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Equipped with his five senses, man explores the universe around him and calls
the adventure science

Edwin Hubble






Contents

Chapter 1: Introduction

Chapter 2: Chromium doping

Chapter 3: Copper doping

Chapter 4: Alternative dopants

Chapter 5: In situ Mossbauer spectroscopy

Chapter 6: Summary & Samenvatting

Acknowledgements

List of publications

Curriculum Vitae

23

59

91

125

153

167

171

173






INTRODUCTION

1.1 CATALYSIS

Catalysis is essential to ensure our current standard of living. The synthesis of
fertilisers 1, polymers 2, commodity chemicals 134, gas to liquid fuels 5, and
foodstuffs like hydrogenated vegetable oils ¢ are examples of products
obtained by catalysed processes. Probably the most well-known example of a
catalyst to the public is the three-way catalytic converter, which facilitates the
removal of harmful CO, NOy, and unburned hydrocarbons from the exhaust
gases of internal combustion engines 7. Also, the petroleum refining industry
relies heavily on catalysed processes. The low molecular weight hydrocarbon
yield of crude oil is significantly increased by cracking processes 8, while
contaminants like sulphur are removed from transportation fuels by
hydrodesulfurisation °. Many other processes in the chemical industry, such as
base chemicals and fine chemicals including medicine, often hinge on the use
of one or more catalytic transformations.

A catalyst facilitates the chemical reaction by lowering its activation energy
without being consumed itself in the process. The thermodynamic equilibrium




1. INTRODUCTION

of the reaction is not affected by the catalyst 10. Catalysis can be divided into
three categories: (i) heterogeneous catalysis, where the catalyst exists in a
different phase as the reactants and products. Usually, the catalyst is a solid
and reactants are in the liquid or gas phase. Most industrial chemical processes
use heterogeneous catalysts because of the ease of separation; (ii)
Homogeneous catalysis, where the catalyst exists in the same phase as the
reactants and products, usually in the liquid phase; (iii) Bio-catalysis, where
enzymes are used as catalysts. The elementary steps of a heterogeneously
catalysed surface-reaction are shown in Figure 1: (1) adsorption, where the
reactants adsorb to the catalysts surface, (2) surface reaction, and finally (3)
desorption, where the product is released from the surface and the catalyst
remains for a subsequent cycle. It should be noted that these elementary steps
exclude the diffusion of reactants and products in and out of a shaped catalyst,
which is an important step in industrial catalysis. As is illustrated in Figure 1,
the activation energy of the surface reaction is lower compared to the
uncatalysed reaction.

A A+B 2 C
N
&>° E. uncatalysed
(] 2 a
c
(V]
.g A+B /1 /\ \ ! T E, catalysed
2 N\aB/ |\ v
g 3\ C
C
>

Reaction coordinate

Figure 1. Potential energy scheme of a heterogeneously catalysed reaction of
substrates A and B to product C.

One of the most important innovations in the chemical industry in the 20t
century is the Haber-Bosch process, where nitrogen and hydrogen gas are
combined to ammonia (1) 111

N2+3H2<_—’2NH3 (1)




1.2 HYDROGEN GAS AND THE WATER-GAS SHIFT REACTION

Ammonia derivatives such as nitrates and urea can be used as fertiliser 1'10-12,
Before the availability of synthetic nitrogen fertilisers, nitrates were mined in
the form of saltpetre. When these natural resources ran out at the turn of the
19th century, alternative resources were in high demand to prevent a major
famine, which would result from a lack of available nitrogen-based fertilisers
110, The availability of synthetic nitrates by the Haber-Bosch process not only
solved this problem, it also facilitated global population growth. It has been
estimated that, by 2008, nearly half of the world’s population was fed by crops
grown with nitrogen-based fertilisers 12. This means that from a statistical
point of view, approximately every other person reading this text owes their
existence to the Haber-Bosch process. The immense scale at which ammonia is
produced today requires an energy consumption responsible for 1-2% of
global CO; emissions 13. Considering that the Haber-Bosch process is only one
of many catalytic processes, the impact of catalysis on the world’s economy is
evident. Approximately 80-90% of chemical processes rely on catalysis,
resulting in an estimated impact on the global gross domestic product of 30-
409% 10,

1.2 HYDROGEN GAS AND THE WATER-GAS SHIFT REACTION

Hydrogen is required in a 3:1 ratio to nitrogen for ammonia synthesis (1). One
of the major challenges in initial ammonia synthesis was to provide large
quantities of cheap hydrogen gas . Initially, hydrogen was produced from coal
by steam gasification (2). CO was subsequently removed by liquefaction and
scrubbing with hot caustic soda. As this process was unsuitable for large-scale
operations, the water-gas shift (WGS) reaction (3) was added to convert CO
with steam into CO, and additional H;. Bosch and Wild developed an
iron/chromium-oxide catalyst in 1912, which was first implemented in a coal-
based ammonia plant in 1915 ! Today, most industrial hydrogen gas is
obtained via natural gas reforming (4), which is also combined with the WGS
reaction (3) 1418, The WGS reaction of coal-derived water-gas is however still
used to increase the H,/CO ratio in Fischer-Tropsch (FT) synthesis 9. The 1:1
H/CO ratio of coal-derived syngas is shifted using an iron-based FT catalyst,
leading to H» production at the expense of CO. When syngas is obtained from
natural gas, the WGS step can be omitted and typically cobalt-based catalysts
replace iron-based ones for catalysing FT synthesis 20.

C+H,0 2 Hz +CO 2)
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CO + H,0 2 H; + CO; (3)
CH4 + H20 2 CO + 3 H, (4)

Nowadays, the industrial WGS reaction is performed in two stages 11416718, The
high-temperature shift (HTS) stage is typically performed at 350-450 °C, using
an iron-oxide-based catalyst. The catalyst is similar to the original
iron/chromium oxide catalyst developed over a century ago by Bosch and Wild
with the inclusion of CuO in the precursor to enhance activity 182123, To achieve
high CO conversion of this equilibrium-limited reaction, a second low-
temperature step is included. This low-temperature shift (LTS) step is typically
performed in the range of 190-250 °C using (more expensive) copper-based
catalysts 141624, Copper-based catalysts have high WGS activity and no activity
for CO (5) and CO; (6) methanation side reactions which are
thermodynamically favoured under LTS conditions 1. Methanation is highly
undesired at this stage since methane is formed at the expense of the desired
Hz. The copper-based catalysts can only be used atrelatively low temperatures
because of their susceptibility to sintering. The first copper-based WGS
catalysts were developed in the late 1920s and suffered from poisons present
in the used process streams. When much purer hydrocarbon-derived syngas
became available, the use of copper-based catalysts became possible, leading
to the first commercial adaptation of a copper-based WGS catalyst in 1963 1. In
the HTS-LTS configuration, the bulk of CO is converted during HTS with exit CO
concentrations typically in the range of 2-4% CO. The residual CO is then
largely removed by LTS, lowering the final CO concentration to 0.1-0.3% 117 In
an ammonia plant, the WGS reaction is combined with a CO methanation (5)
step. This ensures CO removal down to 5 ppm 1, which is necessary since CO is
a poison to the Haber-Bosch catalyst, which consists of metallic Fe.

CO +3 H; 2 CHs + H20 (5)
CO,+4H,2CHs+2H,0  (6)

The active phase of iron-based HTS catalysts is magnetite, which is a mixed
Fe2+/Fe3+-oxide phase (Fe304) 1417:25 ]t is formed under process conditions by
partial reduction of Fe3+-oxide or -oxyhydroxide precursors 15:17:18, Magnetite
has an inverse spinel AB,0. structure (Fig. 2). The tetrahedral A-sites are
occupied by Fe3* and the octahedral B-sites by an equimolar mixture of Fe?+
and Fe3+ 17. The most accepted reaction mechanism of the HTS reaction on
magnetite catalysts involves the Fe2*/Fe3* redox couple at octahedral sites 1526

10



1.2 HYDROGEN GAS AND THE WATER-GAS SHIFT REACTION

(7-8). Associative mechanisms have been proposed also. Here the CO and H,0
form a surface intermediate before the surface intermediate disintegrates into
COz and H; (9) 4. Associative mechanisms are mainly criticised by the lack of
observable surface intermediates under HTS conditions. Observing such
intermediates can be difficult however if their lifetime is short.

CO+0"2CO +* (7)
H0+*2H; + 0" (8)
CO + H;0 2 surface intermediate 2 CO; + H; 9

Fe3* (tetrahedral)

oy

Fe?*/Fe3* (octahedral)

Figure 2. Ball and stick model of the magnetite unit cell produced with 27.

Magnetite as such is prone to thermal agglomeration and over-reduction under
WGS process conditions 14162428 Chromium is added to the catalyst to mitigate
these effects. The Fe3+-oxide and -oxyhydroxide precursors of the magnetite
catalyst are typically prepared via co-precipitation of Fe3+ precursors followed
by calcination of the resulting precipitates 1718, Chromium is added during the
precipitation procedure as Cr3+ salts and typically exists as a mixture of Cr3+
and Cré* (hydr)oxides in the fresh catalyst upon calcination 4. Cré* is
subsequently reduced to Cr3+ during the formation of the active magnetite
phase and is simultaneously incorporated into the octahedral B-sites of the
inverse spinel structure 17. The presence of chromium in the active magnetite
catalyst results in higher CO conversion by preventing extensive sintering of
the active phase. It also prevents reduction of the active magnetite phase to

11
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lower oxidation state iron-species such, as Wiistite (FeO), metallic iron (a-Fe),
and iron carbides 417, The over-reduction of magnetite to these species is
irreversible and the formation of metallic iron and iron carbides are especially
undesired because they catalyse methanation and Fischer-Tropsch side-
reactions 1. Despite the consensus on octahedral chromium incorporation,
different and often opposing effects of chromium doping on the Fe2*/Fe3+* redox
couple have been reported. Three suggested incorporation mechanisms are
currently known; (i) Cr3+ replaces an equal amount of Fe3+ and Fe2+* in the
octahedral sites, partially displacing Fe2+ to tetrahedral positions in order to
maintain a neutral structure 29, (ii) chromium replaces octahedral Fe3+ 14, and
(iii) chromium hinders Fe2* formation during the formation of magnetite
resulting in a partially oxidised magnetite structure 3°. Commercial iron-oxide
based HTS catalysts also contain small amounts of CuO to enhance CO
conversion 1416, Copper is added during the precipitation procedure as Cu?+
salts and is reduced to metallic Cu during the activation procedure. The copper
is dispersed as metallic nanoparticles, which are thought to be partially
covered by an iron-oxide layer, enhancing CO conversion by providing
additional active sites 2223,

1.3 ALTERNATIVE DOPANTS

Tightening regulations 3! on the use of Cré* have led to exploration of
alternative dopants to stabilise iron-based HTS catalysts 162532 A rational
design approach to achieve this goal is hampered by a lack of understanding of
the exact role of chromium and copper dopants under industrially relevant
conditions. An important limitation of previous works is that catalysts were
typically not investigated after use under industrially relevant HTS conditions,
for which three aspects are relevant 117. First, activity evaluation should
involve gas mixtures containing H», CO, CO2, and H:0, representative of gas
compositions used in an industrial plant. Second, stability should be evaluated
using dedicated accelerated testing protocols, because HTS catalysts typically
operate for 3-5 years. Third, catalyst testing should include the use of elevated
pressure, as HTS is typically performed at pressures up to 80 bar in an
industrial plant. Comprehensive reviews on the effects of alternative dopants
to chromium on the catalysts” activity can be found in literature 16:25:32, Many
elements have been tested in iron based HTS catalysts, such as aluminium 33:34,
cerium 34737, cobalt 3438, copper 21, gadolinium 3940, magnesium 4!, manganese
3442, molybdenum 43, nickel 445, niobium 46, ruthenium 47, silica 41, thorium 48,

12
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vanadium 49, and zinc 5°. Aluminium is often identified as a promising dopant
in terms of high CO conversion 33344142 Co-doping of a second dopant with
promising dopants like aluminium 5! and cerium 3¢ also received attention and
co-doping additional elements to nickel was investigated to suppress
methanation side reactions 44. A direct comparison of the potential of these
alternative dopants is however difficult, because the catalyst preparation
methods and specific preparation details, such as the calcination temperature,
doping levels, as well as test conditions (temperature, pressure, feed gas
composition, and test duration) vary among such investigations 16:32. Further,
more detailed, discussion on promising alternative dopants is provided in
chapter 4.

1.4 MOSSBAUER SPECTROSCOPY

The most useful information regarding a catalyst working mechanism is
arguably found on the surface, since this is where the reaction occurs. However,
bulk studies can provide useful information about catalysts as well 1735
Mossbauer spectroscopy is a powerful bulk technique to study complex iron
structures. It is based on the effect discovered by Rudolf Mdssbauer in 1958,
i.e. the recoilless emission and resonant absorption of gamma radiation, 52
awarding him the Nobel Prize in physics in 1961 53. Despite the availability of
almost 50 Mdssbauer active elements 54, most studies are performed on iron-
containing materials because of the abundance and the reasonable half-life of
the 57Co parent nucleus of ~270 days 53. Studies of tin-based materials are also
prevalent because of the reasonable life-time of the parent nucleus 5. It should
be mentioned however that all Mdssbauer active elements can readily be
investigated using synchrotron radiation 53. Mdssbauer spectroscopy
simultaneously provides information on oxidation states, site symmetry, and
magnetic properties of the material under investigation 5354, Besides
‘fingerprinting’ different materials, the effects of dopants and the distribution
of particle sizes can be studied in detail, because they affect the magnetic
properties of the material. The versatility of Mdssbauer spectroscopy results in
its employment in a variety of fields, including geoscience, material science,
and catalysis 5:17'185556, An exceptional tour de force of the technique is found
in the MIMOS II (MIniaturized MOssbauer Spectrometer, Figure 3) 57 on board
of both the Spirit and Opportunity Mars rovers. In 2004, the Opportunity rover
measured a sample containing Jarosite ((K,Na)Fe3(S04)2(OH)s) in situ. The

13
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identification of a Jarosite phase presented evidence of aqueous processes on
the planet 57.

Figure 3. Photograph showing the MIMOS Il Mdssbauer instrument (pointing
towards the sky) attached to the robotic arm of NASA’s Opportunity Mars
Rover taken on the western rim of Endeavour Crater, Mars (image reprinted
from NASA).

Other applications of Mossbauer spectroscopy can be found in catalysis
research 517:355558, The sensitivity for bulk iron structures allows for the
deconvolution of the Mdssbauer spectrum of the magnetite AB,04 structure
into separate sub-spectra for the tetrahedral A-sites and the octahedral B-sites
2959 In this way, the position of chromium and alternative dopants in the
catalysts’ structure can be compared. Furthermore, the effect of the different
dopants on the Fe2+/Fe3+ redox couple, which is believed to catalyse the water-
gas shiftreaction, can be investigated. Since the gamma rays used in Méssbauer
spectroscopy are largely unaffected by process gas, it is also an excellent
technique for in situ investigations. The over-reduction of metal-oxides
described in 1.3 is typically investigated by measuring either gas consumption

14
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or evolution in temperature programmed reduction (TPR) experiments 3335,
CO- or H2-TPR conditions however differ significantly from realistic HTS
conditions where over-reduction of the active catalyst is often attributed to an
imbalance between the reducing (CO, H:) and oxidising (CO;, H:0) gasses
present in HTS feeds 1'16. In situ Mossbauer spectroscopy will allow for a more
detailed investigation of the products of over-reduction i.e. a-Fe and FeCy
obtained under industrially relevant HTS conditions.

1.5 THESIS SCOPE

The aim of this work is to expand our understanding of iron-based HTS
catalysts towards the replacement of chromium by an alternative dopant. To
this end, the effect of chromium- and chromium/copper-doping was
investigated in detail. The effect of alternative dopants was then investigated,
aiming at the replacement of chromium. Special emphasis was placed on
industrial relevance of the prepared and aged catalysts. To underpin the
position of chromium and other dopants in the inverse spinel AB,0;4 structure
of the active magnetite catalyst, Mossbauer spectroscopy was employed. Other
characterisation methods include x-ray diffraction (XRD), x-ray photoelectron
spectroscopy (XPS), Near ambient pressure x-ray photoelectron spectroscopy
(NAP-XPS), transmission electron microscopy (TEM), N2-physisorption, and
temperature programmed reduction (CO-TPR). Although, characterisation of
the active magnetite catalysts was the main focus, freshly calcined catalysts
were also characterised.

In chapter 2 the effect of chromium doping on HTS catalysts is discussed.
Catalysts with different chromium loadings were investigated. Catalysts were
prepared via a single step co-precipitation/calcination route and aged under
industrially relevant gas compositions for 4 days at 2 and 25 bar. In addition to
“standard” characterisation techniques such as XRD, N2-physisorption, TEM,
and CO-TPR, Méssbauer spectroscopy was employed to gain insights into the
proposed incorporation mechanisms discussed in this introductory chapter.
Mossbauer spectra of aged catalysts were supported by hyperfine parameters
obtained from DFT calculations. XPS analysis provided surface analysis of the
aged catalysts.

The effect of copper doping on chromium-doped catalysts was investigated in
detail in chapter 3. Catalysts with different copper loadings were prepared by

15
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a co-precipitation/calcination route. Méssbauer spectroscopy was employed
to study in detail the effect of copper doping on freshly calcined catalysts and
on chromium-doped magnetite, obtained after ageing the catalyst for 4 days
under industrially relevant HTS conditions. In addition to ex situ XPS analysis
of samples aged under industrially relevant conditions, lab-based NAP-XPS
was employed to investigate the copper dopant under working WGS conditions.

In chapter 4, a suite of catalysts with alternative dopants was prepared and
compared to the chromium- and chromium/copper-doped catalysts. Catalysts
containing aluminium, gallium, indium, manganese, zinc, and niobium were
prepared, both with and without the copper promoter. Aluminium and
aluminium-copper doped catalysts have been identified as promising catalysts
in literature, however these catalysts were not tested under industrially
relevant HTS conditions before. Mossbauer spectroscopy was employed to
reveal the incorporation mechanism of the alternative dopants into the
magnetite structure.

In chapter 5 the effect of aluminium and chromium doping on the undesirable
over-reduction of iron-based WGS catalysts under industrially relevant HTS
conditions was investigated. In situ Mdssbauer spectroscopy is explored for the
first time to investigate the effect of different dopants on over-reduction of the
active catalyst. The gamma rays used in Mdssbauer spectroscopy are mostly
unaffected by process gas, making it an excellent technique for in situ
measurements. Furthermore, the sensitivity of Mdssbauer spectroscopy for
iron species allows for detailed investigation of small particle and amorphous
phases typically invisible to standard techniques such as XRD.

16
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ABSTRACT

CHROMIUM DOPING

ABSTRACT

Chromium promotion of iron oxide based water-gas shift (WGS) catalysts
prepared via co-precipitation/calcination was investigated. Mossbauer
spectroscopy and XRD evidence that chromium is incorporated in the calcined
hematite (a-Fe,03) precursor irrespective of the doping level (0-12 wt.%). CO-
TPR shows chromium 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. Mdssbauer spectra indicate that chromium incorporates into
octahedral sites of magnetite and prevents reduction of Fe3+ to Fe2* during
formation of the active phase. The higher Fe3+/Fe2* ratio did not affect the high
CO conversion associated with the structural stabilisation 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 oxidised chromium-
doped magnetite phase. No surface effects of Cr-doping were found.
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2.1 INTRODUCTION

2.1 INTRODUCTION

Hydrogen is an important reagent used mainly in industrial ammonia synthesis
12, Traditionally, hydrogen is produced by the steam methane reforming (SMR)
process, which involves the water-gas shift (WGS) reaction to maximise
hydrogen production (1) 3. As the WGS reaction is mildly exothermic (AH =
-40.6 k] /mol), high CO conversion is favoured atlow 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 36, In the HTS step, the CO concentration is typically
decreased from 10-15% CO to 2-4 % CO *.

H,0 +CO=2CO,+H, (1)

The active phase of HTS catalysts, magnetite, is formed in situ by partial
reduction of hematite or other bulk Fe3+-oxide precursors such as maghemite
(y-Fe203) 57. 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 Fe2+ and Fe3+ 8. The activity
of iron-based WGS catalysts is often linked to the Fe2+/Fe3+ redox couple in the
octahedral sites 19. Boreskov et al. 19 showed that Fe2* can be oxidised by H,0
to Fe3* and Fe3* can be reduced to Fe2* by CO. More recently, Keturakis et al. °
confirmed that the HTS reaction follows a redox mechanism and that oxygen
atoms at the surface are the most abundant reactive intermediates. Magnetite
as such is prone to thermal agglomeration and over-reduction under practical
WGS conditions 12, The addition of chromium to the Fe3+-oxide precursor
typically increases the stability of 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 Cr3+ upon exposure to WGS feed mixtures. Chromium is
typically incorporated into the bulk of the magnetite structure to form a Fes.
«Crx04 solid solution. According to Keturakis et al, the main role of chromium
is that of a structural promoter, decreasing sintering and over-reduction. Khan
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2. CHROMIUM DOPING

and Smirniotis 7 showed that hematite is converted into magnetite under
atmospheric pressure HTS conditions and that chromium stabilises the active
phase against sintering. Another proposed role of chromium is that of a
chemical promoter, enhancing the WGS activity of magnetite by involvement
of the Cré*/Cr3* redox couple 211 This view is not supported by more recent
findings however 12. Robbins et al. 13 and Topsge and Boudart 14 showed by
Mossbauer spectroscopy that chromium is incorporated in octahedral sites of
magnetite. The exact position of chromium in the octahedral sites is however
still unknown. Robbins et al. 13 reported that chromium replaces an equal
amount of Fe2+ and Fe3+ in the octahedral sites, while Topsge and Boudart 14
could not confirm this for their WGS catalysts. A difference between these
studies is that only the work of Topsge and Boudart involved Mdssbauer
spectroscopy characterisation of samples after exposure to WGS reaction
conditions. A literature review by Zhu and Wachs ! mentioned that Cr3+
replaces Fe3+ at octahedral sites of magnetite, which is the active phase for the
HTS reaction. Nevertheless, these authors recently referred to the Robbins
model as the correct model of chromium incorporation 12. Rangel et al. 15
showed that chromium-doped magnetite, prepared by heating chromium-
containing iron(Ill)hydroxyacetates, resulted in a lower Fe2+/Fe3* ratio
compared to stoichiometric magnetite. This was explained by the preference
of Cr3+ to occupy octahedral sites, which prevents Fe2* formation. More Fe2*
was observed upon use of their catalysts in the WGS reaction. Commercial HTS
catalysts also contain small amounts of CuO to enhance CO conversion 16.
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 1718,

Concerns about the presence of Cré+ in the fresh catalyst 19 have resulted in the
search for novel compositions in which chromium is replaced by other dopants
612, Rational design of such a catalyst is hindered by a lack of clear
understanding of the working mechanism of Cr stabilisation 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 conditions, ie., atmospheric pressure and/or
non-representative WGS reaction feed mixtures. A thorough characterisation
study of such catalysts aged for a prolonged time under industrially relevant
HTS conditions is still lacking.
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2.1 INTRODUCTION

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 #. 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 investigated 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 Méssbauer in 1958, involving the
nearly recoil-free emission and absorption of nuclear X-rays in solids 29. This
technique is extremely useful for the study of iron catalysts 21-22. Its sensitivity
for iron allows for deconvolution of Mdssbauer 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 1315, The formal composition of magnetite is [Fe3+]a[Fe2*Fe3+]g[02]4
where cations in A and B sites are tetrahedrally and octahedrally coordinated
by oxygen, respectively 823. The B sublattice exhibits mixed-valence character.
The structure of magnetite depends on the temperature: the inverse cubic
spinel of magnetite above the Verwey phase transition at 120 K, characterised
by equivalency of all A and B sites, transforms in the monoclinic Cc structure
with 8 different groups of crystallographically equivalent A sites and 16
different groups of crystallographically equivalent B sites.
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2.2 EXPERIMENTAL

2.2.1 CATALYST PREPARATION

Catalysts were prepared by a single-step co-precipitation/calcination method
described elsewhere 24. 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
hour, after which it was filtered and washed before drying at 150 °C for 3 hours
and calcination at 400 °C for 4 hours in air. A total of 5 catalysts with
compositions of x wt.% Cr:03 (x =0, 1, 4, 8, and 12) in a-Fe;03 were prepared
in this way. Catalysts were denoted as Cr(x) in the following.

2.2.2 CATALYST CHARACTERISATION

XRD patterns were recorded on a PANalitical X’'pert pro diffractometer
between 10° < 26 < 100°, step size 0.008°, using Cu-K, radiation. The HighScore
Plus software was used for spectral fitting. The aged catalysts were stored
under argon before characterisation.

