) 0.29 -0.03 48.5 0.35 34
Fe304(oct) 0.65 -0.04 44.5 0.34 66

1.84 Fe304(tet) 0.29 -0.01 48.5 0.35 35
Fe304(oct) 0.65 -0.03 44.7 0.33 65

2.09 Fe304(tet) 0.28 0.03 48.5 0.34 34
Fe304(oct) 0.65 -0.03 44.7 0.33 64
Fe3C 0.18 0.09 20.5 0.50 2

2.42 Fe304(tet) 0.28 -0.01 48.5 0.34 33
Fe304(oct) 0.65 -0.03 44.8 0.33 64
a-Fe 0.00 0.00 33.0 0.50 1
Fe3C 0.18 0.00 21.0 0.50

Experimental uncertainties: Isomer shift: IS + 0.01 mm™*

spectral contribution: + 3 %.

, quadrupole splitting: QS + 0.01 mm s, line width: I' & 0.01 mm !, hyperfine magnetic field: + 0.1 T,

Table 7
Overview of phases observed in situ Mossbauer spectra.
1.48 1.64 1.84 2.09 242 2.88 4.60 6.57

HM ° ° ° om¢é °¢ - - -
Cr-HM ° ° ° ° ° ° om¢
CrCu-HM | e ° ° ° om¢ om¢ ¢
Al-HM ° ° om om¢ om¢ - . -
AlCu-HM | o ° ° (X om¢ - . -

# Phases are indicated as: Magnetite (@), a-Fe (M), FesC (§).

cementite phase had grown much more significantly. Thus, the presence
of copper leads to a slightly earlier onset of over-reduction in terms of R-
value compared to Cr-HM. Nevertheless, the amount of over-reduced
phases remains small, while the amount of cementite under the most
reducing conditions for CrCu-HM was similar to that for Cr-HM. XRD
patterns of the used CrCu-HM catalysts are shown in Fig. S3. The
diffraction pattern after exposure of the calcined catalyst to HTS con-
ditions of R = 1.48 shows that magnetite has been formed. No reflections
due to phases obtained by over-reduction were observed between R =
1.48 and 2.42, which is in line with the in situ Mossbauer results. The
discharged catalyst treated at R = 2.88 shows a weak diffraction line at
20 = ~45° in its XRD pattern, confirming the formation of a small
amount of cementite in line with the in situ Mossbauer spectra (Fig. 3).
This cementite feature was not observed for the discharged catalyst
treated at R = 4.60, whereas it was visible in the XRD pattern of the
catalyst treated at R = 6.57. The absence of cementite reflections in the
used catalyst after exposure to HTS conditions with R = 4.60 confirms
the utility of Mossbauer spectroscopy to investigate bulk iron species.
Exposure of the calcined Al-HM catalyst to HTS conditions of R =
1.48 resulted in the formation of the active magnetite phase, similar to
the HM, Cr-HM, and CrCu-HM catalysts (Fig. 4). Upon exposure of the
calcined catalyst to a gas mixture of R = 1.64, a third sextet was
observed, which was attributed to a-Fe (Table 5), indicating over-
reduction of the active magnetite phase. When the catalyst was subse-
quently exposed to more reducing conditions, the o-Fe phase was
observed until a cementite phase formed at R = 2.09. This shows that the
presence of aluminium in these catalysts enhances the over-reduction of
the active phase to a-Fe, while it initially prevents carburization. The
stabilisation of the a-Fe phase against carburization was not observed in
the non-doped and chromium-doped catalysts. This could indicate that