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% 0;/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-1). A heating rate of 5 °C min-! was maintained during
pre-treatment and the TPR experiment. Product formation was monitored by
an online mass spectrometer (ESS, GeneSys Evolution), different reduction
temperatures were determined by the shift in CO; evolution peak.

Transmission 5’Fe Mossbauer spectra were recorded in constant-acceleration
and sinusoidal velocity spectrometers using a 57Co(Rh) source. The sample and
the 57Co(Rh) source were kept at the same temperature during the Méssbauer
measurements. Velocities are reported relative to a-Fe at room-temperature.
The Mosswinn 4.0 software was used for spectral fitting 25. Samples were
stored under argon atmosphere prior to and during characterisation.
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2.2.3 CATALYTIC ACTIVITY MEASUREMENTS

N physisorption experiments were performed on a Micromeritics 2420 ASAP
instrument. Samples were degassed with nitrogen at 140 °C for at least 1 hour
prior to characterisation.

TEM images were recorded on a FEI Tecnai 20 (type Sphera) TEM. Samples
were suspended in acetone by sonication, and subsequently dispersed over a
Cu grid containing holey carbon film. Particle size averages were obtained by
counting 200 particles per sample using Image] software.

XPS were recorded on a Thermo Scientific K-Alpha spectrometer using an
aluminium anode (Al Ka = 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.

2.2.3 CATALYTIC ACTIVITY MEASUREMENTS

Catalytic activity measurements were performed in a parallel high-throughput
setup at 2 or 25 bar. In a typical experiment, the reactor tubes were charged
with 100 mg catalyst diluted with 500 mg a-Al;Os. The reactors were purged
with nitrogen after which the temperature was raised to 250 °C at a rate of 2 °C
min-l. Steam was added followed by the addition of reaction gas to reach the
desired composition (37% Hz, 9% CO, 4% CO2, 17% N, 33% H,0). The
temperature was subsequently ramped to 450 °C at a rate of 1 °C min-! and
maintained for 24 hours while CO conversion was recorded. The temperature
was then lowered to 360 °C and the activity was measured for 24 hours. A
second thermal ageing step was carried out at 450 °C for 24 hours followed by
additional activity measurement at 360 °C for 24 hours. The temperature was
then lowered to 250 °C and the H; CO, and CO; flows were switched to Na.
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 reactors were then closed off and transferred to a glovebox where the
catalysts were removed under inert atmosphere to ensure no air exposure
occurred. The catalysts were finally stored under an argon atmosphere prior
to characterisation.
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2.2.4 COMPUTATIONAL MODELLING

Hyperfine parameters required for simulating Modssbauer spectra were
calculated based on spin-polarised density functional theory (DFT) using
WIEN2k 26, 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 carefully converged. Electron-exchange
correlation was represented by the generalised 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,
and 1.5 Bohr units (1 Bohr unit, ap = 5.29x10-11 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 bcec 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 R
= 5x105 ao. The computed charge difference Ap with the reference obtained in
this way was converted to the IS using IS = a * Ap, where a was obtained by
calibration using a set of 11 experimental IS values of Fe reference compounds
27, The original set of 11 compounds was extended to 16 reference materials in
this work, yielding o = -0.32 + 0.02 mm s! e'* ao3.

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 28, involving calculation of the spin magnetic
moments of the Fe 3d and 4s 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
(10).
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Table 1. Fe-oxide reference structures used to determine hyperfine parameters
of Fe nuclei using DFT.

Cr Lattice
Name® content | Content of Fe | Space parameters
Structure?a (%) vacancies (%) group A
FesO. -
Fe304 esb . 0 - Fd-3m a=8.424
(magnetite)
a=11.901
(Fes)[CrFe1s]032 | Cr-1 4.2 - R-3m c=14.574
y=120°
a=11.932b=
25.377
cr2 cz c=11.853
v=160.6°
Feg)[Cr2Fe14]0 8.3 -
(Fes)[Crz2Fe14]032 1= 11933 b=
Cr-2 (1) Cm 8.410
c=11.854
Cr-2 (11I) C2/m y=89.5°
a=>5.870
(Fez)[CrFes]0s Cr-4 16.7 - R-3m c=14.883
y = 120°
(Fez)[CrzFez]0s | Cr-8 33.3 - Fm-3 | 3-8.395
a=11914c=
(Feie)[ [Fes1]06s | Vac-0.5 - 2.1 R-3m | 29.183
y=120°
Vac-8/3 a=8.503
F [gF 0 - 11.1 P41212
(Feas)]sFeso] Ooe (maghemite) et c=25.456
a=5.876
(Fez)[Fes]0s Vac-4 - 16.7 R-3m | c=14.394
y=120°

a 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 Cr3* per unit cell. Vac-x refers to
structures containing octahedral vacancies with x referring the number of such
vacancies per unit cell.

31



2. CHROMIUM DOPING

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 (Fesnu-504), and
chromium-doped magnetite (Fes;.xCryO4) where Fe in octahedral positions was
replaced by Cr. The structures, their space groups and optimised 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 concentrations 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 chromium content, the three different Cr-2 models allow to estimate the
impact of Cr arrangement on the observed quantities. The Cr arrangement 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 used parameters that were the
weighted averages within each Fe sublattice (A or B sites in the AB,04 structure
of magnetite).

2.3 RESULTS AND DISCUSSION
2.3.1 CALCINED CATALYSTS

Chromium-doped iron oxide catalysts were prepared using a co-
precipitation/calcination method adapted from Meshkani and Rezaei 24
Routine physico-chemical properties of the calcined catalysts are shown in
Table 2. XRD patterns of freshly calcined catalysts are presented in Figure 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 20 values with increasing chromium content in comparison to non-
doped Cr(0). The values for Cr(8) and Cr(12) are, however, similar. The shift of
the hematite diffraction lines to higher 26 values points to contraction of the
unit cell, which can be explained by the incorporation of chromium cations
(Cr3+) with a smaller radius (62 pm) than iron cations (Fe3*, 65 pm) in the host
structure. 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 29,
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2.3.1 CALCINED CATALYSTS

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 + 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 N
physisorption (Table 2), showing a higher surface area with increasing
chromium content.

i R
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JCPDS: 00-024-0072 1

| '|I-'I| |_||.|| . . . : . . v .
20 30 40 50 60 70 80 350 352 354 356 358 36.0 362 364
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Figure 1. XRD patterns of freshly calcined catalysts (right panel shows
magnified region around the (110) reflection of hematite).

Intensity (a.u.)
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2. CHROMIUM DOPING

Table 2. Selected physico-chemical properties of the calcined catalysts.

Sample d (nm) BET Average
TEM XRDa SA Vit  (cm3 | dpore Cr203b Na20b
(m2g?) | g1 (nm) (wt.%) | (wt.%)

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) 177 29 81 0.23 11.2 3.9 0.7
Cr(8) 12+ 4 25 110 0.25 9.2 7.5 1.6
Cr(12) 12+ 4 24 125 0.31 9.9 11.3 2.1

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

b Obtained by XRF analysis. The Cr,03 content is slightly lower than intended,
possibly due to the presence of some residual Na;0 30.

¢ 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.

d=28+17

40 60 80 100
Particle size (nm)

d=12+4
40 60 80 100
Particle size (nm)

d=18+11 d=12+4
IR S TITE TR S B
40 60 80 100 40 60 80 100
Particle size (nm) Particle size (nm)
d=17+7

40 60 80 100
Particle size (nm)

Figure 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).
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2.3.1 CALCINED CATALYSTS

Room-temperature Mdssbauer spectra are shown in Figure 3. These spectra
contain a magnetically split sextet with isomer shift (IS) values of ~0.38 mm s-
1 and quadrupole splitting (QS) values of ~-0.22 mm s-1, 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 3132, in agreement with the XRD analysis. The
hyperfine magnetic field distribution as displayed in Figure 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 33.
We already discussed that the average particle size of the hematite phase
decreased with increasing chromium content (Table 2). Therefore, we cannot
unequivocally assign the broadening in the hyperfine magnetic field
distribution 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 distribution 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 Mdssbauer
spectrum of the Cr(12) sample, points to a fraction of small particles of an Fe-
oxide phase with high-spin Fe3*ions in octahedral positions 22. Based on the
Mossbauer parameters of the SPM phase alone, it cannot be established what
bulk Fe3+-oxide phase is present.
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Figure 3. Mossbauer spectra calcined of catalysts recorded at room-

temperature (left) and -269 °C (right).
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Figure 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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2.3.1 CALCINED CATALYSTS

Table 3. M6ssbauer parameters of freshly calcined samples obtained at room-
temperature (RT) and -269 °C.

T (°C) Sample | IS QS Hyperfine | T Phase (%)4
(mms1) | (mms1) | field (T) (mm s-1)
RT Cr(0) 0.38 -0.23 50.5 0.23 a-Fez03 100
Cr(1) 0.38 -0.21 50.1t 0.23 a-Fe203 100
Cr(4) 0.38 -0.22 50.5t 0.24 a-Fe203 100
Cr(8) 0.38 -0.21 48.5+ 0.25 a-Fe203 100
cr(12) | 037 -0.22 4731 0.32 a-Fez03 54
0.38" 0.69 - 0.60 Fe3+ SPM 2
0.38" - - 9.28 Fe3+ SPM 44
-269°C | Cr(0) 0.35 0.40 53.6 0.28 a-Fez03 AFc 100
Cr(1) 0.36 0.39 53.7% 0.40 a-Fez03 AF 68
0.35 -0.10 53.2% 0.40 a-Fe203 WFe | 32
Cr(4) 0.35 -0.19 52.8% 0.30 a-Fe203 100
Cr(8) 0.36 -0.21 52.7% 0.26 a-Fe203 100
cr(12) | 036 -0.20 52.41 0.33 a-Fe203 100

aFixed values are marked with an asterisk (*), average values with a dagger (1).
b Experimental uncertainties: Isomer shift: IS + 0.01 mm s-1, quadrupole
splitting: QS + 0.01 mm s-1, line width: I' £ 0.01 mm s, hyperfine magnetic field:
+ 0.1 T, spectral contribution: + 3%.

¢ AF (antiferromagnetic), WF (weakly ferromagnetic) 32.

dSpectral contribution.

To investigate the SPM fraction observed for Cr(12) in the room-temperature
Mossbauer spectrum in more detail, a Mossbauer spectrum was recorded at -
269 °C to regain magnetic splitting. The low-temperature Mdssbauer 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 Méssbauer spectra is hematite. In the Mdssbauer 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 st (Table 3). The higher hyperfine magnetic field
of Cr(0) compared to the Cr(4)-Cr(12) samples (~52.7 T) and the QS value of
~0.40 mm s indicate that hematite underwent the Morin transition 34. The
Morin transition occurs for hematite particles larger than 20 nm 32. This
transition is observed for Cr(0), which is the only sample containing hematite
particles larger than 20 nm (Table 2). In the Cr(1) sample, two spectral
contributions of hematite can be distinguished (Fig. 3). For the
antiferromagnetic phase, the occurrence of the Morin transition indicates that
this sample contains a fraction of particles with a size larger than 20 nm. The
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2. CHROMIUM DOPING

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 superparamagnetic Fe3+-oxide
phase observed in the Cr(12) sample at room temperature belongs to
chromium-doped hematite.

The influence of chromium on the reducibility of the calcined catalysts was
determined by CO-TPR (Fig. 5). The TPR patterns consist of two main reduction
peaks, representing the reduction of hematite to magnetite (Fez04), and the
further reduction of magnetite to metallic Fe, possibly followed by
carburisation. 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 (x-FesC;) with only a small amount of «o-Fe
(3.6%) remaining. This shows that the chromium-free hematite phase can be
easily reduced to metallic Fe, which is then rapidly carburised in the presence
of CO. The reduction feature of hematite to magnetite (Fe304) 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 °Cand 230 °Crelate to the reduction of a small
amount of hexavalent chromium, which is most likely present at the surface in
chromium-containing samples 35. This reduction feature isindeed absent in the
CO-TPR pattern of the chromium-free Cr(0) (Fig 5). CO, 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.
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Figure 5. CO-TPR patterns from 50 °C to 650 °C (left) and from 150 °C to 230 °C
(right) of calcined catalysts. Méssbauer spectrum recorded after quenching
Cr(0) at 411 °C. Sub-spectra of x-FesCz(I), x-FesCz(Il), and x-FesCy(II) are
indicated in red, blue, and magenta, respectively. The sub-spectrum of a-Fe is
shown in green, SPM Fe,C in orange.

2.3.2 CATALYTIC ACTIVITY

Figure 6 shows the CO conversion of the catalysts under industrially relevant
HTS conditions. After activation and ageing for 24 hours 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 hour 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 15, which is in line
with the textural properties of the calcined catalyst precursors (Table 2). The
catalysts exposed to industrially relevant conditions for 4 days at 2 bar show a
similar increasing CO conversion with increasing chromium content after the
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2. CHROMIUM DOPING

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.
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Figure 6. CO conversion chromium-doped catalysts with time on stream during
HTS at (left) 25 bar and (right) 2 bar, (37% Ha, 9% CO, 4% CO2, 17% N2, 33%
H20). The temperature was varied between 360 °C and 450 °C.

2.3.3 USED CATALYSTS

After the HTS reaction, the catalyst samples were stored and transported under
argon to prevent oxidation of the active magnetite catalysts to maghemite. The
used catalysts were investigated with XRD, Mdssbauer spectroscopy, and XPS.
Mossbauer parameters computed by DFT using various magnetite structural
models were used to interpret the experimental Méssbauer 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 presence of
maghemite is, however, unlikely 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.
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Figure 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

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.

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

Sample dxrp (nm)a

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

a Determined using the Scherrer equation.

Before discussing the Mdssbauer spectra of the used catalysts primarily
consisting of magnetite, we first discuss the results of the calculations of
hyperfine parameters for different magnetite structures, ie., magnetite,
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2. CHROMIUM DOPING

magnetite with octahedral Fe vacancies (Fes(.504), and chromium-doped
magnetite (Fes.xCrxO4) where Fe3+ in octahedral positions is replaced by Cr3+.
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Figure 8. Hyperfine magnetic field values for tetrahedral and octahedral Fe in
various magnetite reference structures calculated by DFT. The Vac-8/3
structure represents maghemite.

The calculated hyperfine magnetic field values are displayed in Figure 8, with
error bars reflecting the dispersion of values in a given Fe sublattice and the
estimated overall uncertainty due to the computational setup. Slightly higher
octahedral and tetrahedral hyperfine magnetic 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 31. Vacancy
doping has a negligible effect 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 Fe3z(-504 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

42



2.3.3 USED CATALYSTS

is higher than that of maghemite (Vac-8/3). Maghemite can be regarded as fully
oxidised 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 substitution in octahedral sites did not
affect the tetrahedral hyperfine magnetic field values as much.
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Figure 9. IS values for tetrahedral and octahedral Fe of various magnetite
reference structures determined by DFT calculations. The Vac-8/3 structure
represents maghemite.

The IS values computed for the tetrahedral and octahedral Fe sites in reference
structures are shown in Figure 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 Fe3+ and Fe?* in these sites,
whereas the tetrahedral sites are only occupied by Fe3+. 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 Fe2* results in a lower IS
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2. CHROMIUM DOPING

compared to the mixed-valence (Fe3+/Fe?*) octahedral sites in stoichiometric
magnetite. Introducing chromium results in higher octahedral IS values in the
Fes.xCrxO4 structures. The higher IS values can be explained by the replacement
of octahedral Fe3+ by Cr3+, resulting in a lower Fe3+/Fe2+* ratio of the octahedral
Bssites. 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 Fe2+ ions 36,

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 tetrahedral Fe remains
unaffected. The influence of octahedral vacancies on the hyperfine magnetic
field is negligible. The data also show a significant effect of chromium doping
on octahedral IS values due to a change in the Fe3+/Fe2* ratio. The following
trends can be discerned: when Fe3+ is replaced by Cr3+, the octahedral IS value
increases with Cr content. In structures where Cr3* replaces an equal amount
of Fe3+ and Fe2+ in the octahedral sites, the octahedral isomer shift is unaffected
by chromium doping. In a structure where the presence of octahedral Cr3+
prevents the reduction of Fe3* to Fe?+, the octahedral IS will decrease with
increased chromium content.

The computed hyperfine parameters will be used to discuss the experimentally
obtained parameters with a focus on the impact of chromium incorporation.
Room-temperature Mdssbauer spectra of used catalysts after treatment for 4
days at 2 and 25 bar are shown in Figure 10. These spectra were fitted with
two sub-spectra representing Fe3* in tetrahedral sites and mixed valence
Fe2+/Fe3* in octahedral sites. A decreasing trend in the hyperfine magnetic field
values of the octahedral sites from 45.7 T to 44.1 T was observed with
increasing chromium content for the used catalysts after treatment at 25 bar
(Table 5). The hyperfine magnetic field values of the tetrahedral sites did not
vary significantly (48.6 T +/- 0.1 T) for the used Cr(0)-Cr(8) catalysts with a
slightly lower value of 48.4 T being observed for the used Cr(12) catalyst. A
decrease in the hyperfine magnetic field can be the result of chromium
incorporation or smaller crystallites 33. The finding that the hyperfine magnetic
fields of the tetrahedral sites did not change much with chromium content
shows that a particle size effectis unlikely. Together with the modelling results,
it can be concluded that chromium is incorporated in the octahedral sites of
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magnetite. The octahedral components were fitted with a hyperfine magnetic
field distribution (Fig. 11). The hyperfine magnetic field distribution was 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 33.
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Cr(4)

Intensity (a.u.)

Cr(8)

cr(12)

40 5 0 5 10 -10 -5 0 5 10
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Figure 10. Mossbauer spectra of used catalysts at 25 bar (left) and 2 bar (right).

The octahedral IS values decreased with increasing chromium content in the
used catalysts after treatment at 25 bar (Table. 6, Fig. 12). The IS value, which
is 0.68 mm s! for the non-doped Cr(0) sample, decreases with increasing
chromium content to 0.63 mm s for the Cr(12) sample. The IS provides
information about the oxidation state of Fe 37. 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 Fe2+ and Fe3* ions in octahedral sites
38, 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 38. IS values of ~0.3 mm s-1
are common for Fe3+-oxide species. Thus, the lower IS value observed upon
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2. CHROMIUM DOPING

chromium doping indicates a higher than unity Fe3+/Fe2+ ratio in the
octahedral sites 3940,

Table 5. Catalysts after exposure to HTS conditions for 4 days at 25 bar.

Spectral
contribution
Sample | Phase I[S(mms1) | QS(mms1) | H(T) I'(mms1) | (%)
cr(0) FesOu(tet) | 0.26 -0.03 48.7 0.38 38
Fe304(oct) | 0.68 -0.03 45.7ta 0.32 62
o-Fe 0.00* 0.00* 33.0%*a 0.50* 1
cr(1) FesOu(tet) | 0.27 -0.03 48.6 0.43 37
Fe304(oct) | 0.67 0.03 45.6t 0.37 62
a-Fe 0.00* 0.00* 33.0* 0.50* 1
Cr(4) Fe30a(tet) | 0.27 -0.02 48.6 0.43 37
FesOs(oct) | 0.66 0.01 453t | 0.38 62
a-Fe 0.00* 0.00* 33.0* 0.50* 2
Cr(8) Fe304(tet) 0.28 0.00 48.6 0.34 34
Fes0s(oct) | 0.64 -0.01 446t | 0.32 61
o-Fe 0.00* 0.00* 33.0* 0.50* 2
SPM 0.30* 0.86 - 0.50* 2
Cr(12) | FesOs(tet) | 0.28 -0.01 48.4 0.41 31
Fes04(oct) | 0.63 -0.02 44.1% | 0.40 64
a-Fe 0.00* 0.00* 33.0* 0.50* 3
SPM 0.30* 0.80* - 0.50* 2

a Fixed values are marked with an asterisk (*), average values with a dagger (1).
b Experimental uncertainties: IS + 0.01 mm s-1, QS £ 0.01 mm s, line width: T
+ 0.01 mm s'1, 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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Figure 11. Hyperfine magnetic field distributions of the octahedral sites of
magnetite fitted for Mdssbauer spectra in Figure 10, 25 bar (left), 2 bar (right).
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Figure 12. IS values of the octahedral sites of magnetite compared to chromium
doping fitted for Mdssbauer spectra in Figure 10, 25 bar (left), 2 bar (right).

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+/Fe2* ratio in octahedral sites of magnetite also at a
relatively low reaction pressure. Although Figure 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!). The broadening hyperfine magnetic field
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2. CHROMIUM DOPING

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 content 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 effects can most likely be excluded. An alternative explanation for
the high tetrahedral hyperfine magnetic fields in the Cr(0) and Cr(1) samples
is that some accidental oxidation occurred to maghemite, which typically has a
hyperfine magnetic field of ~50 T 31 .Partially oxidised magnetite can explain
the IS value of the Cr(0) sample below the bulk value of 0.67 mm s-! (Table 6).

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

Spectral
contribution
Sample Phase IS(mms1) | QS (mms1) | H(T) I'(mms1) | (%)
cr(0) FesOu(tet) | 0.28 -0.04 49.0 | 0.38 35
Fe304(oct) | 0.64 -0.00 45.6% 0.29 63
o-Fe 0.00* 0.00* 33.0* 0.50* 2
Cr(1) Fe304(tet) | 0.28 -0.03 48.9 0.41 35
Fes0s(oct) | 0.65 0.01 45.61 | 0.39 62
a-Fe 0.00* 0.00* 33.0* 0.50* 4
Cr(4) FesOa(tet) | 0.28 -0.03 48.7 0.34 35
Fes0s(oct) | 0.65 -0.03 45.1t | 0.32 61
a-Fe 0.00* 0.00* 33.0* 0.50* 4
Cr(8) FesOa(tet) | 0.29 -0.01 48.5 0.33 33
Fe30s4(oct) | 0.64 -0.02 44.3t 0.33 65
o-Fe 0.00* 0.00* 33.0* 0.50* 3
Cr(12) | FesOu(tet) | 0.28 -0.01 483 0.34 27
Fe304(oct) | 0.61 -0.03 43.6t 0.41 70
a-Fe 0.00* 0.00* 33.0* 0.50* 4

a Fixed values are marked with an asterisk (*), average values with a dagger (1).
b Experimental uncertainties: IS + 0.01 mm s-1, QS # 0.01 mm s, line width: T
+ 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
with the Cr content.

The modelled hyperfine parameters combined with the experimental data
allow us to revisit the chromium incorporation models discussed in the
introduction. Zhu and Wachs ! conclude in their recent review on HTS catalysts
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that Cr3+ replaces octahedral Fe3+ in structure a (see below). Robbins et al. 13
suggested that Cr replaces an equal amount of octahedral Fe2+ and Fe3+, which
after charge compensation leads to structure b. Rangel et al. !> proposed that
the octahedral site preference of Cr3+ prevents Fe3* reduction during formation
of the active phase. This structure is best represented as structure c. 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 incorporation of chromium
into octahedral sites in our catalysts obtained after the HTS reaction at 2 and
25 bar. For structure a, the computed octahedral IS values predict an increasing
trend with Cr doping. In contrast, these octahedral IS value should remain
unaffected for structure b. 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 experimental octahedral IS values show that chromium
incorporation in the octahedral sites results in an increased Fe3+/Fe2* ratio as
is the case in structure c. Since the tetrahedral sites are unaffected by Cr
incorporation, structure c can be simplified as Fe3z.4(1-5)Crx04, where x describes
the octahedral Cr content and 6 the octahedral Fe vacancy content. Thus,
chromium incorporation prevents Fe2* formation during magnetite formation.
The presence of such a Fesq-5CrxOs structure has not been demonstrated
before in in situ formed HTS catalysts. The resulting partially oxidised
chromium-doped magnetite structure had no negative effect on the high CO
conversion typically associated with chromium doping.

(Fef*)[Feit, Cr2* Fef*]0, (@
(Fei* + Fef™)[Fei*, Cr3, Fe{*,]04 (b)
(Fel*)[Felt, Cri*Felt, + 510, (©)

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 Figure 13. The Fe 2p3,2 peak of Fe3+-oxide containing hematite
is typically found at a BE between 710.6 and 711.2 eV, while the Fe 2p3,, peak
of Wiistite Fe2+-oxide appears at a slightly lower BE of 709.5 eV. The Fe 2p3,,
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peak for the mixed valence Fe3+/Fe2+-oxide containing magnetite usually
appears between these values at BE = 710.6 eV 4. This makes identification of
these Fe-oxides difficult from spectral fitting alone. Pure Fe3+-phases like
hematite can also be identified from the satellite peak in the Fe 2p region at BE
=719 eV, while Fe2*-phases like Wiistite are characterised by a satellite peak
at BE = 715.5 eV. A unique property of the Fe 2p region of magnetite is the
absence of these Fe3+ 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 41.This implies that there are no structural differences between the
surface and the bulk.
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Figure 13. Fe 2p region of used catalysts after treatment for 4 days at 25 bar

(left) and 2 bar (right).

The XPS spectra of the Cr 2p region are shown in Figure 14. Spectral fitting
following a procedure from literature 5 revealed the presence of Cr3+ species
with the Cr 2p3,; peak at BE = 576.5-577 eV. A simple 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 Cré* is present on the catalysts
surface after 4 days on stream, indicating the complete conversion of Cré+ in
the catalyst precursor to Cr3+ species. Chromium is present as Cr3+ in the
activated catalysts.
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Figure 14. Cr 2p region of used catalysts after treatment for 4 days at 25 bar
(left) and 2 bar (right).

2.4 CONCLUSIONS

HTS catalysts prepared via co-precipitation and calcination consist of hematite
in which chromium can be doped (a-Fez.xCrx03). 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 chromium 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. Mdssbauer spectra showed that
chromium incorporates in octahedral sites of magnetite, preventing reduction
of Fe3* ions during magnetite formation. Interpretation of Mdssbauer spectra
was supported by DFT calculation of hyperfine parameters of various
chromium and Fe-vacancy doped magnetite structures. The variations in the
Fe3+/Fe2+ ratio due to Cr doping had no measurable effect on the CO conversion
levels associated with Cr-doping. The structural characterisation shows that
the active phase under industrial HTS conditions is best described by Fez.xq-
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5)Crx04 structure, in which Cr3+is doped in the octahedral sites and its presence
during the formation of the active phase prevents Fe2* formation, resulting in
a partially oxidised structure compared to stoichiometric magnetite.
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ABSTRACT

COPPER DOPING

ABSTRACT

Copper promotion of chromium-doped iron oxide prepared via co-
precipitation for high-temperature water-gas shift (WGS) catalysis is
investigated. Low-temperature Mossbauer spectra demonstrate that copper
doping delays hematite (a-Fe;03) formation in the fresh catalyst, favouring the
formation of small crystallites of ferrihydrite (FesHOg'4 H20). Catalysts are
treated under industrial WGS conditions at 360 °C (activity evaluation) and
450 °C (ageing) at 2 and 25 bar. Mdssbauer spectra show that chromium is
incorporated in octahedral sites of the active magnetite (Fes04) phase,
resulting in a partially oxidised structure. Copper doping did not affect the bulk
magnetite structure of the activated catalyst, which points to the presence of a
separate copper phase. Near-ambient pressure XPS shows that copper is in the
metallic state. XPS of discharged catalysts evidenced that reaction at elevated
pressure resulted in the surface reduction of Fe3+ to Fe2*. Copper promotion
enhances CO conversion under high-temperature WGS conditions.

This chapter was published as: M.I. Ariéns, L.G.A. van de Water, A.l. Dugulan, E.
Briick, E.J.M. Hensen, Journal of Catalysis, 2022, 405, 391-403.
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3.1 INTRODUCTION

Hydrogen is widely used in the production of bulk chemicals such as ammonia
1-2. The International Energy Agency (IEA) estimates the global annual (2018)
hydrogen production at 70 million tonnes 3. Approximately 80% of hydrogen
is produced from natural gas reforming (1), which is typically combined with a
water-gas shift (WGS) step (2) 14

CHj4 + H20 2 CO + 3H, (1)
CO + H,0 2 H; + CO; 2)

In industry, the WGS reaction is usually performed in two stages 49 High-
temperature WGS (high-temperature shift, HTS) is typically performed at 350-
450 °C using iron-oxide based catalysts. To achieve high CO conversion of this
equilibrium-limited reaction, a second low-temperature step is included. This
low-temperature shift (LTS) step is typically performed in the range of 190-
250 °C using copper-based catalysts. In this configuration, the bulk of CO is
removed during HTS with exit CO concentrations typically around 2-4% CO,
while the residual CO is removed by LTS lowering the final CO concentration to
0.1-0.3% >.

Magnetite, the active phase of the iron-based HTS catalyst, is formed in situ via
partial reduction of the hematite precursor 619, The dominant mechanism for
the HTS reaction is of a regenerative redox type, 11 involving a Fe2*/Fe3* redox
couple which occupies octahedral sites in the bulk and at the surface of the
inverse spinel structure of magnetite 12.13, In industrial catalysts, magnetite is
promoted by chromium and copper to enhance CO conversion 2. Chromium is
added for structural stabilisation of the catalyst, which forms upon activation
a solid solution with magnetite. Chromium is known to incorporate into
octahedral sites of magnetite. Robbins et al. showed that chromium is
incorporated into the octahedral sites of magnetite prepared by heating a
mixture of Fe;03 and Cr;03 to 1100 °C in a CO/CO; mixture, chromium
replacing an equal amount of Fe?+ and Fe3+ 1415, Topsge and Boudart confirmed
that chromium incorporates into the octahedral sites of magnetite after
treatment of chromium doped hematite structures under HTS conditions 6.
The authors suggested that replacement of equal amounts of Fe2+ and Fe3+ in
octahedral sites, as indicated by Robbins et al, is unlikely. We recently
confirmed that chromium incorporation occurs in the octahedral sites of
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magnetite, and showed that its presence results in a partially oxidised
structure (Fes-x(1-5)Crx04) 32. While earlier chemical promotion by chromium via
the Cr3+/Cré* redox couple has also been postulated, 217 a recent study has
clearly demonstrated that the Cr3+/Cré* redox couple is not operative during
WGS 18. Copper acts as a chemical promoter and exists as Cu2+ in the fresh
catalyst. Upon activation in a CO/H;0 mixture Cu2+ segregates from the bulk to
form Cu® nanoparticles ¢. The presence of metallic copper on activated catalysts
was observed by several authors 1920 both in H,0/CO mixtures and under HTS
conditions at ambient pressure. Zhu et al. showed that 30% of the Cu® surface
is covered by an iron oxide layer due to strong metal-support interactions 6.
The iron oxide layer stabilises Cu’ nanoparticles against aggregation and
provides new active sites that facilitate CO adsorption and H;0 dissociation 21,
Recently, Zhu et al. discovered that Cu® nanoparticles are prone to deactivation
via sintering in accelerated ageing tests at 600 °C under reverse WGS
conditions. 22

Tightening regulations on the use of Cré+ 23 have led to exploration of
alternative dopants to stabilise iron-based HTS catalysts 218. A rational design
approach to achieve this goal is hampered by a lack of understanding of the
exact role of chromium and copper dopants under industrially relevant
conditions. An important limitation of previous works is that catalysts are
typically not investigated after use under industrially relevant HTS conditions,
for which three aspects are relevant. First, activity evaluation should involve
gas mixtures containing H,, CO, CO2, and H;O, representative of gas
compositions used in an industrial plant 5. Second, stability should be evaluated
using dedicated accelerated testing protocols, because WGS catalysts typically
operate for 3-5 years 5. Third, catalyst testing should include the use of elevated
pressure, as HTS is typically performed at pressures up to 80 bar in an
industrial plant 5.

The physico-chemical and catalytic properties of WGS catalysts are strongly
determined by the preparation procedure 24. Popa et al. compared the long
term stability of iron-chromium-copper catalysts prepared via ammonia-
assisted co-precipitation of iron and chromium nitrates followed by copper
impregnation to catalysts prepared by a single NaOH co-precipitation step 25.
A separate impregnation step is usually used for loading copper, because
copper forms water-soluble complexes with ammonia 2526, Catalysts prepared
by co-precipitation/impregnation exhibited more than two times higher initial
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reaction rates than catalysts prepared via a single-step NaOH-assisted co-
precipitation. However, after 100 hours at 400 °C and 16 hours at 500 °C in a
H,0/CO mixture at atmospheric pressure, the activity of the initially more
active ammonia-precipitated catalyst was substantially lower than that of the
NaOH-precipitated catalyst. Enhanced deactivation was explained by stronger
copper sintering in the catalyst prepared by ammonia-assisted preparation,
which contained a larger amount of copper nanoparticles at the surface 25.
Meshkani and Rezaei showed that NaOH-assisted co-precipitation of iron,
chromium, and copper nitrates provided catalysts stable up to 20 hours at
400 °C under HTS conditions at atmospheric pressure 24, Catalysts aged at pH
10 at 60 °C and calcined at 400 °C provided the highest CO conversion. Single-
step NaOH-assisted co-precipitation is therefore regarded as a suitable method
to obtain stable WGS catalysts.

Despite many studies 6222427.28 there are only few investigations involving
characterisation of copper-chromium-doped iron-oxide-based HTS catalysts
that were not exposed to air after prolonged activity evaluation under
industrially relevant conditions, ie, elevated pressure, relevant gas
compositions, and prolonged exposure times 20. Mossbauer spectroscopy is a
powerful technique to study iron-based -catalysts 29, including the
incorporation of dopants in the active iron oxide phase 30. Méssbauer spectra
can be deconvoluted into contributions of different iron species present in
complex structures such as those presentin tetrahedral and octahedral sites of
magnetite 31. This allows for detailed investigation of local dopant
incorporation and its impact on the Fe2*/Fe3* redox couple. Mdssbauer
spectroscopy has not been applied to investigate copper-doped HTS catalysts
aged under close-to-industrial conditions. Incorporation of Cr3+ into the active
Fe304 phase as studied using Mdssbauer spectroscopy has been reported
previously by us 32. In the present study, we report on the promoting effect of
copper in chromium-doped iron-oxide based HTS catalysts. Copper promotion
at different dopant levels was investigated on catalysts treated for 96 hours
under industrially relevant HTS conditions at 2 bar and 25 bar. The bulk
catalyst was investigated by Mossbauer spectroscopy and x-ray diffraction
(XRD), while the surface was analysed by x-ray photoelectron spectroscopy
(XPS). Near-ambient pressure (NAP)-XPS was performed to investigate the
copper dopant in a working catalyst.
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3.2 EXPERIMENTAL
3.2.1 CATALYST PREPARATION

Catalysts were prepared via a co-precipitation/calcination procedure
described elsewhere 24. Briefly, appropriate amounts of iron, chromium, and
copper nitrates were dissolved in deionised water at 60 °C under vigorous
stirring. The pH was subsequently raised to pH 10 by the addition of a NaOH
solution and the resulting slurry was aged at 60 °C for 1 h. After filtration and
washing, the precipitates were dried at 150 °C for 3 h and calcined in static air
at 400 °C for 4 h. Target compositions of x = 0, 1, 3, and 5 wt. % CuO in a-
Fe;03/Cr203/Cu0 (92-x/8/x) wt. % were chosen to investigate the influence of
copper doping. A reference 100% a-Fe,03; catalyst was synthesised to
differentiate between the influence of chromium and copper doping. Some
aspects of the calcined reference a-Fe;03 and CrCu(0) catalysts have been
published elsewhere 32.

3.2.2 CATALYST CHARACTERISATION

XRD patterns were recorded on a PANalitical X'pert pro diffractometer
equipped with a PW3064 spinner between 10° < 20 < 100°, step size 0.008°,
using Cu-K, radiation. Spectral fitting was performed with the HighScore Plus
software. Crystallite sizes were calculated with the Scherrer equation. XRD
measurements of used catalyst samples were performed under an argon
atmosphere and special care was taken to not expose the used catalyst samples
to air.

Transmission 57Fe Mossbauer spectroscopy was performed with constant-
acceleration or sinusoidal velocity spectrometers using a 57Co(Rh) source.
Velocity calibration is reported relative to a-Fe at room temperature. The
source and the absorbing samples were kept at the same temperature during
measurements. Spectra were fitted using the Mosswinn 4.0 program 33. Used
catalyst samples were kept under argon before and during measurement.

Nitrogen physisorption was performed on a Micromeritics 2420 ASAP
instrument. Samples were outgassed prior to analysis with nitrogen at 140 °C
for atleast 1 h.
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TEM images were acquired on a FEI Tecnai 20 (type Sphera) transmission
electron microscope. Samples were suspended in a small quantity of acetone
by sonication, followed by dispersion over a Cu grid containing holey carbon
film. Particle size distributions were obtained by counting 200 particles per
sample.

XPS measurements were performed on a Thermo Scientific K-Alpha
spectrometer using an aluminium anode (Al Ka = 1486.6 eV). The pressure in
the measurement chamber was 2*10-8 mbar. Binding energy calibration was
performed relative to adventitious carbon at BE = 285 eV. Spectral fitting was
performed using CasaXPS software (version 2.3.19PR1.0). The samples were
suspended on carbon tape and transferred to the spectrometer under vacuum.
Fe 3p regions were fitted by a method adapted from Yamashita and Hayes 34.
For the Fe3* component, a linear background was used and a A(0.23,1,0)GL(10)
line shape. The Fe 3p peak position was fixed between 55.9 - 56.1 eV, FWHM =
2.0 - 2.2 eV. These values are based on the fitting of a freshly calcined 8% Cr-
doped catalyst with all iron present as Fe3*. For the Fe2+ component, a linear
background was used and a A(0.23,1,0)GL(10) line shape. The peak position
was not fixed, FWHM = 2.0 - 2.2 eV.

NAP-XPS measurements were performed on a lab-based SPECS system using
Al Ka irradiation (1486.6 eV). A thorough description of the machine is
provided elsewhere 35. Spectra were recorded in a reaction cell positioned in
the ultra-high vacuum chamber. CO gas was added via a mass flow controller,
steam was added via a piezo valve. Experiments were performed at 0.76 mbar
and pressure was controlled via a backpressure controller. Binding energy
calibration was performed relative to lattice oxygen at BE = 529.7 eV.

3.2.3 CATALYTIC ACTIVITY MEASUREMENTS

Catalytic performance in the WGS reaction was determined in a parallel micro-
reactor setup. In a typical test, 6 reactor tubes were charged with calcined
catalyst and diluted with a-Al;03. The reactors were purged with nitrogen and
the temperature was raised to 250 °C at a rate of 2 °C min-!. Steam was added
via a HPLC pump after which dry reaction gas (55% H2, 14% CO, 6% CO>, and
25% N3) was introduced to reach the desired composition (37% Hz, 9% CO, 4%
CO2, 17% N3, 33% H20). The temperature was then ramped to 450 °C at a rate
of 1 °C min-! and maintained for 24 h to activate and age the catalysts. After
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initial ageing the temperature was lowered to 360 °C and activity was
measured for 24 h. This was followed by an additional ageing step at 450 °C
and activity measurement at 360 °C, each step for 24 h. Effluent products were
analysed using a continuous gas analyser to allow calculation of CO conversion.
After the reaction sequence was completed, the temperature was lowered to
250 °C and the Hy, CO, and CO; flows were switched to N2. When no more CO
was observed in the exit stream the steam addition was switched off and the
catalysts were allowed to cool to room temperature in nitrogen flow. Samples
were kept under a nitrogen atmosphere after the reaction before being stored
in a glovebox under argon atmosphere prior to characterisation.

Some aspects of the used reference a-Fe;03; and CrCu(0) catalysts have been
published before 32.

3.3 RESULTS AND DISCUSSION
3.3.1 CALCINED CATALYSTS

Table 1. Physico-chemical properties of calcined catalysts.

Catalyst | d Surface Vot Average pore | CuO Cr203
(nm)a area (cm3g1) | size (nm) (wt. %)P (wt. %)P
(m2g1)e

a-Fez03 | 44 45 0.22 19.9 0.0 0.0

(ref)

CrCu(0) | 25 110 0.25 9.2 0.0 7.5
CrCu(1) | * 135 0.21 6.3 1.0 8.5
CrCu(3) | * 132 0.20 6.0 3.1 8.4
CrCu(5) | * 157 0.23 5.9 5.1 8.4

a Based on the Scherrer equation from the FWHM of the «a-Fe;0s; (110)
reflection. Patterns of too low quality for fitting marked with an asterisk.

b Obtained by XRF analysis. Intended Cr;0s3 and CuO concentrations differ
slightly in some samples due to residual Na,0 (0.6-1.5 wt. %) 25.26,

¢ Surface area, pore volume, and pore diameter were determined by applying
the Brunauer-Emmett-Teller (BET) method to N; adsorption isotherms.

Chromium-copper co-doped iron oxide catalysts were prepared via a method
adapted from Meshkani and Rezaei 24 Prior to characterisation, catalysts were
dried at 150 °C followed by calcination at 400 °C in static air. The physico-
chemical properties of the freshly calcined catalysts are shown in Table 1 and
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the corresponding XRD patterns in Figure 1. All XRD reflections observed are
consistent with the presence of hematite, irrespective of the dopant level.
Formation of hematite is typical for (doped) iron oxide catalysts prepared via
precipitation-calcination. Zhu et. al. ¢ and Reddy et al. 36 mentioned the
formation of hematite after calcination of similar materials. We observed that
the position of the (110) reflection shifts to higher 26 values for the chromium-
doped samples in comparison to the a-Fe;03 reference (Fig. 1). This shift is
caused by a contraction of the unit cell, pointing to the incorporation of
chromium with a smaller ionic radius (Cr3+, 62 pm) than the cations in the host
structure (Fe3+, 65 pm) 37. No significant shift in 26 values was observed upon
copper doping.

a-Fe O

273

CrCu(0) Crou()
u

CrCu(1) '
CrCu(5)

20 30 40 50 60 70 80 5.0 352 354 356 35.8 36.0 36.2 36.4
20 (degree) 26 (degree)

Intensity (a.u.)
Intensity (a.u.)

w

Figure 1. XRD patterns of freshly calcined catalysts. Complete patterns (left).
Patterns zoomed in on (110) reflection (right).

Considerable line broadening was observed in the XRD patterns of the CrCu(1-
5) samples compared to CrCu(0) and the a-Fe;O3(ref) sample. The line
broadening in the XRD patterns confirms the formation of small crystallites. It
should be noted that the absence of reflections due to other phases does not
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exclude the presence of small (< 3-4 nm) or amorphous oxides of iron,
chromium, or copper %7.

RT 269 °C
(a) (y]

(b) (g}

(c) i i

'™ e "
- Lalee 4 v

(d) (i)

(e) \ r 0

0 B 0 5 10 40 5 0 5 10
Doppler velocity (mm s™) Doppler velocity (mm s')

Figure 2. Mdssbauer spectra of freshly calcined catalysts. Room temperature

Mossbauer spectra of: (a) a-Fe;03(ref); (b) CrCu(0); (c) CrCu(1); (d) CrCu(3);

(e) CrCu(5). Mossbauer spectra recorded at -269 °C of: (f) a-Fe;03(ref); (g)

CrCu(0); (h) CrCu(1); (i) CrCu(3); and (j) CrCu(5).

(h)

Intensity (a.u.)
Intensity (a.u.)

Maossbauer spectroscopy was used to investigate in more detail the iron oxide
phases in the calcined catalysts, including the possible formation of particles
with a size smaller than a few nm not visible by XRD characterisation. Room-
temperature Mossbauer spectra showed the presence of a magnetically split
hematite phase 3839 with a quadrupole splitting (QS) of -0.21 mm s! and an
average hyperfine magnetic field between 50.5 Tand 48.4 T in a-Fe;03, CrCu(0),
and CrCu(1) (Fig. 2, Table 2). The superparamagnetic (SPM) doublet with an
isomer shift (IS) of 0.37 mm s-!, which is observed for all the CrCu(1-5)
catalysts, indicates the presence of bulk iron oxide species with high spin Fe3+
in octahedral positions 29.
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Table 2. Modssbauer data of freshly calcined catalysts obtained at room
temperature and -269 °C.

T (°C) Catalyst | IS QS Hyperfine | T Phase (%)e
(mms1) | (mms1) | field (T) (mm s-1)
RT a-Fe203 | 0.38 -0.23 50.5% 0.23 a-Fez03 100
(ref)
CrCu(0) 0.38 -0.21 48.5% 0.25 o-Fe203 100
CrCu(1) 0.35 0.72 - 0.62 Fe3+ SPM 78
0.39 -0.24 48.4 0.98 a-Fez03 22
CrCu(3) 0.34 0.71 - 0.59 Fe3+ SPM 100
CrCu(5) 0.35 0.68 - 0.57 Fe3+ SPM 100
-269°C | o-Fe203 | 0.35 0.40 53.6% 0.28 a-Fez03 100
(ref)
CrCu(0) 0.36 -0.21 52.7t 0.26 o-Fe203 100
CrCu(1) 0.35 -0.20 52.7 0.30 a-Fez03 22
0.36 -0.06 48.1 0.45 FesHOs 78
-4 H20
CrCu(3) 0.36 -0.21 53.4 0.29 a-Fez203 14
0.36 -0.04 48.9 0.48 FesHOs 86
4 H20
CrCu(5) 0.37 -0.21 53.4 0.27 o-Fe203 9
0.37 -0.04 48.6 0.47 FesHOs 91
-4 H20
a Fixed values are marked with an asterisk (*), average values of distribution
fits with a dagger (1).

b Experimental uncertainties: IS + 0.01 mm s-1, QS + 0.01 mm s, line width: T
+ 0.01 mm s'1, hyperfine magnetic field: + 0.1 T, spectral contribution: * 3%.
¢ Spectral contribution.

In Méssbauer spectra measured at -269 °C (Fig. 2), magnetic splitting was
regained and two sextets were observed for the CrCu(1-5) catalysts, while only
one sextet was observed for the a-Fe,03(ref) and CrCu(0) catalysts. The sextets
with QS =-0.21 mm s'! (Table 2), prevalent for all catalysts irrespective of the
dopant level, confirm the presence of hematite 40. In the Mdssbauer spectrum
of a-Fe;03(ref), a QS of 0.40 mm s! was observed, which indicates that
hematite underwent the Morin transition 38. The Morin transition is a magnetic
phase transition inherent to non-doped hematite, which typically occurs
between -12 °C and -32 °C characterised by spin canting around the c-axis 3°.
In Mdssbauer spectra of CrCu(1-5), two sextets were observed indicating the
presence of a second phase besides hematite. IS values of 0.37 mm s-1and QS =
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-0.04 mm s'! and a hyperfine magnetic field between 48 T and 49 T point to the
presence of the 6-line ferrihydrite (FesHOg-4 H,0) phase 41. This shows that the
SPM phase observed in the room-temperature Mdssbauer spectra contains
hematite as well as small particles of ferrihydrite. Copper doping led to a
decreased spectral contribution of hematite from 100% in the copper-free
catalysts to 22% in CrCu(1) (Table 2). The hematite fraction further decreased
from 22% to 9% with increasing Cu content going from CrCu(1) to CrCu(5),
which shows that copper has an inhibiting effect on hematite formation during
calcination. This inhibiting effect indicates that copper is incorporated in the
bulk ferrihydrite structure. The incorporation of Cu2+ ions into a solid solution
of the Fe-Cr-Cu mixed-oxide catalyst precursor during calcination was
confirmed in a recent high-resolution XANES study 42. XRD analysis was not
able to provide solid evidence for this due to the absence of ferrihydrite
reflections in the XRD patterns, resulting from the small size of the FesHOg-4
H-0 crystallites.

3.3.2 CATALYTIC ACTIVITY MEASUREMENTS
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—a— CrCu(0)
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Figure 3. CO conversion over time at 2 bar (left) and 25 bar (right), (37% H.,
9% CO, 4% CO2, 17% N, 33% H:0, 360-450 °C). The a-Fe;03 phase present in
the a-Fe,03(ref) catalyst is transformed into Fe30s during the reaction. CO
conversion of the Fe30s and CrCu(0) reference catalysts at 25 bar were
recorded in a separate run than the samples characterised in the next section.

The catalytic performance of the obtained samples was evaluated in a plug-
flow reactor under industrially relevant HTS conditions (37% H2, 9% CO, 4%
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CO2, 17% N2, 33% H>0). The tests were conducted at 2 and 25 bar to investigate
the promotional effect of copper doping on CO conversion at near ambient (2
bar) as well as an industrially relevant pressure (25 bar). Freshly calcined
catalysts were initially aged under HTS conditions at 450 °C for 24 hours
followed by activity measurements for 24 hours at 360 °C (Fig. 3). The catalysts
were then further aged for 24 hours at 450 °C followed by activity
measurement for 24 hours at 360 °C.

CO conversion levels during activity measurements at 2 bar are shown in figure
3. Higher CO conversion was observed after initial ageing of the CrCu(0)
catalyst compared to the non-doped Fez04 catalyst. The better performance of
the chromium-doped catalyst is usually explained by less extensive sintering
of high-surface-area iron-based HTS catalysts 12. Copper doping increased the
CO conversion compared to CrCu(0). The increase in CO conversion was most
pronounced for the CrCu(5) catalyst. The promoting effect of copper is typically
attributed to the formation of Cu® nanoparticles on the surface of the bulk
chromium-doped magnetite catalyst 621.22, Cu® particles partially covered by an
iron oxide over-layer can facilitate water dissociation, resulting in sites thatare
more active than individual copper and iron oxide sites 21. The activity of
CrCu(5) decreased after the second thermal ageing step.