the a-Fe interacts with an amorphous AlyO3 phase invisible to XRD
analysis, whose presence was hypothesized above. Despite the possible
presence of a separate amorphous Al;O3 phase and the enhanced over-
reduction caused by aluminium doping, the aluminium-doped catalyst
was stable from over-reduction at a steam concentration of 27 % (R =
1.48), which is substantially lower than normal operating conditions
where a steam concentration of 33 % is used [4]. This confirms the
potential of aluminium to replace chromium as a dopant in Fe-based
WGS catalysts [19]. The possible presence of a separate amorphous
Al,0O3 phase suggests that further optimisation of the preparation pro-
cedure should be explored to obtain an optimal ageing pH for aluminium
and iron oxides. Natesakhawat et al. showed that the pH during pre-
cipitation significantly influenced the CO conversion of the catalysts.
They suggested that this results from low pH values in the preparation,
which would favour Fe precipitation, whereas precipitation of Al species
is faster at high pH values. Although the authors mention that precipi-
tated aluminium species can dissolve in water at pH > 9, it is also
mentioned in other works that the optimum pH is 11. XRD patterns of
the used Al-HM catalysts (Fig. S4) confirm the formation of magnetite
upon exposure of the calcined catalyst to HTS conditions at R = 1.48. No
reflections belonging to a-Fe were observed at R = 1.64-2.09, in contrast
to the in situ Mossbauer spectra where a-Fe formation was observed at R
= 1.64 and below. Since these patterns were recorded after the catalysts
were exposed to air, the a-Fe phase observed in the Mossbauer spectra is
likely oxidised. This shows the benefit of using in situ Mossbauer spec-
troscopy. No evidence of a separate aluminium oxide phase was found,
consistent with the presence of an amorphous aluminium oxide phase.

In situ Mossbauer spectra of AlICu-HM catalysts (Fig. 5, Table 6) show
a-Fe and cementite formation at R = 2.09. As this is similar to the non-
doped HM catalyst, it can be stated that these dopants do not affect
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catalyst over-reduction. It should be mentioned that the steam content
corresponding to R = 2.09, 18 %, is far below the normal operating
conditions of 33 % steam typically employed in an industrial plant. This
means that the AlCu-HM catalyst is a viable candidate for replacing
chromium. Notably, the effect of aluminium/copper co-doping is
opposite to that of chromium/copper co-doping, where a slight
enhancement of over-reduction was found. The stabilization of a-Fe,
observed in the aluminium-doped catalyst, was not observed in the
aluminium/copper co-doped catalyst. Since our study did not optimise
the preparation procedure for the aluminium-doped catalysts, we cannot
exclude the presence of a separate amorphous Al,O3 phase. Based on
these results, further optimization of the aluminium precipitation pro-
cedure should be explored. XRD patterns of used AlCu-HM catalysts
confirm the formation of the active magnetite catalysts at R = 1.48
(Fig. S5). In contrast to the in situ Mossbauer spectra, no reflections due
to cementite were observed in the sample treated at R = 2.42, suggesting
that, if present, it is in the form of very small particles.

4. Conclusions

The influence of chromium and aluminium doping and copper co-
doping of iron oxide based HTS catalysts was investigated for the first
time with in situ Mossbauer spectroscopy (Table 7). In situ Mossbauer
spectra showed that in a non-doped iron-oxide catalyst, a-Fe and
cementite formation occurred after treatment under HTS conditions at
an R factor of 2.09. Doping with chromium stabilized the active
magnetite phase down to R = 4.60 before a-Fe and cementite formation
occurred. The chromium-copper co-doped catalyst slightly enhanced the
over-reduction of the active magnetite phase to an R factor of 2.88. In
contrast, the aluminium-doped catalysts only showed a-Fe formation at
R = 1.64. Cementite formation was observed at R = 2.09 for the
aluminium-doped catalyst, which shows that the a-Fe is stabilized from
carburization in aluminium-doped catalysts. Cementite formation was
observed at R = 2.09 in the aluminium-copper co-doped catalyst, the
same as for a non-doped catalyst. Despite the enhanced over-reduction
in the aluminium-doped catalyst compared to the chromium-doped
catalyst, no over-reduction was observed at R = 1.48, corresponding
to a steam concentration of 27 %. This steam concentration is signifi-
cantly lower than industrial operating conditions of 33 % HyO. Opti-
misation of the precipitation pH is necessary to ensure optimal
incorporation of the aluminium dopant in the catalyst.
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