The catalysts were also evaluated for their HTS performance at 25 bar. These
experiments confirmed that copper doping led to a higher CO conversion after
initial ageing compared to CrCu(0) and a-Fe,03(ref) (referred to as Fe304 from
this point) (Fig. 3). Thus, the promoting effect of copper is not strongly
dependent on the pressure. We also observed that the second ageing step did
not affect the CO conversion of the CrCu(0) catalyst (Fig. 3). The positive effect
of copper on the CO conversion decreased and CO conversion levels were
similar to that of the CrCu(0) sample. Deactivation of the copper doped
catalysts can be the result of sintering of the Cu® nanoparticles 22, resulting in
fewer active sites.

3.3.3 USED CATALYST

The surface and bulk structure of the used catalysts was investigated by XRD,
Mossbauer spectroscopy and XPS. XRD patterns of catalysts treated at 25 bar
contain 20 reflections at 29.9°, 35.3°, 42.9°, 53.3°, 56.8° 62.4°, 70.8°, 73.9°,
86.6°, 89.5°, and 94.4° (Fig. 4), which point to the presence of either magnetite
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(Fez04) or maghemite (y-Fe,03) 43. Since magnetite and maghemite possess a
similar inverse spinel structure, no distinction can be made by XRD analysis
alone #%. No reflections due to copper- or chromium-containing phases were
observed, which is in line with the expected size of the Cu® nanoparticles below
a few nm ¢ and the absence of separate chromium oxide phases.

Fe,0, Fe,0,
4 L - CrCu(0)
CrCu(0)

\

CrCu(1) crcu(t)*

CrCu(3)

Intensity (a.u.)

1A
i\

Intensity (a.u.)

CrCu(3)

Creu(s) CrCu(5)

30 40 50 60 70 80 90 100 30 40 50 60 70 80 90 100
20 (degree) 20 (degree)
Figure 4. XRD patterns after treatment under HTS conditions for 96 hours at 2
bar (left) and 25 bar (right). *no XRD pattern for CrCu(1) after 25 bar was
recorded.

Room-temperature Mdssbauer spectra demonstrate that magnetite was
formed during operation under HTS conditions (Fig. 5). Detailed information
on local dopant incorporation, including their location in tetrahedral and
octahedral sites, can be obtained by deconvoluting the Mdssbauer spectra into
sub-spectra representing the various sites 3145, IS and hyperfine magnetic field
values of respectively ~0.28 mm s1 and ~48.5 T were observed for the
tetrahedral sites, irrespective of the presence of copper and chromium (Table
3). These values are similar with those reported by Reddy et al. 28 for used HTS
catalysts under atmospheric conditions and show that dopants are not
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incorporated in tetrahedral sites. The IS value of the octahedral sites decreased
from 0.68 mm st for the non-doped Fe30. catalysts to 0.64 mm s! for the
CrCu(0-5) samples (Table 3). This decrease from the bulk value of ~0.67 mm
s1 points to partially oxidised octahedral sites upon chromium incorporation
324446, The higher than unity Fe3+/Fe2+ ratio in the octahedral sites upon
chromium doping can be the result of the octahedral site preference of Cr3+
which during magnetite formation hinders Fe3+ reduction 47. Very similar IS
values were observed for the CrCu(0), CrCu(1), CrCu(3) and CrCu(5) samples,
indicating that copper has no effect on the average iron oxidation state in the
octahedral sites in the activated catalysts. The similar IS values suggest that no
copper is incorporated into the octahedral sites, since the incorporation of
divalent ions like Cu?+ is expected to replace divalent Fe?* ions resulting in a
more Fe3+-like IS in the octahedral sites. The absence of copper in octahedral
sites contradicts an earlier Mdssbauer study by Reddy et al.28. These authors
based their conclusion that copper is incorporated into the octahedral sites of
magnetite on a decrease in the ratio of the octahedral/tetrahedral site spectral
contributions. A decreased ratio of the spectral contribution of the octahedral
and tetrahedral sites can however also indicate the presence of a maghemite
phase, which can form upon exposure of the active magnetite phase to air. The
spectral contribution of maghemite overlaps with the tetrahedral site
contribution of magnetite because of its similar hyperfine magnetic field. QS
values of ~0.00 mm s-1 were observed for both the tetrahedral and octahedral
sites, which is typical for magnetite (Table. 3) #.. The hyperfine magnetic field
of the octahedral sites decreased from 45.7 T to ~44.3 T for the chromium-
doped catalysts (Table 3, Fig. 5). The deviation of the hyperfine magnetic field
from the bulk value of 46.0 T confirms that chromium is incorporated in the
octahedral sites 48. No significant decrease in hyperfine magnetic field values
was observed for the samples that contained copper (Table 3, Fig. 5). Thus,
copper does not remain included in the iron oxide phase and the decreased
hyperfine magnetic field arises solely from chromium incorporation. Particle
size effects on the hyperfine magnetic field values are unlikely, because the
decrease only occurs for the octahedral sites. The Mossbauer parameters for
the tetrahedral sites remain the same. These results point to the removal of
Cu?* from the bulk iron oxide structure upon activation of the catalyst ¢. The
absence of copper in the bulk Feszx1-5CriOs phase after exposure to HTS
conditions for 96 hours at 25 bar is in line with the observation of a separate
Cu? phase by Zhu et al. ¢ and Zhu et al. 22, who tested their catalysts at ambient
pressure in a H,0/CO mixture and under reverse WGS conditions, respectively.
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Figure 5. Mossbauer spectra recorded at room temperature of catalysts treated
under HTS conditions for 96 hours at 2 bar: (a) a-Fe;0s(ref); (b) CrCu(0); (c)
CrCu(1); (d) CrCu(3); (e) CrCu(5); and 25 bar: (f) a-Fe,03(ref); (g) CrCu(0); (h)
CrCu(1); (i) CrCu(3); (j) CrCu(5). Spectral contributions of the tetrahedral and
octahedral sites of magnetite are shown in red and blue respectively. Minor
spectral contributions indicating the presence of an a-Fe (magenta), and Fe3C
(orange) were observed, indicating some over-reduction of the active catalyst
with no apparent trend with respect to the presence of dopants or pressure.
The Fe3+ SPM phase (green) indicates the presence of a small particle magnetite
phase.
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Table 3. Mossbauer parameters of catalysts exposed to HTS conditions for 96
hours at 25 bar.

Spectral
IS QS Hyperfine r contribution
Catalyst (mms1) | (mms1) | field (T) (mms-1) | Phase (%)
Fe3042 0.26 -0.03 48.7 0.38 Fe304(tet) 37
0.68 -0.03 45.7t 0.32 Fe304(oct) 62
0.00* 0.00* 33.0* 0.50* o-Fe 1
CrCu(0) 0.28 0.00 48.6 0.34 Fe3Os(tet) | 35
0.64 -0.01 44.6t 0.32 Fe304(oct) | 61
0.00* 0.00* 33.0* 0.50* a-Fe 2
0.30* 0.86 - 0.50* Fe3+ SPM 2
CrCu(1) 0.28 0.01 48.5 0.31 Fe304(tet) 33
0.64 -0.02 441t 0.30 Fe304(oct) | 63
0.00* 0.00* 33.0* 0.50* a-Fe 2
0.30* 0.83 - 0.50* Fe3+ SPM 2
CrCu(3) 0.29 0.00 48.4 0.32 Fe304(tet) 34
0.64 -0.03 442+ 0.30 Fe304(oct) | 62
0.00* 0.00* 33.0* 0.50* o-Fe 2
0.30* 0.76 - 0.50* Fe3+ SPM 2
CrCu(5) 0.28 -0.00 485 0.33 Fe3Os(tet) | 34
0.65 -0.02 44.3t 0.30 Fe304(oct) 59
0.00* 0.00* 33.0* 0.50* o-Fe
0.30* 0.73 - 0.50* Fe3+ SPM 3

a Fe304 corresponds to activated a-Fe;0s(ref)

b Fixed values are marked with an asterisk (*), average values of distribution
fits with a dagger (7).

¢ Experimental uncertainties: IS + 0.01 mm s-1, QS £ 0.01 mm s-1, line width: T' +
0.01 mm s-1, hyperfine magnetic field: + 0.1 T, spectral contribution: + 3%.

After treatment for 96 hours at 2 bar, the XRD reflections are similar to those
of catalysts treated at 25 bar (Fig. 4). Again, no reflections due to separate
copper or chromium species were observed. Mossbauer spectra (Fig. 5, Table
4) showed the same decreased IS values from the bulk value to 0.64 mm s-! in
the CrCu(0-5) catalysts. For the Fe304 reference catalyst, an IS of 0.64 mm s-!
was observed. The unexpected decrease in IS, together with a hyperfine
magnetic field of 49.0 T observed for the tetrahedral sites, points to accidental
oxidation, resulting in the formation of a small amount of maghemite and
partially oxidised magnetite. Since maghemite is known to transform into
magnetite under WGS conditions 8, it is unlikely that this is the result of the
process conditions. Incorporation of chromium in the octahedral sites of
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magnetite was confirmed by decreased hyperfine magnetic field values from
the value of 45.6 T CrCu(0-5) samples compared to the reference Fe;04 catalyst
(Table 4). The catalysts treated at 2 bar also show no effect of copper on the
hyperfine magnetic field, indicating that copper was not incorporated into the
Fesx(1-5Crk0s4 structure, in good agreement with earlier observations 62122
These results show that the incorporation of chromium into the octahedral
sites resulting in partial oxidation and the expulsion of copper from the bulk
structure are independent of pressure.

Table 4. Mossbauer parameters of catalysts exposed to HTS conditions for 96
hours at 2 bar.

IS QS r Spectral
(mm s | (mm s | Hyperfine (mm s contribution
Catalyst 1 1) field (T) 1 Phase (%)
Fe3042+ 0.28 -0.04 49.0 0.38 FesOas(tet) | 35
0.64 -0.00 45.61 0.29 FesOs(oct) | 63
0.00* 0.00* 33.0* 0.50* a-Fe 2
CrCu(0) 0.29 -0.01 48.5 0.33 Fe3O4(tet) | 33
0.64 -0.02 44.3% 0.33 Fe30s(oct) | 64
0.00* 0.00* 33.0* 0.50* a-Fe 3
CrCu(1) 0.29 -0.00 48.5 0.37 Fe3O4(tet) | 35
0.64 -0.03 44.4% 0.36 Fe30s(oct) | 60
0.00* 0.00* 33.0* 0.50* a-Fe 2
0.30* 0.70 - 0.50* Fe3+ SPM 3
CrCu(3) 0.28 0.00 48.6 0.35 FesOas(tet) | 35
0.64 0.00 44.6t 0.35 FesOs(oct) | 58
0.00* 0.00* 33.0* 0.50* a-Fe 2
0.30* 0.91 - 0.50* Fe3+ SPM 2
0.19* 0.18 21.2* 0.50* FesC 3
CrCu(5) 0.29 -0.01 48.4 0.32 FesOs(tet) | 35
0.64 -0.01 44.3% 0.34 FesOs(oct) | 63
0.30* 0.86 - 0.50* Fe3+ SPM 2

a Fe304 corresponds to activated a-Fe,03(ref)

b Fixed values are marked with an asterisk (*), average values of distribution
fits with a dagger (1).

¢ Experimental uncertainties: IS £ 0.01 mm s-1, QS + 0.01 mm s, line width: I +
0.01 mm s1, hyperfine magnetic field: + 0.1 T, spectral contribution: + 3%.
*The decreased IS for the reference Fe304 catalyst is likely due to accidental
oxidation.

Crystallite sizes of calcined a-Fe;03 and used Fe304 catalysts obtained from
XRD analysis are shown in Table 5. The average crystallite size of discharged
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catalysts after treatment at 2 bar is 71 nm for the non-doped Fe304 catalyst,
which implies significant sintering compared to the average crystallite size of
44 nm of the fresh o-Fe,0s(ref) catalyst. The crystallite size of CrCu(0)
increases from 25 nm in the fresh state to 41 nm after reaction at 2 bar for 96
hours. The lower degree of sintering of CrCu(0) can be attributed to chromium
doping, which is known to prevent thermal agglomeration 12, Crystallite sizes
of freshly calcined copper-doped samples could not be determined due to the
broadness of XRD reflections caused by the presence of a ferrihydrite phase
that is either amorphous or has very small crystallite size (Fig. 1). After
treatment at 2 bar, average crystallite sizes of 39 nm in CrCu(1), 47 nm in
CrCu(3), and 46 nm in CrCu(5) were observed. These crystallite sizes are
similar to those of the CrCu(0) catalyst and lower than the crystallite sizes of
the non-doped Fes;04 reference catalyst. The lower crystallite size can be
attributed to chromium incorporation, stabilising the high surface area of the
catalyst 12. These results show that, while the presence of copper resulted in
smaller crystallites of the calcined catalyst, copper did not affect the crystallite
size during the HTS reaction. This provides further evidence of the expulsion
of copper from the bulk structure in line with the promotion mechanism of a
separate Cu® phase proposed by Zhu et al. ¢. Catalysts treated at 25 bar showed
a similar trend in average crystallite sizes with the exception of CrCu(0) (Table
5). We believe that this is an outlier, because there has been no prior evidence
for the role of Cu as a structural promoter. Furthermore, this effect is not
observed for the catalysts aged at 2 bar. The decrease in crystallite size for the
chromium-doped catalysts confirms that chromium acts as a structural
stabiliser 12. The similar crystallite sizes measured for the copper-doped
samples together with increased CO conversion are in line with a chemical
promotion mechanism.

TEM was used to explore the particle sizes of the various samples in more
detail (Fig. 6). The average crystallite sizes of the copper-doped catalysts after
treatment at 25 bar were very similar (i.e.,, 52 nm for CrCu(1), 50 nm for
CrCu(3), and 48 nm for CrCu(5)), close to the values derived by XRD. The
similar average crystallite sizes confirm that the promoting effect of copper
doping is of a chemical nature.
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Table 5. Average crystallite sizes of spent catalysts after treatment under HTS

conditions for 96 hours as determined by XRD analysis.

Fresha 2 bar 25 bar
Fe304 44b 71b 74
CrCu(0) 25 41 64
CrCu(1) * 39 n.m.
CrCu(3) * 47 43
CrCu(5) * 46 43

a Freshly calcined catalysts.
b Calculated with the Scherrer equation from the FWHM of the a-Fe;03; (110)
reflection and the Fe304 (311) reflection.

d=52+13 nm

0 20 40 60 80 100
Particle size (nm)

d=50%14 nm

0 15 30 45 60 75 90
Particle size (nm)

d=48+16 nm

0 15 30 45 60 75 90
Particle size (nm)

Figure 6. TEM images and particle size distributions of discharged copper-

doped catalysts after treatment under HTS conditions for 96 hours at 25 bar:

(a) CrCu(1); (b) CrCu(3); and (c) CrCu(5).

XPS measurements were performed to investigate the surface structure of the
used catalysts. The Fe 2p XPS spectra of catalysts treated at 2 bar and 25 bar
are shown in Figure 7. The typical satellite feature due to Fe3+ at a binding
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energy of 719 eV was absent for all samples, which is in line with the
predominance of magnetite 6 as followed from Mdssbauer spectroscopy and
XRD. Surface Fe3+/Fe?* ratios were approximated by fitting the Fe 3p region
(Fig. 8) according to the method proposed by Yamashita and Hayes 34. A lower
Fe3+/Fe2* ratio was observed for all catalysts treated at 25 bar compared to
those treated at 2 bar. The exception is CrCu(5), which exhibited similar
Fe3+/FeZ* ratios after the two experiments. The more ferrous-like surface of the
catalyst after treatment at elevated pressure can be explained by the reducing
nature of the gas mixture. In the Cr 2p region (Fig. 9), the peak ata BE of 577
eV indicates that chromium is present as Cr3+ 49, which is in line with
observations by others ¢.
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Figure 7. Fe 2p region XPS spectra recorded after treatment of the catalysts
under HTS conditions for 96 hours at 2 bar (left) and 25 bar (right).

78



3.3.3 USED CATALYST

100
s 2bar
e 25 bar|
80+
—— -
9 60 . . . ° R
~ . L4 .
:; L]
& 404
204
0 T v v
0 2 4

Copper (%)

Figure 8. Fe3+ content obtained from fitting Fe 3p region. The reference Fe304
value is shown at -1% on the x-axis.
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Figure 9. Cr 2p region XPS spectra recorded after treatment of the catalysts
under HTS conditions for 96 hours at 2 bar (left) and 25 bar (right). Peaks at
BE = £570 corresponds to Cu LMM 59,

Analysis of the Cu 2p region (Fig. 10) confirmed the presence of copper on the
surface of the used catalysts after treatment at 2 and 25 bar. The sharp peak at
BE =933 eV corresponds to either Cu? or Cu+ oxide 51. Inspection of the Cu LMM
region (Fig. 10) shows a peak at a kinetic energy (KE) ~916.7 eV, which is
characteristic for Cu+ 5152, The formation of Cu* instead of metallic copper
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contradicts earlier findings by others 62122 and could be the result of the
shutdown procedure after activity measurements or accidental exposure to air.
After cooling to 250 °C, the CO, CO», and H; streams were switched to N before
water addition was stopped to prevent accidental over-reduction of the active
Fes.x1-5Crx04 phase. Oxidation of Cu® to Cu* by water was observed before 53
and is therefore a likely cause.
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Figure 10. XPS spectra Cu 2p and Cu LMM region after treatment under HTS
conditions for 96 hours at 2 bar (top) and 25 bar (bottom).

To further investigate the oxidation state of copper on the catalyst surface,
NAP-XPS measurements were performed. Figure 11 shows the Cu 2p3/; region
and the Cu LMM region of CrCu(5) before and during exposure to a CO/H.0
mixture at a total pressure of 0.76 mbar. The Cu 2p3,2 region of the calcined
catalyst shows a strong satellite peak at BE = ~941 eV, which points to the
presence of Cu2+. Upon exposure to an atmosphere of steam (0.46 mbar) and
raising the temperature from room temperature to 250 °C, the satellite peak at
BE = ~941 eV disappeared and a sharp peak at BE = 932.3 eV became visible,
which is typical for reduced Cu species (Cu® and/or Cu*). Thus, heating in a
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steam atmosphere led to the reduction of Cu2+. The reduction of Cu2+ (CuO —
Cuz0 + %2 02) was observed before for CuO nanowires during heating between
155 °C to 244 °C under vacuum in in-situ TEM experiments 5¢. The Cu LMM
feature at KE = ~916.5 eV confirms the formation of Cu*. No change in Cu
oxidation states was observed upon the replacement of the H,0 atmosphere by
a CO/H20 mixture at 250 °C. When the temperature was raised to 450 °C, a
peak at KE = 918.8 eV was observed, while the peak at KE = 916.6 eV
disappeared. This confirms the presence of metallic copper on the catalystin a
H>0/CO mixture at 450 °C 62122, The temperature was then lowered to 250 °C
and the catalyst was exposed to steam (0.46 mbar) at 250 °C overnight to
mimic water exposure during the shutdown procedure of experiments as
discussed above. Exposure to H,0 did not lead to the oxidation of Cu® to Cu*.
This is most likely the result of the low H,0 pressure during the NAP-XPS
measurements (0.46 mbar) compared to 8.25 bar H;0 during the reactor
activity evaluation at 25 bar. Exposure of the used catalyst to 0.3 mbar O; after
cooling to RT in UHV also did not oxidise the catalyst, which further confirms
that oxidation is hindered by low concentrations of the oxidising gases. The
NAP-XPS experiments confirm that copper is present as Cu® after exposure to
a CO/H20 mixture at 450 °C 6. These experiments reveal that investigating HTS
catalysts under NAP-XPS conditions is of limited value in understanding the
dynamic phenomena occurring under industrially relevant HTS conditions and
confirms the necessity to study carefully discharged catalysts used under
relevant conditions. The presence of Cu* on the surface of the catalysts
discharged after exposure to industrially relevant HTS conditions (Fig. 10)
suggests that the oxidation of Cu® nanoparticles by H,0 on the active catalyst
can easily occur under steam concentrations close to industrially relevant HTS
conditions. This confirms that copper facilitates H,O dissociation under
industrially relevant conditions.?!
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Figure 11. Cu 2p3/; region (a-g) and Cu LMM region (b’-g") of CrCu(5) during
NAP-XPS measurementsina H;0 + CO (2:1) mixture 6. Conditions: (a) fresh; (b,
b’) H20, 250 °C; (c, ¢’) H20 + CO, 250 °C; (d, d’) H20 + CO, 450 °C; (e, e’) H.0 +
CO, 250 °C; (f, f) H20, 250 °C o.n.; (g, g) O, RT.

3.4 CONCLUSIONS

Hematite is the dominant phase in freshly calcined iron-oxide and chromium-
doped iron-oxide WGS catalysts. Calcined chromium-iron-oxide catalysts
doped with copper consist of a mixture of hematite and ferrihydrite.
Mossbauer spectra of copper-containing samples show that copper inhibits the
formation of hematite during calcination. The amount of ferrihydrite increases
with the copper content. Hematite and small particles of ferrihydrite convert
completely to magnetite under industrially relevant HTS gas compositions at 2
and 25 bar. Mossbauer spectra show that chromium forms a solid solution with
magnetite by occupying octahedral sites, resulting in a partially oxidised
Fe2+/Fe3* redox couple, which is known to be present in the bulk and at the
surface of the catalyst. There was no effect of the pressure on the bulk structure.
Copper doping had no significant effect on the hyperfine parameters in
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Mossbauer spectra, meaning that it is not likely that copper is incorporated in
the bulk structure. NAP-XPS experiments confirmed copper exists as metallic
copper at the catalyst surface under WGS conditions. Catalysts exposed to HTS
conditions at 25 bar had a more ferrous like surface than catalysts treated at 2
bar due to the more reducing nature of the gas mixture at elevated pressure.
Chromium stabilises the high surface area of the catalyst at ambient and
industrially relevant pressure, leading to a higher CO conversion. Copper
promotes CO conversion at ambient and industrially relevant pressure by
acting as a chemical promoter, which results in the formation of new active
surface sites. Increased pressure has no effect on the chromium- and copper-
induced activity increase nor on the bulk structure of the catalyst.
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ABSTRACT

ALTERNATIVE DOPANTS

ABSTRACT

A set of doped iron oxides (chromium, aluminium, gallium, indium, manganese,
zinc, niobium) were prepared by a one-step co-precipitation/calcination
approach, evaluated for their WGS activity under industrially relevant
conditions, and characterised in detail. The WGS activity after ageing the doped
catalyst for 4 days at 25 bar follows the order chromium = aluminium > gallium >
indium > manganese > zinc > niobium for copper co-doped catalysts. The
activated catalysts predominantly consist of magnetite, irrespective of the
dopant. Mossbauer spectra of aged catalysts showed that aluminium and zinc
occupy both tetrahedral and octahedral sites of magnetite, while chromium,
gallium, indium, manganese, and niobium preferentially substitute octahedral
iron. The incorporation of trivalent metal ions of similar size to octahedral Fe3*
(i.e., chromium, aluminium, gallium) increases the CO conversion relative to a
non-doped catalyst, irrespective of incorporation in tetrahedral or octahedral
sites. The substitution of Fe2* with Mn2+ results in an increased Fe3+/Fe?* ratio.
Incorporation of Zn2+ in tetrahedral sites (replacing Fe3+ ions) leads to a
complex structure where the charge balance is compensated from the
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octahedral sites. Separate dopant metal oxide phases were observed in indium-
and niobium-doped catalysts. XPS shows that copper is present as a separate
phase in activated copper co-doped catalysts. Aluminium is identified as the
most promising promoter for substituting chromium in commercial high-
temperature WGS catalysts on the basis of their similar high CO conversion,
although incorporation of these dopants into the magnetite structure differed
substantially.

This chapter was published as: M.I. Ariéns, L.G.A. van de Water, A.l. Dugulan, E.
Briick, E.].M. Hensen, ACS catalysis, 2022, 12, 22, 13838-13852.
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4.1 INTRODUCTION

Approximately 80% of industrial hydrogen gas is produced from natural gas
by steam reforming, followed by the water-gas shift (WGS) reaction (1) 1. The
industrial WGS process involves two temperature stages in order to optimise
CO conversion. High-temperature (water-gas) shift (HTS) removes the bulk of
CO from the gas stream at temperatures between 350 and 450 °C, while low-
temperature (water-gas) shift (LTS) removes most of the remaining CO at 190-
250°C 14,

CO+H,0=2CO2+Hx (1)

The active HTS catalyst, the mixed-valence iron oxide compound magnetite
(Fe304), is obtained upon partial reduction of the Fe3+-oxides/oxyhydroxide
precursor species under WGS conditions 5:6. Chromium and copper are used as
promoters in commercial HTS catalysts to enhance stability and activity.
Chromium exists as Cré* and Cr3* in the calcined catalyst precursor and ends
up as Cr3+ in the active magnetite phase 7. Chromium doping limits Fe2+
formation during activation, resulting in a partially oxidised magnetite
structure 58, thereby improving the thermal stability and preventing over-
reduction of the active phase. Copper is known to facilitate the partial
reduction of Fe3* oxides/oxyhydroxide during magnetite formation, it has also
been shown that the presence of Cu® nanoparticles on the surface of the active
magnetite catalyst, partially covered by an iron oxide layer, results in
additional active sites 10,

Tightening regulations on hazardous chemicals is calling for replacement of
chromium by an effective alternative with reduced environmental impact 1.
This has motivated researchers to identify dopants that can replace chromium
in HTS catalysts 12:13, Comprehensive reviews on alternatives for chromium can
be found in literature 214 A direct comparison of the potential of these
alternative dopants is difficult, because the catalyst preparation methods and
specific preparation details, such as the calcination temperature, doping levels,
as well as test conditions (temperature, pressure, feed gas composition, and
test duration) vary among such investigations. The replacement of chromium
by aluminium has received most attention 4. Zhu et al. showed that aluminium-
and aluminium-copper-doped catalysts show comparable thermal stability as
chromium-doped catalysts during the WGS reaction at different temperatures
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at 1 bar for 90 minutes 12. Meshkani and Rezaei 15 observed that an aluminium-
doped HTS catalyst with an aluminium/iron ratio of 1:10 at/at and an atomic
copper/iron ratio of 1:10 exhibited a higher conversion than a commercial
catalyst after two hours in a WGS test at 1 bar. It should be mentioned that
practical catalysts have typical lifetimes of several years in commercial
operation 4. Natesakhawat et al. 16 showed that aluminium doping prevents
sintering of magnetite during the WGS reaction. Moreover, they found that the
effect of copper promotion depended on the preparation method, as reported
before for chromium-doped catalysts 17. Cerium-doped iron oxide catalysts
have also been thoroughly investigated in recent years 13151819 Smirniotis’
group 20 showed that chromium- and cerium co-doped catalysts were the most
active in the WGS reaction at atmospheric pressure among a series of
chromium-, cerium-, manganese-, cobalt-, nickel-, copper-, zinc-doped
catalysts. A sample doped with cerium and chromium in an equimolar ratio
provided the highest WGS activity 21. However, co-doping of the cerium-doped
catalyst with copper led to faster deactivation due to over-reduction of the
active phase to FeO 19. Meshkani and Rezaei, however, found that a cerium-
doped catalyst had the lowest CO conversion among a series of cerium-,
manganese-, aluminium- and chromium-doped catalysts 15. It is worthwhile to
mention that also catalysts co-doped with nickel have been explored, although
the presence of other promoters like sodium 22 or niobium 23 is required to
suppress methanation.

The local structure of iron oxide HTS catalysts modified with alternative
dopants has not been investigated systematically 1215, Another limitation of
earlier studies is that most of the activity tests were carried out at atmospheric
pressure for a relatively short period under conditions different to those used
in commercial HTS configurations 4. Our previous study 5 showed that Cr3+ is
incorporated in the octahedral sites of magnetite in the activated catalyst and
that its presence in the fresh catalyst limits the formation of Fe2+ during the
activation procedure. The incorporation of copper in the magnetite structure
was found to be unlikely ¢ which is confirmed by the presence of a separate Cu®
phase in the form of nanoparticles %10, In this study, we investigate the
potential of alternative dopants to replace chromium (aluminium, gallium,
indium, zinc, manganese, and niobium). All catalysts were prepared with and
without co-doping with copper. Besides screening these novel catalysts for
their WGS activity under industrially relevant conditions, a thorough
investigation of the catalyst structure was made after ageing for 4 days at 25
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bar. The group 13 elements aluminium, gallium, and indium were chosen to
evaluate the effect of the octahedral ionic radius of trivalent dopants on the
local structure. Zinc, manganese (2+), and niobium were selected to investigate
the effect of elements with different oxidation states. In addition to routine
characterisation techniques such as XRD and XPS, Mdssbauer spectroscopy
was employed to investigate the local structure of the activated promoted
magnetite catalysts. Mossbauer spectroscopy is a highly sensitive technique for
bulk-iron species, capable of distinguishing separate contributions of iron in
tetrahedral and octahedral positions in the magnetite structure, thus allowing
studying of the local structure 5. The catalytic performance of these samples
was evaluated under industrially relevant conditions for 4 days and at a total
pressure of 25 bar.

4.2 EXPERIMENTAL
4.2.1 CATALYST PREPARATION

Catalysts were prepared via a single-step co-precipitation/calcination
procedure adapted from 24, Appropriate amounts of the nitrate salts of Fe3+,
Cr3+, Al3+, Ga3*, In3+, Mn?*, Zn?*, and Cu?* and a Nb5+ salt (ammonium niobate
oxalate hydrate) were dissolved in deionised water and heated at 60 °C. A
NaOH solution was added at this temperature under vigorous stirring until the
pH reached 10, followed by ageing the resulting slurry at 60 °C under vigorous
stirring for 1 h. The precipitates were filtered, washed and dried at 150 °C for
3 hours, followed by calcination at 400 °C for 4 hours in static air. The target
dopant/iron atomic ratio of 8.4 % was chosen to correspond with the Cr doping
level in 8 wt.% Cr;03/a-Fe;03. A CuO doping level of 3 wt.% CuO was used,
typical for a commercial catalyst composition. Freshly calcined catalysts will
be referred to as M-HM or MCu-HM, where M is the metal dopant and HM the
hematite phase. Some characterisation data of the HM, Cr-HM, and CrCu-HM
reference catalysts were published elsewhere 5.

4.2.2 CATALYST CHARACTERISATION

XRD patterns were recorded on a PANalytical X’'pert pro diffractometer using
Cu-K, radiation. HighScore Plus software was used for spectral fitting.
Discharged catalysts were stored in an argon atmosphere before and during
measurements. Transmission 5’Fe Mdssbauer spectra were recorded using a
57Co (Rh) source with constant-acceleration or sinusoidal velocity
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spectrometers. Calibration was performed relative to o-Fe at room
temperature. The source and the absorbing samples were kept at the same
temperature during measurements. Spectral fitting was performed using
Mosswinn 4.0 software. Hyperfine magnetic field values fitted with a
distribution fit are reported as averages. Fixed values are indicated when
applied. Nitrogen physisorption was carried out on a Micromeritics 2420 ASAP
instrument. Samples were degassed with nitrogen at 140 °C for at least 1 h
prior to analysis. XPS was performed on a Thermo Scientific K-Alpha
spectrometer using an aluminium anode (Al Ka = 1486.6 eV). The binding
energy was calibrated relative to adventitious carbon at a binding energy (BE)
of 285 eV and the CasaXPS software (version 2.3.19PR1.0) was used for
spectral fitting. Samples were placed on a carbon tape and transferred to the
spectrometer under vacuum.

4.2.3 CATALYTIC ACTIVITY MEASUREMENTS

Catalytic performance testing was conducted in a parallel micro-reactor setup.
The reactor tubes were charged with calcined catalyst precursors diluted with
a-Al;0s. Prior to activity measurements, the reactor tubes were purged with
nitrogen. Catalysts were activated in the presence of process gas (37% Hz, 9%
CO, 4% CO2, 17% N3, 33% H,0) and heated to 450 °C, at which temperature the
catalysts were thermally aged for 24 h. The temperature was lowered to 360 °C
for activity measurements (24 h). The catalysts were then aged once more for
24 h at 450 °C, followed by a final activity measurement at 360 °C (24 h).
Continuous gas-phase analysis by an infrared gas analyser allowed
determining the CO conversion. At the end of the activity tests, the reactors
were cooled to 250 °C, followed by a switch from the reaction gas mixture to
N». Steam addition was switched off after CO was not observed anymore in the
effluent stream. Samples were kept under N after the reaction, before being
stored in a glovebox under Ar atmosphere. Used catalysts are named in a
similar fashion as the calcined catalysts, with HM (hematite) being replaced by
MG for magnetite. Some characterisation data of the MG, Cr-MG, and CrCu-MG
reference catalysts were published elsewhere 5.
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4.3 RESULTS AND DISCUSSION

4.3.1 CALCINED CATALYSTS

Table 1. Physico-chemical properties of calcined M-doped and MCu-doped

catalysts.
Sample dXRDa | SSAb Vpore dpore | MOxe M CuO Naz0¢
(nm) (m2g1) | (cm3g1) | (nm) | (wt.%) | (mol %) | (wt. %) | (wt. %)
HMd 44 45 0.22 199 | 0 0 0 0.6
Cr-HMd 25 110 0.25 9.2 7.5 7.7 0 1.5
CrCu-HMd * 132 0.20 6 8.4 8.7 3.1 0.7
Al-HM * 140 0.26 7.4 5.3 8.0 0.0 1.0
AlCu-HM * 168 0.26 6.1 5.2 7.8 3.0 0.6
Ga-HM 41 51 0.23 18 5.8 5.0 0.0 0.5
GaCu-HM * 133 0.21 6.4 5.6 4.8 3.0 0.4
In-HM * 124 0.24 7.8 12.7 7.6 0.0 0.8
InCu-HM * 153 0.26 6.7 12.9 7.8 2.8 0.4
Mn-HM 17 105 0.22 8.4 8.4 8.4 0.0 0.4
MnCu-HM * 153 0.27 7.1 8.3 8.3 2.9 0.2
Zn-HM 23 93 0.22 9.6 8.3 8.1 0.0 0.5
ZnCu-HM * 137 0.21 6.1 8.6 8.4 2.9 0.1
Nb-HM * 140 0.25 7.3 3.3 5.4 0.0 1.6
NbCu-HM * 155 0.26 6.7 3.4 5.6 3.1 1.2

a Calculated with the Scherrer equation from the a-Fe;03 (110) reflection.

b Specific surface area (SSA), pore volume (Vpore), and pore diameter (dpore)
determined by the Brunauer-Emmett-Teller (BET) method.

¢ Obtained by XRF analysis.

d From 6

A set of metal-doped iron oxide HTS catalysts was prepared by co-precipitation
of metal salts followed by calcination according to a method adapted from
Meshkani and Rezaei 24 Non-doped hematite (HM) and chromium-doped
hematite (Cr-HM) samples are used as reference samples for the discussion of
the characterisation and catalytic performance results. The physico-chemical
properties of the calcined catalyst precursors are collected in Table 1, the XRD
patterns in Figure 1. The dopant content of the samples was close to the
intended loading of 8.4 mol%. This ratio was chosen on the basis of the
optimum chromium loading (8 wt% Cr»03 in a-Fe,03, 8.4 mol% Cr) typical for
a commercial HTS catalyst 24. The dopant content of the gallium- and niobium-
doped catalysts were slightly lower than intended.
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Figure 1. XRD patterns of calcined catalysts. M-doped (left), MCu-doped (right).
JCPDS: 00-033-0664 was used as a hematite reference pattern.

The XRD patterns of all calcined samples (Fig. 1) show reflections that can be
attributed to hematite. Chromium is known to prevent thermal agglomeration
during calcination of the oxide /hydroxide precursor. The XRD patterns of MCu-
HM catalysts are significantly broadened compared to those of M-HM and HM
catalysts, which suggests the presence of smaller hematite particles in the Cu-
doped samples. However, the reflections observed can also be attributed to the
presence of ferrihydrite. Smaller HM particles were observed previously in
calcined chromium-copper co-doped HTS catalysts compared to a chromium-
doped catalyst 6. No diffraction lines of dopant-oxide phases were observed in
the XRD patterns. This may be taken as an indication that most of the dopants
end up in the hematite structure, although we cannot exclude the presence of
segregated dopant oxide particles with small crystallite size (<3-4 nm) or
amorphous in nature!2. Similarly, the presence of non-crystalline or weakly
crystalline Fe oxide phases cannot be excluded based on the XRD results.
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Figure 2. XRD patterns of freshly calcined catalysts in the 26 range of the (110)
reflection of hematite of M-HM catalysts (left) and MCu-HM catalysts (right).

A magnification of the 26 range corresponding to the (110) reflection of
hematite is provided in Figure 2. In the Cr-HM, Al-HM and Mn-HM samples, the
(110) reflection is shifted to higher 26 values compared to the HM reference,
indicating that the unit cell is smaller upon doping. This is expected!2 for the
incorporation of dopants (62 pm, Cr3+ (oct.); 54 pm, Al3+ (oct.)) with smaller
ionic radii than iron (65 pm, Fe3+ (oct.)). The shift to a higher 26 value in the
Mn-doped catalyst can be explained by oxidation of the initially present Mn2+
(oct.) (83 pm) to Mn#*+ (oct.) (53 pm) upon calcination in air. The (110)
reflection of the In-HM, Zn-HM and Nb-HM catalysts shifted to lower 26 values,
which implies increased unit cell dimensions upon doping. This is in line with
the larger ionic radii of indium and zinc (80 pm, In3+; 74 pm, Zn2*) than Fe3-.
The shifted 26 value of the Nb-HM catalyst cannot be explained by the
octahedral ionic radius of Nbs* (64 pm), which is similar to that of Fe3*. No shift
was observed for the Ga-HM sample, which may be due to its very similar ionic
radius (62 pm, Ga3* (oct.)) to Fe3+, or a low substitution level.
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Table 2. Mossbauer parameters upon deconvolution of the room-temperature
spectra of the calcined HTS catalysts.

Sample IS QS H (T) r Phase (%)d
(mm s-1) (mm s-1) (mm s-1)
HMc¢ 0.38 -0.23 50.5t 0.23 a-Fe203 100
Cr-HM ¢ 0.38 -0.21 48.5t 0.25 a-Fe203 100
CrCu-HMe 0.34 0.71 - 0.59 Fe3+ SPM 100
Al-HM 0.34 0.70 - 0.53 Fe3+ SPM 100
AlCu-HM 0.34 0.70 - 0.51 Fe3+ SPM 100
Ga-HM 0.37 -0.21 49.9t 0.26 a-Fe203 98
0.34 0.87 - 0.50* Fe3+ SPM 2
GaCu-HM 0.34 0.71 - 0.56 Fe3+ SPM 100
In-HM 0.34 0.70 - 0.55 Fe3+ SPM 100
InCu-HM 0.34 0.71 - 0.50* Fe3+ SPM 100
Mn-HM 0.37 -0.20 48.8t 0.26 a-Fe203 50
0.34 0.73 - 0.50* Fe3+ SPM 50
MnCu-HM 0.37* -0.21* 48.6 0.50* a-Fe203 16
0.34 0.71 - 0.50* Fe3+ SPM 84
Zn-HM 0.38 -0.20 50.3 0.29 a-Fe203 42
0.35 0.66 - 0.52 Fe3+ SPM 58
ZnCu-HM 0.37* -0.21* 49.7 0.50 a-Fe203 8
0.34 0.69 - 0.50* Fe3+ SPM 92
Nb-HM 0.37 -0.21* 50.1 0.50* a-Fe203 17
0.34 0.73 - 0.50* Fe3+ SPM 83
NbCu-HM 0.34 0.74 - 0.50* Fe3+ SPM 100

a Fixed values are marked with a *, average values with .

b Experimental uncertainties: IS + 0.01 mm s-1, QS + 0.01 mm s, line width: T
+ 0.01 mm s'1, hyperfine magnetic field: H £ 0.1 T, spectral contribution: + 3%.
¢From ©.

d Spectral contribution.

With the exception of the Ga-HM, Mn-HM, and Zn-HM catalysts, all samples
containing alternative dopants displayed a higher surface area with respect to
the HM and Cr-HM references. This suggests an increased resistance against
agglomeration of the precursor oxides during the calcination step.
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Figure 3. Room-temperature Mossbauer spectra of M-doped (left) and MCu-
doped (right) HTS catalysts.

In order to further investigate the highly dispersed or amorphous iron oxide
phases present in these samples, temperature-dependent Mossbauer
spectroscopy measurements were performed. Room-temperature Mdssbauer
spectra are provided in Figure 3. A magnetically split sextet with IS (isomer
shift) values of ~0.37 mm s-1, QS (quadrupole splitting) values of ~-0.21 mm s
1, and a hyperfine magnetic field between 50.5 T and 48.5 T (Table 2) was
observed for the Ga-HM, Mn-HM, Zn-HM, Nb-HM, MnCu-HM, and ZnCu-HM
catalysts. These hyperfine parameters point to the presence of hematite, in line
with XRD patterns 20. Apart from the magnetically split hematite phase, a
superparamagnetic (SPM) phase with an IS of ~0.34 mm s-! was observed in
all catalysts, which points to a phase with small particles with high spin Fe3+ in
octahedral positions, 25 such as in hematite or ferrihydrite 2¢6. Accurate phase
identification of the SPM phase cannot be obtained from these room-
temperature Mossbauer spectra alone.
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Figure 4. Mossbauer spectra of M-doped (left) and MCu-doped (right) catalysts
recorded at -269 °C.

Mossbauer spectra recorded at -269 °C provide deeper insight into the SPM
phases (Fig. 4). Two spectral contributions are observed for all catalysts except
for the HM, Cr-HM, and Ga-HM catalyst where only one sextet was observed.
The results of the deconvolution of these spectra are given in Table 3. The
Mossbauer parameters of the sextets (IS ~ 0.36 mm s-1, hyperfine magnetic
fields > 52 T) observed in all catalysts confirm the presence of a hematite phase.
The second magnetically split sextet with typical IS values of ~0.35 mm s-! and
a hyperfine magnetic field below 49 T is characteristic of ferrihydrite (FesHOg
-4 H,0) 25, The data show that the amount of hematite in the catalyst precursor
decreased when copper was co-doped, indicating that incorporation of copper
in the iron oxide precursor prevented hematite formation during the
calcination step. In the HM, Cr-HM and Ga-HM catalysts, only a hematite phase
was observed while the Al-HM, In-HM, Mn-HM, Zn-HM, and Nb-HM catalysts
contained both hematite and ferrihydrite. This shows that all alternative
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dopants except for gallium prevent hematite formation under these conditions,
suggesting their incorporation into the ferrihydrite structure.

Table 3. Mossbauer parameters of calcined catalysts of spectra recorded at -
269 °C.

Sample IS QS H(T) | T Phase Spectral
(mms1) | (mms1) (mm s1) contribution
(%)
Fe-HM¢ 0.35 0.40 53.6t1 | 0.28 a-Fe203 100
Cr-HM ¢ 0.36 -0.21 52.7t | 0.26 a-Fe203 100
CrCu-HMe 0.36 -0.21 53.4 | 0.29 a-Fez03 14
0.36 -0.04 489 | 0.48 FesHOs - 4 H20 86
Al-HM 0.35 -0.14 53.1 | 0.34 a-Fez203 17
0.35 -0.05 48.31 | 0.42 FesHOs - 4 H20 83
AlCu-HM 0.37* -0.21* 52.8 | 0.31 a-Fe203 5
0.35 -0.05 48.2t1 | 0.46 FesHOs - 4 H20 95
Ga-HM 0.36 -0.18 52.51 | 0.30 a-Fe203 100
GaCu-HM 0.37* -0.21* 53.0 | 0.35 a-Fe203 19
0.35 -0.05 48.7t | 0.38 FesHOs - 4 H20 81
In-HM 0.37 -0.14 529 | 0.30 a-Fe203 7
0.35 -0.04 48.2t1 | 0.42 FesHOs - 4 H20 93
InCu-HM 0.37* -0.21* 52.7 | 0.30* a-Fez203 4
0.35 -0.03 48.01 | 0.45 FesHOs - 4 H20 96
Mn-HM 0.36 -0.19 53.2 | 0.33 a-Fez203 40
0.36 -0.07 48.4t1 | 0.40 FesHOs - 4 H20 60
MnCu-HM 0.37 -0.21* 529 | 0.34 a-Fe203 17
0.35 -0.05 48.4t1 | 0.44 FesHOs - 4 H20 83
Zn-HM 0.36 -0.18 53.2 |0.33 a-Fe203 35
0.36 -0.08 48.8t | 0.40 FesHOs - 4 H20 65
ZnCu-HM 0.38 -0.21* 53.0 | 0.33 a-Fez03 10
0.36 -0.02 48.01 | 0.49 FesHOs - 4 H20 90
Nb-HM 0.35 -0.17 52.8 | 0.40 a-Fez203 25
0.35 -0.05 48.01 | 0.51 FesHOs - 4 H20 75
NbCu-HM 0.39 -0.21* 529 | 0.34 a-Fez203 9
0.35 -0.03 47.9t1 | 0.48 FesHOs - 4 H20 91

a Fixed values are marked with a *, average values with a .

b Experimental uncertainties: Isomer shift: IS #+ 0.01 mm s-1, quadrupole
splitting: QS # 0.01 mm s%, line width: ' + 0.01 mm s-1, hyperfine magnetic field:
H £ 0.1 T, spectral contribution: * 3%.

¢From 6.
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The Mossbauer spectroscopy data indicate no significant gallium incorporation
into the structure, in line with the large average crystallite size and low SSA for
the Ga-doped material (Table 1). Mdssbauer spectroscopy allows for
quantification of the ferrihydrite contents, which is not possible with XRD
analysis due to the overlap of ferrihydrite and hematite signals. In addition, the
presence of significant levels of a ferrihydrite phase shows that the
incorporation of dopants cannot be deduced from XRD analysis, using the shift
of the hematite (110) reflection discussed above, as XRD analysis is not able to
discriminate between ferrihydrite and weakly crystalline hematite phases.

4.3.2 CATALYTIC ACTIVITY TESTING

The catalytic performance of the calcined catalysts was evaluated under close-
to-industrial HTS conditions. Figure 5 shows the CO conversion of the M-HM
and MCu-HM catalysts at 25 bar as a function of time on stream. An accelerated
ageing protocol was carried out for 4 days involving activation, ageing and
activity testing of the catalysts at a pressure of 25 bar using a reaction gas
mixture typical for HTS of the effluent of a steam methane reformer. Initial
activation was done at 450 °C for 24 h, where the slightly higher than
equilibrium conversion for the MCu-doped samples is likely due to the
reduction of the precursor Fe-oxides to magnetite. Catalytic performance of the
various samples was then evaluated at 360 °C for 24 h, followed by an ageing
step at 450 °C for 24 h and another catalytic activity test at 360 °C for 24 h. As
it has been well established that the iron oxide precursor phase reduces into
the active magnetite phase during the initial phases of the HTS reaction, we will
denote the used catalysts as M-M G and M Cu-MG. The comparison of the copper
co-doped catalysts is most meaningful as the presence of copper promotes the
activation of the catalyst by enhancing the partial reduction of the iron oxide
precursor phases. While the Al-MG catalyst shows a higher activity than the Cr-
MG sample, the CO conversion levels of their copper-promoted counterparts
are very similar, especially after the high-temperature ageing step. This shows
that aluminium doping of Fe-based WGS catalysts can lead to a similar activity
and stability as chromium doping under industrial HTS conditions. Earlier,
such promising effect of aluminium doping was reported at atmospheric
pressure and for relatively short reaction times 15. The other catalysts show an
appreciably lower CO conversion than these two, with the activity decreasing
in the order gallium > indium > manganese > zinc > niobium. As one may expect
similar chemical behavior of Ga and Al, it could be that the lower performance
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of the Ga-MG and GaCu-MG catalysts is due to the low gallium content and/or
low incorporation level in the fresh catalyst. The HTS activity upon doping with
group 13 elements decreases in the order Al > Ga > In.
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Figure 5. CO conversion under HTS conditions at 25 bar with time on stream of
M-doped catalysts (left) and MCu-doped catalysts (right). The temperature
was varied between 450 °C and 360 °C with 24 hour intervals. CO conversion
of MG, Cr-MG, and CrCu-MG from 6. The initial CO conversion beyond the
equilibrium conversion of the MCu-doped samples can be attributed to
magnetite formation.

4.3.3 USED CATALYSTS

The XRD patterns of the discharged catalysts in Figure 6 contain reflections
that can be attributed to magnetite or maghemite (y-Fe,03) phases. Despite
their very similar diffraction patterns, we assign them to magnetite, as itis well
accepted that exposure of Fe3+-oxides to WGS conditions results in this phase
7. The indium- and niobium-containing samples exhibited additional
reflections at 26 = ~30.5° and 26 = ~32.3°, respectively (Fig. 6, Fig. S1). The 26
reflection at 30.5° for the former is the (222) reflection of In,03 27 and its
formation is likely due to the relatively large ionic radius of indium ions (In3+
(oct.), 80 pm) compared to ferric ions (Fe3* (oct.), 65 pm). The reflection at 20
= ~32.3° for the niobium-containing samples can be linked to the formation of
FeNbO. 28 and FeNb,0¢ 29. Similar to the calcined catalysts, the unit cell of
magnetite is contracted for the Cr-MG and Al-MG catalysts and expanded for
the In-MG, Zn-MG, and Nb-MG ones. Interestingly, the lattice of the Mn-MG
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4. ALTERNATIVE DOPANTS

catalyst is expanded, while a lattice contraction was observed in the Mn-HM
catalyst. No significant differences were observed between the XRD patterns of
the M-MG and MCu-MG catalysts, with the exception of the Ga-MG and GaCu-
MG catalysts where lattice expansion and contraction occur, respectively.
Because of the different sizes of the various dopants in tetrahedral and
octahedral positions 39, it is difficult to correlate the shift in 26 values to the
degree of dopant incorporation.
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Figure 6. XRD patterns of used catalysts (M -doped, left; MCu-doped, right) after
4 days at 25 bar. JCPDS: 00-019-0629 represents magnetite.

Crystallite sizes of the used catalysts were determined by XRD line broadening
analysis (Table 4). The differences in crystallite size among the copper-doped
catalysts are relatively small, with the size of 30 nm of the AlCu-MG standing
out. Among the catalysts not containing copper, Al-MG, In-MG, and Nb-MG
contain the smallest magnetite crystallites. Clearly, the variations in the
crystallite sizes cannot account for the differences in the catalytic performance.
Therefore, the incorporation of dopants in magnetite was investigated in more
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detail and an attempt was made to correlate this information to the activity
data.

Table 4. Particle size determined from XRD (dxrp) of used catalysts after 4 days
at 25 bar.

Dopant dxrp (nm)?
M-MG MCu-MG

- 74 -

Al 35 30

Ga 99 54

In 36 44

Mn 76 57

Zn 83 47

Nb 34 48

Cr 64b 43b

a Calculated with the Scherrer equation from the magnetite (311) reflection.
b From ¢,

Mossbauer spectra of the discharged catalysts used in the activity tests for 4
days at 25 bar are shown in Figure 7. The hyperfine parameters obtained after
deconvolution are collected in Table 5. A magnetite phase was observed for all
used catalysts, irrespective of the dopant. The active magnetite catalyst has an
inverse spinel structure (AB204) with Fe3+ in the tetrahedral A-sites and
Fe3*/Fez+ in the octahedral B-sites in an equimolar ratio 31. The magnetite HTS
catalyst follows a regenerative redox mechanism for the WGS reaction where
Fe?+ is oxidised to Fe3* by H,0 and subsequently reduced back to Fe2+ by CO in
the Fe3*/Fe2+ redox couple 1. The room-temperature Mossbauer spectrum of
magnetite can be deconvoluted into separate contributions from tetrahedral
and octahedral Fe ions 5. The separate tetrahedral and octahedral
contributions allow us to study in detail the effects of the various dopants on
the tetrahedral and octahedral sites together with dopant effects on the
Fe3+/Fe2+ redox couple in the octahedral sites.

Deconvolution of the Mdssbauer spectra of the Al-MG and AlCu-MG catalysts
yields hyperfine magnetic field values of ~48.0 T for the tetrahedral and ~44.5
T for the octahedral sites (Table 5, Fig. 7). These values are lower than those of
the reference MG catalyst (48.7 T and 45.7 T, respectively, Table 5). A decrease
of the hyperfine magnetic field from the bulk value of magnetite can be due to
a decrease in the particle size or the incorporation of another metal in the
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structure 5. Quantification of the dopant level is in theory possible by using a
set of samples with different dopant levels. However, such approach is
hampered by the influence of particle size on the hyperfine magnetic field.
Therefore, we discuss the incorporation levels in a qualitative sense in this
work. The average crystallite sizes of 35 nm for Al-MG and 30 nm for AlCu-MG
are very similar to the crystallite size of 30 nm for a 12 wt% chromium-doped
catalyst recently described by us 5. The higher hyperfine magnetic field of
tetrahedral sites for this latter sample of 48.4 T is due to the preferential
doping of chromium in octahedral sites. Taken together, it can be concluded
that the lower tetrahedral hyperfine magnetic field for the Al-MG and AlCu-MG
catalysts is due to the incorporation of aluminium in the tetrahedral sites of
magnetite. The observed hyperfine magnetic field of ~44.4 T for the octahedral
sites means that aluminium is also incorporated in octahedral sites. As the
hyperfine magnetic field values and the crystallite sizes are similar for the
AlCu-MG and Al-MG catalysts, we conclude that copper is not incorporated in
the magnetite phase in the used AlICu-MG catalyst. The same holds for the CrCu-
MG catalysts 6. Aluminium incorporation in both tetrahedral and octahedral
positions of magnetite has been reported before. Some studies reported that
aluminium can be incorporated in both tetrahedral and octahedral sites 32
using Mdssbauer spectroscopy, whereas others indicated a preference for
substitution of octahedral iron by aluminium in magnetite by measuring
magnetic susceptibility 33. None of these earlier studies pertained to catalysts
used under industrial HTS conditions.

The IS value of 0.66 mm s-! for the octahedral sites in the Al-MG catalyst is
within the experimental uncertainty of the bulk value of 0.67 mm s-! in non-
doped magnetite 26. The latter value is the result of fast electron hopping in the
equimolar Fe3+/Fe2+ redox couple in the octahedral sites, which is faster than
the lifetime of the relevant excited state in the Mdssbauer measurement,
resulting in an IS value representing an average oxidation state of Fe25+ 34, As
IS values of typical Fe3+-oxides are around 0.3 mm s-1, a value lower than the
bulk magnetite value of 0.67 mm s-! can be explained by a higher than unity
Fe3+/Fe2* ratio 5. The IS value of 0.64 mm s-! for the octahedral sites of the AlCu-
MG catalyst indicates that a small fraction of Fe2* in these locations was
oxidised. Such a decrease in the IS value upon copper doping was not observed
for the CrCu-MG catalyst.
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Figure 7. Room-temperature Mossbauer spectra of discharged catalysts after 4
days at 25 bar under HTS conditions.

Our hyperfine magnetic field data for the AlICu-MG catalysts show that doping
of aluminium occurs in both tetrahedral and octahedral sites of the active
magnetite phase. Clearly, such doping contributes to the improved thermal
stability of this phase under HTS conditions, which is comparable to the
stability during a 4-day test of the CrCu-MG catalyst where the chromium is
incorporated exclusively in octahedral positions. This shows that the
stabilisation of the high surface area of magnetite occurs irrespective of the
location of dopant.
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The hyperfine magnetic field values for the Ga-MG and GaCu-MG catalysts are
~48.4 T for the tetrahedral sites and 44.6 T for the octahedral sites (Table 5,
Fig. 7). The tetrahedral hyperfine magnetic field of ~48.4 T is only slightly
lower than that of the MG reference (48.7 T), indicating that gallium doping in
tetrahedral position is likely limited. The significantly lower octahedral
hyperfine magnetic field value of 44.6 T, compared to 45.7 T in the MG
reference, in combination with the relatively large crystallite size observed
(Table 4) points to preferential gallium incorporation into octahedral sites. The
presence of gallium in the activated catalyst suggests that dopant
incorporation can occur during the activation procedure since no evidence of
gallium incorporation was found in the catalyst precursor. Earlier, Kohout et al.
35 and Recko et al. 3¢ suggested preferential occupation of tetrahedral sites of
magnetite by gallium using NMR and Mdssbauer spectroscopy respectively,
whereas a study by Wang et al. 37 indicated incorporation of gallium into both
tetrahedral and octahedral sites using Mdssbauer spectroscopy. These
inconclusive findings might be due to the fact that the samples were prepared
in different ways. The IS values of 0.66 mm s-1 for the octahedral sites in Ga-MG
and GaCu-MG are close to the one observed for the MG catalyst, indicating that
the Fe3+/Fe2+ ratio is unaffected by gallium doping.

The In-MG and InCu-MG catalysts showed similar tetrahedral hyperfine
magnetic field values of ~48.5 T as MG (48.7 T), see Table 5. The slightly lower
hyperfine magnetic field of 44.9 T for the octahedral sites in comparison to the
MG reference value of 45.7 T suggests that a small amount of indium is
incorporated in octahedral sites. Thus, it is likely that the extent of indium
doping in the active catalyst is small and a significant amount of indium ends
up in a separate In,03; phase, as was confirmed by XRD analysis (Fig. 6). The
octahedral IS values of 0.66 mm s-! for the two indium-doped catalysts shows
that indium doping has no significant effect on the Fe3+/Fe2+ redox couple. It is
therefore likely that the relatively large size of In3+ compared to Fe3+ results in
phase segregation during the activation treatment, although In incorporation
in the calcined precursor was confirmed by XRD and Mdssbauer spectroscopy.
Likely, this additional In,03; phase blocks the active magnetite sites at the
surface, explaining the much lower activity in comparison to the Cr-MG sample.

In the Mn-MG and MnCu-MG catalysts, hyperfine magnetic field values of ~48.7
T and ~45.0 T were observed for the tetrahedral and octahedral sites of
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magnetite, respectively (Table 5). These values are relatively close to those of
the reference MG catalyst (48.7 T and 45.7 T). Nevertheless, the lower
octahedral value for the manganese-doped samples points to incorporation of
manganese into the magnetite structure. A substantial decrease in the IS values
of the octahedral sites to 0.58 mm s-1 compared to the bulk value of 0.67 mm s-
1 points to an increased Fe3+/Fe2+* ratio, which can be due to the replacement of
octahedral Fe2+ for Mn2+ 5. Incorporation of Mn2* for Fe2+ into octahedral sites
of magnetite was reported before by Sorescu et al. 38 using Mdssbauer
spectroscopy, in line with our results. This does not exclude however the
possibility that some Mn3+ ions replace Fe3* ions in octahedral sites as well.
These results show that doping M2+ ions with an octahedral site preference can
lead to a significant distortion of the Fe3+/Fe?* redox couple. Although Mn2*
incorporation occurs in a similar way as Cr3+ incorporation by replacing
octahedral Fe ions in magnetite, no improved catalyst activity or stability was
observed (Fig. 5). This highlights the complex correlation between dopant
incorporation and catalyst performance.

In the Zn-MG catalyst, a hyperfine magnetic field value of 48.0 T (Table 5) was
observed for the tetrahedral sites of magnetite. This, in combination with
relatively large crystallites (Table 4), indicates the incorporation of zinc into
the tetrahedral sites, similar to the aluminium-doped catalysts. A tetrahedral
site preference was observed before for zinc-doped magnetite 3949, The
hyperfine magnetic field of the octahedral sites decreased in the Zn-MG catalyst
(44.4 T), which points to zinc incorporation in octahedral sites as well. Zinc can
occupy both the tetrahedral and octahedral sites of magnetite at high zinc
content 4! and it has been pointed out before that the preparation procedure
can influence the site preference 42 The incorporation of divalent zinc into the
tetrahedral sites of magnetite where it replaces trivalent iron, would lead to a
charge imbalance. Wen et al. 43 proposed that the charge imbalance can be
resolved by partial oxidation of Fe2* to Fe3+ in the octahedral sites. This leads
to the (Zn2* Fej*,)[Fe?*,Fel},]0, structure, where the tetrahedral sites are
shown in parentheses and the octahedral sites in brackets. In support of this
model are the observations of Mendoza Zélis et al. 40 of a more ferric-like IS in
the octahedral sites of their samples with increasing zinc doping in tetrahedral
sites. Walz et al. 4+ suggested a different model where zinc was incorporated
into both the tetrahedral and octahedral sites of vacancy(A)-doped magnetite
(ZnZtyFeit, . )[Zn3*Fef* Fei}, ,]-404. They proposed that, at low zinc
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content, Zn2+ ions can migrate to octahedral vacancies, resulting in
incorporation into both lattice sites of the spinel. The IS value of 0.66 mm s-!
measured for the octahedral sites of our Zn-MG catalyst is similar to that of bulk
magnetite (0.67 mm s'1). As such, this implies that the Wen model cannot
describe the cation arrangement in our Zn-MG catalyst. Instead, the Walz
model better describes the observed decrease in the hyperfine magnetic field
values of the tetrahedral and octahedral sites for our Zn-MG catalyst (Table 5).

A hyperfine magnetic field value of 48.0 T was observed for the tetrahedral
sites of the ZnCu-MG catalyst. The decrease from the bulk magnetite value can
again be attributed to the incorporation of zinc in tetrahedral sites. Different
from the Zn-MG catalyst, the copper-doped sample also led to a substantial
decrease in the hyperfine magnetic field of the octahedral sites to 43.4 T. The
lower hyperfine magnetic field in the octahedral sites is accompanied by a
more ferric-like IS value of 0.62 mm s-1. This could indicate the incorporation
of Cu?* into the zinc-doped magnetite structure in place of Fe2*. However,
copper incorporation in magnetite has not been observed before for other
copper-doped magnetite samples. It is therefore more likely that the lower IS
value in the octahedral sites can be explained by the Wen model, where partial
oxidation in the octahedral sites leads to a lower IS. The lower hyperfine
magnetic field is due to the presence of small magnetite particles, which is
supported by the substantial SPM contribution for ZnCu-MG (Fig. 7, Table 5).
Thus, doping magnetite with divalent ions with a preference for tetrahedral
sites results in a complex structure where the charge imbalance is
compensated from the octahedral sites by partial oxidation of Fe2* to Fe3+, as
described by Wen et al.

In the Mdssbauer spectra of the Nb-MG and NbCu-MG catalysts (Fig. 7), two
SPM doublets and two magnetically split sextets were observed. The two SPM
doublets with IS values of 0.75 mm s-! and ~0.92 mm s-! and QS values of 1.06-
1.29 mm s'! and 2.24-2.29 mm s-1, respectively, are typical for an FeNb,Os
phase 45. Hyperfine magnetic field values of 48.6 T and ~45.0 T were observed
for the magnetically split sextets. The value of 48.6 T is close to that of non-
doped MG, indicating that no niobium substitution occurred in tetrahedral
sites. The hyperfine magnetic field of ~45.0 T observed for the octahedral sites
was slightly lower than that of the reference MG catalyst, indicating some
niobium incorporation in octahedral sites of magnetite. The relatively low
influence of niobium on the hyperfine magnetic field values is most likely due
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to the segregation into a separate phase. IS values of 0.65-0.66 mm s-! for the
octahedral sites indicate that no significant change in the Fe3+*/Fe?* redox
couple occurred upon niobium doping. This might be due to the low doping
level but also due to the replacement of an equal amount of Fe2* and Fe3* ions
for one Nb5* ion. The formation of a separate FeNb,0s phase during activation
under industrially relevant HTS conditions and the low catalytic performance
mean that niobium is unsuitable to replace chromium in HTS catalysts.

Table 5. Mossbauer parameters of discharged catalysts after exposure to HTS
conditions for 4 days at 25 bar.

Sample IS QS H r Phase (%)e
(mms1) | (mms1) (T (mm s-1)
MGP 0.26 -0.03 48.7 0.38 Fe304(tet) 37
0.68 -0.03 45.7t | 0.32 Fe304(oct) 62
0.00* 0.00* 33.0* | 0.50* a-Fe 1
Cr-MGb 0.28 0.00 48.6 0.34 Fe304(tet) 35
0.64 -0.01 44.61 | 0.32 Fe304(oct) 61
0.00* 0.00* 33.0% | 0.50* a-Fe 2
0.30* 0.86 - 0.50* Fe3+ SPM 2
CrCu-MGb 0.29 0.00 484 | 0.32 Fes04(tet) 34
0.64 -0.03 44.2t | 0.30 Fes04(oct) 62
0.00* 0.00* 33.0% | 0.50* a-Fe 2
0.30* 0.76 - 0.50* Fe3+ SPM 2
Al-MG 0.28 -0.02 48.0 | 0.37 Fes04(tet) 36
0.66 -0.02 445 | 0.35 Fes04(oct) 59
0.00* 0.00* 33.0* | 0.50* a-Fe 5
AlCu-MG 0.28 -0.01 48.1 0.37 Fe30a4(tet) 36
0.64 -0.02 44.5t% | 0.35 Fe304(oct) 63
0.00* 0.00* 33.0* | 0.50* a-Fe 1
Ga-MG 0.27 -0.01 484 | 0.34 Fes04(tet) 35
0.66 0.00 44.61 | 0.30 Fes04(oct) 65
GaCu-MG 0.27 -0.02 483 | 0.35 Fes04(tet) 34
0.67 0.01 44.61 | 0.29 Fes04(oct) 64
0.00* 0.00* 33.0% | 0.50* a-Fe 2
In-MG 0.28 -0.02 484 | 0.35 Fes04(tet) 38
0.66 0.00 449t | 0.32 Fes04(oct) 58
0.00* 0.00* 33.0*% | 0.50* a-Fe 2
0.25 0.77 - 0.50* Fe3+ SPM 2
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Table 5. Continued.

Sample IS QS H r Phase (%)¢
(mms1) [ (mms1) (M (mm s-1)
InCu-MG 0.28 -0.02 48.5 | 0.30 Fe30a4(tet) 35
0.66 0.00 4491 | 0.30 Fe304(oct) 61
0.00* 0.00* 33.0* | 0.50* a-Fe 2
0.29 0.87 - 0.50* Fe3+ SPM 2
Mn-MG 0.28 -0.03 48.8 | 0.36 Fes0a4(tet) 39
0.58 -0.04 45.11 | 0.31 Fes304(oct) 59
0.00* 0.00* 33.0% | 0.50* a-Fe 2
MnCu-MG 0.28 -0.03 48.7 | 0.36 Fe30a4(tet) 39
0.59 -0.04 45.01 | 0.32 Fes304(oct) 61
Zn-MG 0.25 -0.06 48.0 | 0.33 Fe30a4(tet) 34
0.66 0.04 444t | 0.38 Fe304(oct) 63
0.31 0.86 - 0.50 * Fe3+ SPM 3
ZnCu-MG 0.27 -0.01 48.0 | 0.24 Fes04(tet) 26
0.62 0.00 43.41 | 0.39 Fes04(oct) 66
0.00* 0.00* 33.0* | 0.50* a-Fe 3
0.30* 0.84 - 0.50* Fe3+ SPM 5
Nb-MG 0.27 -0.03 48.6 | 0.40 Fes0a4(tet) 33
0.66 0.02 45.11 | 0.36 Fes304(oct) 62
0.90 2.29 - 0.50* FeNb20¢ (I) 3
0.75* 1.06 - 0.50* FeNb20e (II) 2
NbCu-MG 0.28 0.00 48.6 | 0.34 Fe30a4(tet) 33
0.65 0.00 4491 | 0.31 Fe304(oct) 61
0.94 2.24 - 0.50* FeNb20¢ (I) 3
0.75* 1.29 - 0.50* FeNb20s (II) 3

Fixed values are marked with an asterisk (*), average values of distribution fits
with ().

a Experimental uncertainties: IS + 0.01 mm s-1, QS * 0.01 mm s-1, line width: T +
0.01 mm s-1, hyperfine magnetic field: H + 0.1 T, spectral contribution: + 3%.

b From .

¢ Spectral contribution

The surface of the catalysts aged under HTS conditions for 4 days at 25 bar was
investigated by XPS. The Fe 2p spectra of the M- and MCu-doped catalysts are
shown in Figure 8. The Fe3* and Fe?* satellite peaks expected for the
corresponding pure Fe;03 and Fe;.,0 oxide at binding energies of 719 eV and
715.5 eV,%¢ respectively, are not observed in the XPS spectra of the used
catalysts. This is typical for materials in which magnetite is the dominant iron
oxide phase. It also implies that the surface of the catalysts is very similar to
the bulk magnetite structure as shown by XRD and Mdssbauer spectroscopy.
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XPS spectra of valence states of the dopants are provided in the supporting
information (Fig. S2). All dopants are present in the expected oxidation states.
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Figure 8. Fe 2p region of discharged M-MG and MCu-MG catalysts after
exposure to HTS conditions for 4 days at 25 bar. The small peak observed in
the Fe 2p regions of the In-MG and InCu-MG spectra at BE = ~703 eV results
from the In 3p peak.

The Cu 2p and Cu LMM regions of used MCu-doped catalysts are presented in
Figure 9. The broad peaks at BE =932 eV and BE = 952 eV in the Cu 2p region
can be attributed to the Cu 2p3,; and Cu 2p;,; states, respectively 47. These
values can be attributed to Cu® or Cu+ species. The absence of Cu2+ is
underpinned by the absence of a satellite feature at BE = ~942 eV 47. Thus, it is
not likely that Cu?* is incorporated in the octahedral sites of ZnCu-MG.
Inspection of the Cu LMM region (Fig. 9) shows a peak at a kinetic energy of
~917 eV 48 in all MCu-MG catalysts, which implies that copper is mainly present
as Cu*. The presence of Cu* instead of Cu? in activated HTS catalysts contradicts
a recent in situ study performed by the Wachs group 1°. In our earlier work on
chromium-copper doped catalysts, we also demonstrated that copper is
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present in the metallic state in activated catalysts ¢. The observation of Cu* in
our used catalysts is likely the result of accidental oxidation during the
shutdown procedure.

Cu2p Cu LMM
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MU-MG WM'\W
GaCu-MG
GaCu-MG
- -
3 3 InCu-MG
E— InCu-MG E—
= =
2 g MnCu-MG
2 3
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Binding energy (eV) Kinetic energy (eV)

Figure 9. Cu 2p and Cu LMM regions of discharged MCu-MG catalysts after
exposure to HTS conditions for 4 days at 25 bar.

4.4 CONCLUSIONS

Iron oxide phases in the precursor and activated WGS catalysts were promoted
by a range of metals in order to establish their suitability to replace chromium.
Emphasis was on establishing structure and performance under close to
practical conditions of the high-temperature WGS reaction. Similar to the non-
doped hematite precursor, doping with chromium and gallium yielded
hematite as the main precursor phase after calcination. Doping with aluminium,
indium, manganese, zinc, and niobium resulted in a mixture of hematite and
ferrihydrite, the latter in the form of relatively small crystallites. All calcined
copper-promoted samples contained mainly ferrihydrite. The most suitable
substituent for chromium in terms of catalytic performance is aluminium.
Comparing the copper co-promoted catalysts under HTS conditions using an
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accelerated ageing protocol, it can be concluded that aluminium can replace
chromium with nearly similar catalytic performance. The other substituents
result in a significantly faster deactivation with the HTS performance
decreasing in the order gallium > indium > manganese > zinc > niobium. The
location of the dopants in the (predominantly) magnetite structure of the
activated catalysts was further investigated by Mossbauer spectroscopy.
Aluminium was incorporated in both tetrahedral and octahedral sites of
magnetite in contrast to the chromium dopant which exclusively substitutes
octahedral iron. Aluminium doping did not affect the Fe3+/Fe2+ ratio, while
chromium doping prevented Fe2+ formation during activation. The doping
situation for the other catalysts varied with the doping metal. For indium and
niobium, segregated promoter metal oxide phases were observed in addition
to magnetite. Overall, the following generalisations can be made about the
rational design of chromium-free HTS catalysts:

(1) The incorporation of trivalent ions of similar size to octahedral
trivalent iron, such as aluminium, chromium, and gallium into the
magnetite structure results in active and stable WGS catalysts,
irrespective of dopant incorporation in tetrahedral or octahedral
positions. Aluminium doping leads to comparable activity and stability
as chromium doping in a four-day test under HTS conditions at 25 bar.

(2) Large trivalent ions, such as indium, do not remain in the iron oxide
structure upon reduction of the Fe3*-oxide precursor to magnetite,
resulting in segregated promoter oxide phases. Elements that can form
separate iron-M-oxide phases under reducing conditions, such as
niobium, are also unsuited to replace chromium in HTS catalysts.

(3) The incorporation of divalent ions with a tetrahedral site preference,
such as zinc, results in complex structures where the charge imbalance
is compensated by partial oxidation of Fe?* in octahedral sites. No
beneficial effect on WGS performance was observed for the Zn-
promoted catalysts.

(4) The incorporation of divalent ions with an octahedral site preference,
such as Mn2?+, leads to a distortion of the octahedral Fe3+/Fe2* redox
couple because of the replacement of Fe2+ by Mn2+. Unlike substitution
with trivalent ions with an octahedral site preference, Mn2*
substitution has a detrimental effect on HTS catalytic activity.
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ABSTRACT

IN SITU MOSSBAUER SPECTROSCOPY

ABSTRACT

The influence of chromium and aluminium doping on over-reduction during
the activation of iron-oxide based water-gas shift catalysts was investigated for
the first time using in situ Mdssbauer spectroscopy. Copper co-doping of these
catalysts was investigated also. In situ Mossbauer spectra were recorded of
catalysts exposed to industrially relevant gas compositions with increasingly
reducing R factors R = (H, + CO)/(CO, + H20) for 1 hour at 450 °C. In situ
Mossbauer spectra showed the presence of a-Fe and cementite phases after
exposing a non-doped iron-oxide catalyst to process conditions with an R
factor of 2.09. These phases were only observed at R = 4.60 for a chromium
doped catalyst, showing that chromium stabilises the catalyst from over-
reduction. In a chromium copper co-doped catalyst, the over reduction was
slightly enhanced to R = 2.88. a-Fe formation was observed at R = 1.64 in an
aluminium doped catalyst while cementite formation occurred at R = 2.09,
showing that over reduction was enhanced while carburisation was delayed by
the presence of aluminium. Co-doping copper on the aluminium doped catalyst
showed cementite formation to R = 2.09, the same as a non-doped catalyst.
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5.1 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 360-450 °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 190-250 °C 14,

CO + HzO <_—) COZ + Hz (1)

The active industrial HTS catalyst consists of magnetite (Fe304) and is formed
by exposing a Fe3*-oxide or -oxyhydroxide precursor to WGS conditions 5-7.
Chromium and copper are added to this catalyst as promoters. Chromium
exists as Cré* and Cr3* in the calcined precursor and is incorporated into the
magnetite structure during activation, during this process the Cré+ species are
reduced to Cr3+ 7. The presence of chromium prevents thermal agglomeration
of the active phase, and limits over-reduction of the active magnetite phase to
a-Fe, and FeCy 1468, The formation of a-Fe and FeC is undesired, because they
can catalyse unwanted methanation and Fischer-Tropsch side reactions °.
Over-reduction is also associated with catalyst pellet degradation, which can
induce a significant pressure drop in industrial reactors 9. Copper is added to
commercial catalysts to enhance CO conversion via a chemical promotion
mechanism é8. The Wachs group recently showed that divalent copper, present
in the calcined catalyst precursor, is removed from the Fe-Cr structure during
activation, resulting in Cu® nanoparticles partially covered by an iron oxide
over-layer on the active chromium-doped magnetite catalyst 810. This results
in active sites that are more active than the separate iron oxide and metallic
copper sites 11,

The presence of hexavalent chromium in the fresh catalyst has inspired
researchers to investigate alternative dopants 21216, Several groups 13.17.18 have
shown that aluminium doping resulted in high activity at atmospheric pressure
after relatively short reaction times. We recently demonstrated that
industrially relevant chromium/copper- and aluminium/copper-doped
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catalysts have similar CO conversion at 25 bar after 4 days on stream under
industrial HTS conditions 1°.

Despite the consensus that aluminium doping results in enhanced thermal
stability of the catalyst, no such agreement exists on the influence of aluminium
on the reducibility of the fresh and activated catalyst. Meshkani and Rezaei 18
and Araujo and Rangel 20 showed by H»-TPR that the Fe;03 — Fe304 transition
is shifted to lower temperatures in the presence of aluminium. Thus,
aluminium can enhance the reducibility of the Fe,03;. Nevertheless, these
authors did not observe an influence of aluminium doping on the Fe304— FeO
and FeO — a-Fe transitions. Jeong et al. 2! observed a similar effect of
aluminium doping. In their catalysts, the Fe,03 — Fe30, transition shifted to
lower temperatures, while the over-reduction peak of Fe;04 was not distinct
enough to interpret. In contrast, Natesakhawat et al. 17 showed that aluminium
doping did not affect the Fe;03 = Fe304 transition, while the Fez04— FeO, a-Fe
transition shifted to higher temperatures. The comparison of different TPR
studies is likely complicated by the use of different heating rates, catalyst
preparation methods, and different phases present in the catalyst precursors.
We recently showed in two separate studies that the calcined catalyst
precursor can contain a significant amount of small amorphous ferrihydrite
(FesHOs - 4 H;0) particles, partially invisible to XRD analysis, in addition to
hematite (a-Fe;03), typically observed as the dominant phase by XRD 619, The
presence of ferrihydrite, which was shown by 5’Fe Mdssbauer spectroscopy,
likely complicates the interpretation of the TPR patterns because of
overlapping reduction features with hematite 22. In H,-TPR, over-reduction of
magnetite leads to reduction features between 650 °C and 770 °C 17.1821 which
is far above realistic industrial HTS conditions (typically in the range of 360-
450 °C), although 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
preparation range pH = 8-11. The authors proposed that precipitated
aluminium species start to dissolve at pH > 9 possibly due to the amphoteric
nature of aluminium. This suggests that not all aluminium that is 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
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alumina itself is not reducible, an impact on H,-TPR data can be expected
because aluminium can enter the iron oxide phases. This can explain the
different outcomes of TPR measurements reported for aluminium-doped iron
oxides.

Herein, we investigated the stability of aluminium- and chromium-doped
magnetite with and without copper promoter under industrially relevant
reaction conditions. The effect of dopants on the formation of FeO, a-Fe, and
FeCx was investigated with in situ Mossbauer spectroscopy. Mdssbauer
spectroscopy has been used extensively 2324 to study the formation of FeCy
phases in iron-based Fischer-Tropsch catalysts because of its high sensitivity
for bulk iron species. In the present work, we exposed model HTS catalysts to
increasingly reducing gas atmospheres by decreasing the steam partial
pressure in a simulated HTS gas mixture containing H, CO, CO2, He, and H-O0.

5.2 EXPERIMENTAL
5.2.1 CATALYST PREPARATION

Catalysts were prepared via a single-step co-precipitation/calcination route
5619 In brief, appropriate amounts of iron, chromium, aluminium, and/or
copper nitrates were dissolved in deionised water at 60 °C. The metals were
precipitated by addition of 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%, respectively. 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.

5.2.2 EXPERIMENTAL

In situ Mossbauer spectra were recorded on an in house made reactor cell. A
detailed description of the in situ Mdssbauer spectroscopy cell is provided
elsewhere 25, Gas flows were controlled with mass flow controllers. Water was
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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-1), Hz (55 ml min-1), CO (14 ml min-1),
and CO2 (6 ml min-1), while the He flow was reduced to 25 ml min-1. 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 H», 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 Mdssbauer 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 spectra. In some of the
spectra, small features of the berrylium window remain at ~0.00 mm s-1.

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

5.3 RESULTS AND DISCUSSION

The detailed characterisation of the calcined catalyst precursors has been
reported elsewhere 5619, An overview of the phases present in the calcined
catalyst precursors is given in Table 1. In brief, XRD patterns and Mdssbauer
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 suggest the
exclusive presence of hematite crystallites in all samples, room-temperature
Mossbauer spectra indicate the presence of a Fe3* superparamagnetic (SPM)
phase. By recording Mdssbauer spectra at -269 °C, it was shown that this Fe3*
SPM phase consisted of a mixture of ferrihydrite and hematite. The CrCu-HM,
Al-HM, and AlCu-HM catalysts contain mainly ferrihydrite with small
contributions of hematite. On the contrary, the HM and Cr-HM reference
catalysts only contain hematite.
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Table 1. Phase identification of calcined catalysts (data taken from 19).

Sample XRD Mossbauer (%)2 | Mossbauer (%)
spectroscopy spectroscopy at
at room -269 °C
temperature
HM a-Fe203 a-Fe203 100 a-Fe203 100
Cr-HM o-Fe203 a-Fe203 100 a-Fe203 100
CrCu-HM o-Fe203 Fe3+ SPM 100 a-Fe203 14
FesHOs - 4 H20 86
Al-HM a-Fez03 Fe3+ SPM 100 a-Fez03 17
FesHOs - 4 H20 83
AlCu-HM * Fe3+ SPM 100 a-Fe203 5
FesHOs - 4 H20 95

a Spectral contribution

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 ratios (R = [CO]*[H2]/[COz]*[H20]) between the reducing gases
H, and CO and the oxidising gases H;0 and CO; 2. The variations in the H,0
concentration were balanced by changing the He concentration in order to
keep the CO, CO; and H; 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) *
Starting from this composition, the steam concentration was lowered in steps
of 3% until over-reduction was observed.

Figure 1 shows the in situ Mossbauer spectra of the used HM catalyst as well as
the reference ex situ Mossbauer spectrum of the calcined precursor of HM.
Exposure of the calcined HM catalyst to industrial HTS conditions 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 S2). No other Fe phases than magnetite
were observed under these conditions. 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 Fe3;C (cementite) phases. At R = 2.42, reduction is substantial and the
contribution of cementite is much larger than that of metallic Fe, indicating
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rapid carburisation of the latter. These samples did not contain wistite (FeO),
which is normally 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 major cause of deactivation associated with over-reduction
19, XRD patterns of the catalysts used in the in situ Méssbauer experiments are
shown in Figure S1. Consistent with the Mdssbauer 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, different from the Mdssbauer 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.
Calcined
400°C air

Intensity (a.u.)

40 5 0 & 10
Doppler velocity (mm s™)

Figure 1. In situ Mdssbauer spectra of HM catalyst as a function of H,0 content.
The spectra are dominated by two sextets of magnetite. Peaks of the cementite
sextet are indicated with an (*), peaks of a-Fe with a (+).
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The corresponding Mdéssbauer spectra for Cr-HM are collected in Figure 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 S3). Different from the HM
catalyst, exposing Cr-HM to a feed with R = 2.42 does not lead to the formation
of cementite. Thus, chromium doping rendered the active magnetite phase
more stable against over-reduction under industrially relevant HTS conditions.
For this Cr-HM catalyst, a-Fe and FeCs phases were only observed at R = 6.57.
These data show that chromium-doped magnetite is more stable against over-
reduction, which is in line with literature 15. The corresponding XRD patterns
of the used Cr-HM catalysts confirm these findings (Fig. S2). However, in this
case the cementite phase obtained at R = 6.57 was also observed by XRD, which
is likely due to the much larger amount of this phase.

Calcined
400 °C Air

1.48

Intensity (a.u.)

A0 5 0 5 10
Doppler velocity (mm s™)
Figure 2. In situ Mossbauer spectra of Cr-HM catalyst compared to ex situ
spectrum of calcined catalyst. Visible peaks of the cementite sextet are
indicated with an asterisk (*), those of a-Fe with a plus (+).
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The in situ Mossbauer spectra of the CrCu-HM catalyst are shown in Figure 3.
The reference spectrum of the calcined precursor contains a SPM doublet.
Analysis of this SPM phase by Mdssbauer spectroscopy at -269 °C confirmed
that this sample contains both 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 emerged,
indicating the formation of magnetite (Table S4). At R = 2.88, an additional
small sextet appeared, indicating the formation of cementite. The fraction of
cementite remained constant until R = 6.57, where the contribution of the
cementite phase had grown much larger. 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 observed after exposure of the
calcined catalyst to HTS conditions of R = 1.48 points to magnetite. No
reflections due to phases obtained by over-reduction were observed between
R=1.48-2.42, in line with the in situ M6ssbauer results. The discharged catalyst
treated at R = 2.88 shows a small feature 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 again shows
the utility of Mdssbauer spectroscopy when studying bulk iron species.
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Calcined
400 °C Air

Intensity (a.u.)

40 5 0 5 10

Doppler velocity (mm s™)
Figure 3. In situ Mdssbauer spectra of CrCu-HM catalyst compared to ex situ
spectrum of calcined catalyst. Visible peaks of the cementite sextet are
indicated with an asterisk (*), those of a-Fe with a plus (+).

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 S5), indicating over-reduction of the active magnetite phase. When the
catalyst was subsequently 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 over-reduction of
the active phase to o-Fe, while it initially prevents carburisation. The
stabilisation of the a-Fe phase against carburisation was not observed in the
non-doped and chromium-doped catalysts. This could indicate that the a-Fe
interacts with an amorphous Al,0; phase invisible to XRD analysis, whose
presence was hypothesised above. Despite the possible presence of a separate
amorphous Al;03 phase, and the enhanced over-reduction caused by the
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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 underpins the potential of aluminium to replace chromium as a
dopant in Fe-based WGS catalysts 1. The possible presence of a separate
amorphous Al;03; phase suggests that further optimisation of the preparation
procedure should be explored to obtain an optimal ageing pH for both
aluminium and iron oxides. Natesakhawat et al. showed that the pH during
precipitation had a large influence on the CO conversion of the catalysts. They
suggested that this is the result of low pH values in the preparation, which
would favour Fe precipitation, whereas at high pH values precipitation of Al
species is faster. Although the authors mention that precipitated aluminium
species can dissolve in water at pH > 9, it is also mentioned that in other works
an optimum pH of 11 has been reported. 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 R = 1.64-2.09, in contrast to the in situ Mdssbauer spectra
where a-Fe formation was observed from an R factor of 1.64 and below. Since
these patterns were recorded after the catalysts were exposed to air, a-Fe
observed in Mdssbauer spectra is likely oxidised. This shows the benefit of
using in situ Mossbauer spectroscopy. No evidence of a separate aluminium
oxide phase was found, this is consistent with the presence of an amorphous
aluminium oxide phase.
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Calcined
400 °C Air

1.48

Intensity (a.u.)

-10 -5 0 5 10

Doppler velocity (mm s™)
Figure 4. In situ Mossbauer spectra of Al-HM catalyst compared to ex situ
spectrum of calcined catalyst. Visible peaks of the cementite sextet are
indicated with an (*), those of a-Fe with a (+).

In situ Mdssbauer spectra of AlICu-HM catalysts (Fig. 5, Table S6) show a-Fe and
a cementite formation at R = 2.09. This is similar to the non-doped HM catalyst
which suggests that there is no effect of these dopants on over-reduction of the
catalyst. It should be mentioned that R = 2.09 is far below normal operating
conditions of 33% steam typically employed in an industrial plant. This means
that the AICu-HM catalyst is a viable candidate to replace chromium. It is
interesting to note that 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 stabilisation of a-Fe, observed in the aluminium-
doped catalyst, was not observed in the aluminium/copper co-doped catalyst.
Since the preparation procedure for the aluminium-doped catalysts was not
optimised in our study, we cannot exclude the presence of a separate
amorphous Al;03 phase. Based on these results, further optimisation of the
aluminium precipitation procedure 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 Mdssbauer 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.
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o - o Calcined
400 °C Air

1.48

1.84

Intensity (a.u.)

40 5 0 5 10
Doppler velocity (mm s™)

Figure 5. In situ Mdssbauer spectra of AlCu-HM catalyst compared to ex situ

spectrum of calcined catalyst. Visible peaks of the cementite sextet are

indicated with an (*), those of a-Fe with a (+).

5.4 CONCLUSIONS

The influence of chromium and aluminium doping, together with copper co-
doping of iron oxide based HTS catalysts, was investigated for the first time
with in situ Mdssbauer spectroscopy (Table 2). In situ Mdssbauer 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.
Chromium doping stabilised the active magnetite phase down to R = 4.60
before a-Fe and cementite formation occurred, confirming the well known
stabilising effect of chromium on these structures during HTS operation. The
chromium copper co-doped catalyst slightly enhanced over-reduction of the
active magnetite phase to an R factor of 2.88. The aluminium-doped catalysts
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 stabilised
from carburisation in aluminium-doped catalysts. In the aluminium/copper
co-doped catalyst, cementite formation was observed at R = 2.09, which is the
same as 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, which is already significantly lower
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than normal operating conditions of 33% H:0. This shows that aluminium-
doped catalysts are initially stable under industrially relevant HTS conditions.
Further research is required to optimise the incorporation of the promising
aluminium dopant into the structure of the freshly calcined catalyst and in the
activated magnetite catalyst.

Table 2. Overview of phases observed in situ Méssbauer spectra.

148 | 1.64 | 1.84 | 2.09 2.42 2.88 | 4.60 6.57

HM [ [ [ ] OHe¢ | O - - -
Cr-HM [ [ ] [ [ ] [ [ ] [ om¢
CrCu-HM | @ [ ] [ J ] [ OHN¢  ON¢ | 00

Al-HM [ [ ] (] | OH¢ |OH¢ |- - -

AlCu-HM | @ [ ] [ ] ¢ oONé | - - -

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

Table S1. Gas flowsa per H;0 percentage.

27 % 24 % 21% 18 % 15 % 12% 9% 6 %
H20b 40.5 36 31.5 27 22.5 18 13.5 9
He 34.5 39 43.5 48 52.5 57 61.5 66
Hz 55 55 55 55 55 55 55 55
co 14 14 14 14 14 14 14 14
CO2 6 6 6 6 6 6 6 6
Total 150 150 150 150 150 150 150 150
Re 1.48 1.64 1.84 2.09 2.42 2.88 4.60 6.57

a Gasflows in (ml min-1).
b Calculated with the ideal gas law.
cR= (Hz + CO)/(COZ + HzO)

Calcined
l I l M400 °C Air

1.48

.
e

| y

Intensity (a.u.)

=
_/"L—J A : -
. .4

20 30 40 50 60 70 80
20 (degree)

Figure S1. Ex situ XRD patterns of HM catalyst recorded before (calcined) and
after in situ Mossbauer measurements. The position of the main cementite
reflection is marked with an asterisk (*), the reflection of residual graphite is
indicated with a dagger (*).
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Table S2. Fitting parameters of in situ Mossbauer spectra HM catalyst.

R Phase IS QS Hyperfine Linewidth Spectral
(mm s-1) (mm s-1) field (T) (mm s-1) 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 32.1 0.5 1
FesC 0.18 0.00 21.0 0.5 2

2.42 Fe304(tet) 0.27 0.00 49.1 0.27 32
Fe304(oct) 0.67 0.01 45.9 0.25 56
FesC 0.18 0.02 21.0 0.34 12
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400 °C Air

1.48
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Figure S2. Ex situ XRD patterns of Cr-HM catalyst recorded before (calcined)
and after in situ Mossbauer measurements. The position of the main cementite
reflection is marked with an asterisk (*), the reflection of residual graphite is
indicated with a dagger (*).
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Table S3. Fitting parameters of in situ Mdssbauer spectra obtained after
exposure of Cr-HM catalyst to gas mixtures of increased reducibility.

R Phase IS(mms1) | QS (mms1) | Hyperfine | Linewidth Spectral
field (T) (mm s-1) contribution
(%)
1.48 | FesOs4(tet) 0.28 0.00 48.5 0.35 34
Fe304(oct) 0.64 -0.03 44.0 0.37 66
1.64 Fe30a4(tet) 0.28 -0.01 48.6 0.34 33
FesOs(oct) | 0.64 -0.03 44.1 0.37 67
1.84 | FesOa(tet) 0.28 0.00 48.4 0.37 33
Fe304(oct) 0.65 -0.03 43.8 0.36 67
2.09 | Fes3Oa4(tet) 0.28 -0.01 48.4 0.40 35
Fe304(oct) 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 | Fes3Oa(tet) 0.28 -0.01 48.5 0.37 33
Fes04(oct) 0.65 -0.03 44.0 0.38 67
4.60 | FesOs4(tet) 0.29 -0.01 48.4 0.34 33
Fes04(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
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Figure S3. Ex situ XRD patterns of CrCu-HM catalyst recorded before (calcined)
and after in situ Mossbauer measurements. The position of the main cementite
reflection is marked with an asterisk (*), the reflection of residual graphite is
indicated with a dagger ().
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Table S4. Fitting parameters of in situ Mossbauer spectra obtained after
exposure of CrCu-HM catalyst to gas mixtures of increased reducibility.

R Phase IS(mms1) | QS (mms1) | Hyperfine | Linewidth | Spectral
field (T) (mm s-1) contribution
(%)

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

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

1.84 | Fe3Oa(tet) | 0.28 0.00 48.5 0.3 33
Fes0s(oct) | 0.64 -0.03 44.1 0.34 67

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

2.42 | Fe3Os4(tet) | 0.28 -0.01 48.7 0.32 33
Fe304(oct) | 0.65 -0.03 44.2 0.35 67

2.88 | FesOs4(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 21 0.01 0.5

4.60 | Fe3Oas(tet) | 0.29 0.00 48.5 0.32 33
Fe304(oct) | 0.64 -0.03 44.0 0.32 62
o-Fe 0.00 0.00 33.0 0.5 1
FesC 0.17 0.09 20.4 0.5

6.57 | Fe3Os(tet) | 0.28 -0.01 48.5 0.3 28
Fes0s(oct) | 0.65 -0.03 44.1 0.31 57
FesC 0.20 0.04 22.6 0.5 15
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Figure S4. Ex situ XRD patterns of Al-HM catalyst recorded before (calcined)
and after in situ Mossbauer measurements. The position of the main cementite
reflection is marked with an asterisk (*), the reflection of residual graphite is
indicated with a dagger (*).
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Table S5. Fitting parameters of in situ Mossbauer spectra obtained after
exposure of AI-HM catalyst to gas mixtures of increased reducibility.

R Phase IS(mms1) | QS(mms1) | Hyperfine | Linewidth | Spectral
field (T) (mm s-1) contribution
(%)

1.48 | Fe3O4(tet) | 0.29 -0.01 48.4 0.37 33
Fes0s(oct) | 0.65 -0.03 44.5 0.35 67

1.64 Fe304(tet) | 0.28 -0.02 48.4 0.37 36
Fes0s(oct) | 0.65 -0.02 44.6 0.35 64

1.84 | FesOs(tet) | 0.28 -0.01 48.4 0.36 34
FesOs(oct) | 0.64 -0.03 44.7 0.33 62
a-Fe 0.00 0.00 333 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
FesC 0.17 0.02 20.6 0.5 3

2.42 | FesOs(tet) | 0.28 -0.01 48.5 0.35 31
FesOs(oct) | 0.64 -0.03 44.7 0.34 59
a-Fe 0.00 0.00 33.0 0.5
FesC 0.17 0.04 20.9 0.5 6
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Figure S5. Ex situ XRD patterns of AlCu-HM catalyst recorded before (calcined)
and after in situ Mossbauer measurements. The position of the main cementite
reflection is marked with an asterisk (*), the reflection of residual graphite is
indicated with a dagger ().
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Table S6. Fitting parameters of in situ Mossbauer spectra obtained after
exposure of AICu-HM catalyst to gas mixtures of increased reducibility.

R Phase IS(mms1) | QS(mms1) | Hyperfine | Linewidth | Spectral
field (T) (mm s-1) contribution
(%)

1.48 | Fe3Os4(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
Fes0s(oct) | 0.65 -0.04 44.5 0.34 66

1.84 | FesO4(tet) | 0.29 -0.01 48.5 0.35 35
Fes0s(oct) | 0.65 -0.03 44.7 0.33 65

2.09 | FesOs4(tet) | 0.28 0.03 48.5 0.34 34
Fe304(oct) | 0.65 -0.03 44.7 0.33 64
FesC 0.18 0.09 20.5 0.50 2

2.42 Fe304(tet) | 0.28 -0.01 48.5 0.34 33
Fes0s(oct) | 0.65 -0.03 44.8 0.33 64
a-Fe 0.00 0.00 33.0 0.50 1
FesC 0.18 0.00 21.0 0.50 2
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SUMMARY AND OUTLOOK

Hydrogen gas is an essential reagent in numerous industrial processes
including ammonia synthesis. Ammonia is a key intermediate in the synthesis
of nitrogen-based fertilisers, e.g. nitrates and urea. According to recent
estimates (2008), approximately half of the world population is fed by
nitrogen-based fertilisers of synthetic origin. Therefore, statistically speaking,
every other person reading this sentence owes their existence to ammonia
synthesis. Nowadays, most hydrogen gas is produced from natural gas via
steam reforming followed by a dual stage water-gas shift reaction. The catalyst
used in high-temperature water-gas shift (HTS) is chromium/copper
promoted iron oxide. Chromium is known to stabilise the active iron-oxide
phase magnetite (Fez04) from sintering and over-reduction to a-Fe and Fe-
carbides, while copper enhances the activity by providing additional active
sites. The chromium stabiliser has been used for over a century, because it
provides excellent stability and its low cost. Chromium is added to the catalyst
precursor via a co-precipitation/calcination route. An unintended side effect of
calcination is that some of the chromium can oxidise to chromium-6, which is
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prone to strict handling and partial bans. The active magnetite phase has an
inverse spinel structure composed of a 1:1:1 mixture of; tetrahedral Fe3+
octahedral Fe3+, and octahedral Fe2+, resulting in an octahedral Fe3+/Fe2* redox
couple. The active sites of the bulk magnetite catalyst are the surface
octahedral Fe3*/Fe2* redox couple. Rational design of catalysts with alternative
dopants to chromium is severely hindered because of a poor understanding of
chromium incorporation into the inverse spinel magnetite structure.
Accordingly, the position of chromium and its effect on the magnetite structure
and the octahedral Fe3*/Fe2* redox couple was investigated in detail.

In chapter 2, a suite of chromium-doped iron-oxide catalysts was prepared via
a co-precipitation/calcination route. The freshly calcined catalysts consisted of
chromium doped hematite (a-Fe;«Cry03). The reduction of the hematite
precursor, and over-reduction of the active magnetite catalyst to a-Fe occur at
higher temperatures in chromium-doped catalysts. Chromium incorporated
into the magnetite structure after exposure of calcined catalysts to industrially
relevant water-gas shift conditions. The presence of chromium resulted in
higher CO conversion, irrespective of the reaction pressure (2 or 25 bar). XRD
analysis showed that chromium doping resulted in smaller crystallite sizes,
confirming its role as a structural promoter. Mdssbauer spectra showed that
chromium incorporates in octahedral sites of magnetite. The incorporation of
chromium prevented the reduction of Fe3* ions during magnetite formation,
resulting in a higher Fe3+/Fe2+ ratio in the inverse spinel structure. These
variations in the Fe3+/Fe?* ratio compared to bulk magnetite had no
measurable effect on the high CO conversion typically associated with
chromium-doping. The interpretation of Mossbauer data was supported by
DFT calculation of hyperfine parameters of various chromium and Fe-vacancy
doped magnetite structures. These results show that the active magnetite
phase under industrially relevant water-gas shift conditions is best described
by Fes.x1-5Crx04 structure. In the Fes.(1-5Crx04 structure, Cr3+ is incorporated
in the octahedral sites where its presence during the formation of the active
phase by partial reduction of a-Fe;.xCrxO3 hinders Fez* formation. The Fez.xq-
5)Crx04 structure is partially oxidised compared to stoichiometric magnetite
where the octahedral Fe3+/FeZ* ratio is unity. With the exact position of
chromium in the magnetite structure now understood, the position of copper
was investigated, because it is a typical promoter used in HTS catalysts.

In chapter 3, a suite of chromium/copper co-doped catalysts was prepared via
a co-precipitation/calcination route and investigated to gain understanding
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into the position of copper on the used Fez.x1-5CrxO4 bulk catalyst. In contrast
to calcined chromium-doped iron-oxide catalysts, which consisted of a
hematite phase, chromium/copper co-doped catalysts consist of a mixture of
hematite and ferrihydrite. It was shown by Mdssbauer spectroscopy that
copper inhibits the formation of hematite during calcination as the amount of
ferrihydrite increased with the copper content. The hematite and ferrihydrite
precursors convert completely to magnetite under industrially relevant water-
gas shift conditions at 2 and 25 bar. Mossbauer spectra confirmed the results
of chapter 2 that chromium forms a solid solution with magnetite, resulting in
a partially oxidised structure (Fez.x(1-5)Crx04). The addition of copper showed
no significant effect on the hyperfine parameters in Modssbauer spectra,
indicating that it is not likely that copper is incorporated in the bulk magnetite
structure. NAP-XPS experiments showed copper exists as metallic copper at
the catalyst surface under water-gas shift conditions. Ex situ XPS experiments
of catalysts exposed to industrially relevant water-gas conditions showed that
a catalyst exposed to 25 bar had a more ferrous like surface than catalysts
treated at 2 bar due to the more reducing nature of the gas mixture at elevated
pressure. No effect of the reaction pressure on the bulk structure was observed.
In chromium/copper co-doped catalysts, chromium stabilises the high surface
area of the catalyst irrespective of pressure, leading to a higher CO conversion.
Copper doping results in increased CO conversion at ambient and industrially
relevant pressure via the formation of new active surface sites.

With a good understanding of the chromium and copper dopants, a suite of
catalysts with alternative dopants was investigated in chapter 4. M-doped and
M/Cu-doped (M = Fe, Cr, Al, Ga, In, Mn, Zn, Nb) catalysts were prepared to
investigate the effect of alternative dopants on the active magnetite catalyst.
The catalysts were prepared via a co-precipitation/calcination route and
investigated by Mdssbauer spectroscopy. Aluminium, gallium, and indium
were chosen to investigate the effect of (trivalent) dopant size while
manganese, zinc, and niobium where chosen to investigate the effect of
different oxidation states. Similar to the non-doped and chromium-doped
precursors investigated in chapter 2, gallium yielded hematite as the main
phase after calcination. Calcined catalysts doped with aluminium, indium,
manganese, zinc, and niobium contained a mixture of hematite and ferrihydrite,
the latter in the form of relatively small crystallites. All copper-doped catalysts
contained mainly ferrihydrite. Activity testing under industrially relevant
water-gas shift conditions for 4 days at 25 bar showed that aluminium is the
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most suitable substituent for chromium in terms of CO conversion. Comparing
the CO conversion of M/Cu-doped catalysts, it was shown that aluminium
doping provides very similar catalytic performance to chromium doping. The
other dopants result in a significantly lower CO conversion after prolonged
testing, decreasing in the order gallium > indium > manganese > zinc > niobium.
Mossbauer spectroscopy showed that aluminium was incorporated in both
tetrahedral and octahedral sites of magnetite. This is in contrast to chromium,
which was shown in chapter 2 to exclusively substitute octahedral iron.
Additionally, aluminium doping did not affect the Fe3+/Fe2+ ratio, which was
observed in chromium doping during activation. Other dopants incorporated
in varying ways into the magnetite structure. Segregated M-Fe-oxide and M-
oxide phases were observed in addition to magnetite in case of niobium and
indium.

Combining the results of chapter 2-4, four generalisations (copied from
chapter 4) can be made about the rational design of chromium-free iron-based
water-gas shift catalysts:

(1) The incorporation of trivalent ions of similar size to octahedral
trivalent iron, such as aluminium, chromium, and gallium into the
magnetite structure results in high to moderate CO conversion,
irrespective of dopant incorporation in tetrahedral or octahedral
positions. Aluminium doping leads to comparable activity and stability
as chromium doping in a four-day test under HTS conditions at 25 bar.

(2) Large trivalent ions, such as indium, do not remain in the iron oxide
structure upon reduction of the Fe3+-oxide precursor to magnetite,
resulting in segregated promoter oxide phases. Elements that can form
separate iron-M-oxide phases under reducing conditions, such as
niobium, are also unsuited to replace chromium in HTS catalysts.

(3) The incorporation of divalent ions with a tetrahedral site preference,
such as zinc, results in complex structures where the charge imbalance
is compensated by partial oxidation of Fe?* in octahedral sites. No
beneficial effect on CO conversion was observed for the Zn-promoted
catalysts.
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(4) The incorporation of divalent ions with an octahedral site preference,
such as Mn2?+, leads to a distortion of the octahedral Fe3+/Fe2* redox
couple because of the replacement of Fe2+ by Mn2+. Unlike substitution
with trivalent ions with an octahedral site preference, Mn2*
substitution has a detrimental effect on HTS catalytic activity.

The aluminium/copper-doped catalyst showed a similar performance to a
chromium/copper-doped catalyst due to stabilisation of the surface area. The
second major deactivation mechanism of iron-based water-gas shift catalysts,
i.e. over-reduction, was investigated in chapter 5 for the promising
aluminium/copper-doped catalyst. The reducibility of metal oxides is typically
investigated by TPR techniques. Over-reduction in industrially relevant HTS
conditions is a delicate balance between reducing (H2, CO) and oxidising (H:O,
CO_) gasses often expressed as R-factor (R = [CO]*[H2]/[CO2]*[H20]). Therefore,
the influence of chromium and aluminium doping on iron-oxide based water-
gas shift catalysts was for the first time investigated using in situ Mdssbauer
spectroscopy. Catalysts where exposed to an industrially relevant ageing
protocol, where the R-factor was increased by gradually replacing steam by He.
It was shown that in a non-doped iron-oxide catalyst, a-Fe and cementite
formation occurred at R = 2.09. In the chromium doped reference catalyst,
over-reduction was observed at R = 6.57 confirming the stabilizing effect of
chromium on the active magnetite structure. The presence of copper in a
chromium/copper co-doped catalyst slightly enhanced the reducibility of the
active magnetite phase to an R factor of 2.88. It should be noted here that R-
factors do not scale linear with steam concentration and that R = 2.88 is only
6% higher in steam than R = 6.57. An aluminium-doped catalyst showed over-
reduction of magnetite to a-Fe at R = 1.64 while cementite was observed at R =
2.09. The stabilisation of a-Fe from carburisation was not observed in
chromium-doped catalysts. This effect was not observed in the
aluminium/copper co-doped catalyst where cementite formation occurred at
R = 2.09, which is the same as in a non-doped catalyst. The enhanced
reducibility of the aluminium-doped catalyst occurs below industrially
relevant HTS conditions at R = 1.48 (27% steam) compared to typical industrial
operating conditions of 33% H;0. It was shown in chapter 4 that the
aluminium/copper-doped catalysts is stable for 4 days under industrially
relevant HTS conditions at 25 bar. Enhanced reducibility, observed only in the
aluminium-doped catalyst, is highly undesirable for long term operation.
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Because of the promising stability of the aluminium- and aluminium/copper-
doped catalysts in chapter 4, the unexpected difference between the
reducibility of aluminium-doped and an aluminium/copper-doped catalyst
deserves further research into these structures. It was proposed in literature
that aluminium doping can result in the formation of separate aluminium-
oxide phases, although no evidence of alumina was found in XRD patterns. The
absence of XRD reflections however does not exclude the possibility of small
crystallite or amorphous aluminium-oxide phases. Furthermore, it is known
that the precipitation pH has a significant influence on the catalyst structure.
The precipitation pH of 11, used in this thesis, was chosen based on earlier
optimisation of the synthesis of chromium-doped catalysts. This could be
optimised with respect to the use of aluminium instead of chromium, because
the amphoteric aluminium dopant can leach form the catalyst precursor during
ageing at elevated pH. After establishing an optimum co-
precipitation/calcination route, the doping level of aluminium can be further
optimised for which hardly any data are currently available in literature.
Finally, a long-term in situ Mdssbauer spectroscopy study of the optimised
aluminium/copper-doped catalyst can be performed. Mdssbauer spectra can
be recorded at regular intervals to study the structure of aluminium/copper-
doped catalysts under industrially relevant conditions without exposing the
catalyst to air.
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SAMENVATTING EN VOORUITZICHTEN

Waterstofgas is een essentieel reagens in vele industriéle processen
waaronder ammonia synthese. Ammonia is een belangrijk tussenproduct in de
synthese van stikstofhoudende kunstmest als nitraten en ureum. Volgens
recente schattingen (2008) zijn gesynthetiseerde stikstofhoudende kunstmest
verantwoordelijk voor het voeden van ongeveer de helft van de
wereldbevolking. Statistisch gezien dankt dus de helft van iedereen die deze
zin leest zijn bestaan aan ammonia synthese. Tegenwoordig vind het overgrote
deel van het gesynthetiseerde waterstofgas vind zijn oorsprong in methaan,
dat via stoomreforming gevolgd door een twee-stap water-gas shift reactie
omgezet wordt in waterstofgas. De hoge temperatuur water-gas shift reactie
(HTS) maakt gebruik van een met chroom en koper gedoteerde ijzeroxide
katalysator. Chroom wordt toegevoegd om de actieve ijzeroxide fase magnetiet
(Fes04) te beschermen tegen sinteren en over-reductie naar a-Fe en Fe-
carbiden. Koper wordt toegevoegd om de activiteit te vergroten doormiddel
van het leveren van extra actieve sites. De chroom stabilisator wordt al meer
dan een eeuw gebruikt vanwege zijn lage kosten en omdat deze uitstekende
stabiliteit brengt. Chroom wordt toegevoegd aan de voorganger van de actieve
katalysator via een co-precipitatie/calcinering route. Een onopzettelijke
bijkomstigheid van calcineren is dat een deel van het chroom kan oxideren
naar chroom-6. Voor het werken met chroom-6 gelden strenge voorwaarden
en het is in bepaalde sectoren al volledig uitgefaseerd. De actieve magnetiet
fase is een inverse spinelstructuur bestaande uit een 1:1:1 verhouding van;
tetraédrisch Fe3+, octaédrisch Fe3* en octaédrisch Fe?+, hetgeen resulteertin en
octaédrisch Fe3+/Fe2+ redox koppel. De actieve sites van de magnetiet
katalysator zijn de octaédrisch Fe3+/Fe2* redox koppel sites aan het oppervlak
van de bulk katalysator. Het ontwerpen van een katalysator met een alternatief
doteermiddel voor chroom wordt ernstig belemmert door de beperkte kennis
over chroom dotering in de inverse spinelstructuur van magnetiet. Zodoende
is de positie van chroom en zijn effect op de magnetietstructuur en zijn
Fe3+/Fe2* redox koppel zorgvuldig in kaart gebracht.

In hoofdstuk 2 is een serie chroom gedoteerde ijzeroxide katalysatoren
gesynthetiseerd via een co-precipitatie/calcinering route. De vers
gecalcineerde katalysatoren bestonden uit chroom gedoteerd hematiet (o -Fe.
xCrx03). De reductie van de hematiet voorganger, en de over-reductie van de
actieve magnetietkatalysator naar o-Fe vinden bij hogere temperaturen plaats
in de chroom gedoteerde katalysatoren. Chroom is opgenomen in de magnetiet

159



SUMMARY & SAMENVATTING

structuur na blootstelling van de gecalcineerde katalysator aan industrieel
relevante water-gas shift condities. De aanwezigheid van chroom resulteerde
in verhoogde CO conversie onafhankelijk van de reactie druk (2 of 25 bar).
Rontgendiffractiepatronen toonden dat chroom dotering resulteerde in
kleinere kristalietgroottes, wat de rol van chroom als structurele stabilisator
bevestigde. Uit Mossbauer spectra bleek dat chroom in de octaédrische posities
van magnetiet was ingelijfd. De inlijving van chroom voorkwam deels de
reductie van Fe3+ tijdens de formatie van magnetiet, met als resultaat een
hogere Fe3*/Fe2+ ratio in de inverse spinel structuur. Deze variaties in de
Fe3+/Fe2* ratio in vergelijking met stoichiometrisch magnetiet hadden geen
meetbaar effect op de hoge CO conversie waar chroom dotering doorgaans mee
geassocieerd wordt. De interpretatie van de Mdssbauer data werd
ondersteund door uit DFT berekeningen verkregen hyperfijn parameters van
verschillende chroom en Fe-vacature gedoteerde magnetiet structuren. Uit
deze resultaten bleek dat de actieve magnetiet fase onder industrieel relevante
water-gas shift condities het best omschreven kan worden als Fe3.4(1-5CrxO4. In
de Fezx(1-5Crxk04 structuur is Cr3+ ingelijfd in octaédrische posities waar zijn
aanwezigheid tijdens de vorming van de actieve fase door partiele reductie van
a-Fe,.xCryO3 de vorming van Fe2+ hindert. De Fez(1-5CrxOs structuur is deels
geoxideerd in vergelijking met stoichiometrisch magnetiet waar de ratio
octaédrische Fe3+/Fe?* ratio gelijk is aan 1:1. Met de exacte positie van chroom
in de magnetiet structuur voorhanden is de positie van koper vervolgens
onderzocht, omdat ook dit een gangbaar doteermiddel is voor HTS
katalysatoren.

In hoofdstuk 3 is een serie chroom/koper gedoteerde katalysatoren
gesynthetiseerd via een co-precipitatie/calcinering route, en onderzocht om
inzicht te krijgen in de positie van koper in de Fez.x1.5CrxOs katalysator. In
tegenstelling tot de gecalcineerde chroom gedoteerde ijzeroxide katalysatoren,
die uit een hematiet fase bestonden, bestonden de chroom/koper gedoteerde
katalysatoren uit een mengsel van hematiet en ferrihydriet. Uit Mdssbauer
spectra bleek dat koper de vorming van hematiet belemmerde tijdens het
calcineren sinds de hoeveelheid ferrihydriet toenam met toenemend
kopergehalte. De hematiet en ferrihydriet voorgangers converteerden volledig
naar magnetiet onder industrieel relevante water-gas shift condities bij 2 en
25 bar. Mdssbauer spectra bevestigden de resultaten uit hoofdstuk 2 dat
chroom een vaste oplossing met magnetiet vormt, resulterend in een deels
geoxideerde magnetietstructuur (Fes.«(1-5Crx04). De toevoeging van koper had
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geen significante invloed op de hyperfijn parameters in Mdssbauer spectra,
wat erop wijst dat het waarschijnlijk niet in de bulk structuur is ingelijfd. NAP-
XPS experimenten bewezen dat koper als metallisch koper bestaat op het
oppervlak van de katalysator onder water-gas shift condities. Ex situ XPS
experimenten van katalysatoren blootgesteld aan industrieel relevante water-
gas shift condities lieten zien dat een katalysator blootgesteld aan 25 bar een
meer Fe2+ achtig oppervlak heeft dan een katalysator blootgesteld aan 2 bar
vanwege de meer reducerende natuur van het gasmengsel bij hoge druk. Er is
geen drukeffect op de bulkstructuur ontdekt. In de chroom/koper gedoteerde
katalysator stabiliseert chroom het grote oppervlak van de katalysator
ongeacht de druk, hetgeen leidt tot hoge CO conversie. Koper dotering
resulteert in hogere CO conversie ongeacht de druk via de vorming van
additionele actieve sites.

Met een goed begrip van chroom en koper is een serie katalysatoren
gesynthetiseerd met alternatieve doteermiddelen. Deze serie katalysatoren is
onderzocht in hoofdstuk 4. M-gedoteerde en M/Cu-gedoteerde (M = Fe, Cr, Al,
Ga, In, Mn, Zn, Nb) katalysatoren zijn gesynthetiseerd om het effect van
alternatieve doteermiddelen op de actieve magnetiet katalysator te
onderzoeken. De katalysatoren zijn gesynthetiseerd via een co-
precipitatie/calcinering route en onderzocht met Mdssbauer spectroscopie.
Aluminium, gallium en indium zijn gekozen om het effect van de grootte van
het (trivalente) doteermiddel te onderzoeken. Mangaan, zink en niobium zijn
gekozen om het effect van verschillende oxidatietoestanden te onderzoeken.
De gecalcineerde gallium gedoteerde katalysator bestond uit hematiet, net als
de niet gedoteerde en chroom gedoteerde katalysatoren onderzocht in
hoofdstuk 2. Gecalcineerde katalysatoren gedoteerd met aluminium, indium,
mangaan, zink en niobium bestonden uit een mengsel van hematiet en
ferrihydriet, de laatste in de vorm van relatief kleine kristallieten. Alle met
koper gedoteerde katalysatoren bestonden voornamelijk uit ferrihydriet.
Activiteittesten onder industrieel relevante water-gas shift condities voor 4
dagen bij 25 bar bewezen dat aluminium de meest geschikte vervanger is voor
chroom op basis van CO conversie. Wanneer de CO conversie van de M/Cu-
gedoteerde katalysatoren vergeleken worden geeft aluminiumdotering een
vergelijkbare katalytische activiteit als chroomdotering. De andere
doteermiddelen resulteren in een significant lagere CO conversie na langdurig
testen, afnemend in de volgorde gallium > indium > mangaan > zink > niobium.
Mossbauer spectroscopie liet zien dat aluminium in zowel tetraédrische als
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octaédrische posities van magnetiet is ingelijfd. Dit in contrast met chroom dat
enkel in octaédrische posities ingelijfd was. Aluminiumdotering had daarnaast
geen effect op de Fe3+/Fe2* ratio, hetgeen geobserveerd was voor
chroomdotering tijdens activering. De resterende doteermiddelen waren op
verschillende wijze ingelijfd in de magnetiet structuur. Gesegregeerde M-Fe-
oxide en M-oxide fasen waren gevormd naast magnetiet in de niobium en

indium gedoteerde katalysatoren.

Op basis van de resultaten uit hoofdstuk 2-4 kunnen er 4 generalisaties

gemaakt worden over het ontwerp van chroomvrije op ijzer gebaseerde water-
gas shift katalysatoren:

(1) De inlijving van trivalente ionen van vergelijkbare grootte aan

octaédrisch trivalent ijzer, zoals aluminium, chroom en gallium, in de
magnetietstructuur resulteert in hoge tot middelmatige CO conversie,
onafhankelijk van de inlijving in tetraédrische of octaédrische posities.
Aluminiumdotering leidt tot vergelijkbare activiteit en stabiliteit als
chroomdotering in een vier dagen durende test onder HTS condities bij
25 bar.

(2) Grote trivalente ionen als indium verlaten de ijzeroxide structuur

tijdens reductie van de gecalcineerde Fe3+*-voorganger, wat resulteert
in een gesegregeerde doteermiddeloxide fase. Elementen die een
aparte ijzer-M-oxide fase kunnen vormen onder reducerende condities
als niobium zijn ook ongeschikt om chroom te vervangen in HTS
katalysatoren.

(3) De inlijving van divalente ionen met een voorkeur voor tetraédrische

posities zoals zink resulteert in complexe structuren waar de lading
disbalans gecompenseerd wordt door gedeeltelijke oxidatie van
octaédrisch Fe?*. Er is geen gunstig effect van zinkdotering op CO
conversie geobserveerd in de zink gedoteerde katalysatoren.

(4) De inlijving van divalente ionen met een voorkeur voor octaédrische

posities zoals Mn2+ leidt tot een verstoring van de octaédrische
Fe3+/Fe2+ ratio vanwege de vervanging van Fe2?+ door Mn?*. In
tegensteling tot substitutie met trivalente ionen met een octaédrische
voorkeur heeft Mn2* een nadelig effect op de katalytische activiteit.
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De aluminium/koper gedoteerde katalysator had een vergelijkbare activiteit
met een chroom/koper gedoteerde katalysator vanwege de stabilisatie van zijn
grote oppervlak. Het tweede belangrijke deactiveringsmechanisme van op
ijzer gebaseerde water-gas shift katalysatoren, over-reductie, was onderzocht
in hoofdstuk 5 voor de veelbelovende aluminium/koper gedoteerde
katalysator. De reduceerbaarheid van metaaloxides wordt doorgaans
onderzocht met TPR technieken. Over-reductie in onder industrieel relevante
HTS condities is echter een delicate balans tussen reducerende (H2, CO) en
oxiderende (H:0, CO;) gassen. Deze balans wordt doorgaans uitgedrukt als R-
factor (R = [CO]*[H2]/[CO2]*[H20]). Derhalve is de invloed van chroom en
aluminium dotering op ijzeroxide gebaseerde water-gas shift katalysatoren,
voor het eerst, onderzocht met in situ Mdssbauer spectroscopie. Katalysatoren
zijn blootgesteld aan een industrieel relevant rijpingsprotocol, waar de R-
factor stapsgewijs verhoogd werd door stoom te vervangen door He. In de niet
gedoteerde ijzeroxidekatalysator werden o-Fe en cementiet vorming
geobserveerd bij R = 2.09. In de met chroom gedoteerde referentiekatalysator
vond over-reductie plaats bij R = 6.57, wat de stabiliserende rol van chroom in
de actieve magnetietstructuur bevestigd. De aanwezigheid van koper in de
chroom/koper gedoteerde katalysator deed de reduceerbaarheid van de
actieve magnetiet fase iets toenemen naar een R waarde van 2.88. Het is
belangrijk hier in acht te nemen dat de R-factor niet lineair schaalt met
stoomconcentratie en dat een R factor van 2.88 maar een 6% hogere
stoomconcentratie betreft dan een R factor van 6.57. De met aluminium
gedoteerde katalysator liet over-reductie van magnetiet naar a-Fe zien bij R =
1.64 terwijl cementiet pas vormde bij R = 2.09. De stabilisering van o-Fe voor
cementiet formatie wijkt af voor de met chroom gedoteerde katalysatoren. Dit
effect was afwezig in de aluminium/koper gedoteerde katalysator waar
cementietvorming geobserveerd werd bij R = 2.09, gelijk aan een niet
gedoteerde katalysator. De toegenomen reduceerbaarheid van de aluminium
gedoteerde katalysator vind plaats bij een lagere stoomconcentratie dan
industrieel relevante HTS condities bij R = 1.48 (27% stoom) in vergelijking
met gangbare industriéle condities (33% stoom). In hoofdstuk 4 was bewezen
dat een aluminium/koper gedoteerde katalysator stabiel was voor 4 dagen
onder industriéle HTS condities bij 25 bar. De toegenomen reduceerbaarheid
geobserveerd in de aluminium gedoteerde katalysator is zeer onwenselijk voor
lange termijn exploitatie. Desalniettemin is verder onderzoek naar deze
katalysatoren wenselijk vanwege de veelbelovende stabiliteit van de
aluminium en aluminium/koper gedoteerde katalysatoren beschreven in
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hoofdstuk 4. In de vakliteratuur wordt geopperd dat aluminiumdotering kan
leiden tot de vorming van losse aluminiumoxides, ondanks de afwezigheid van
bewijs in rontgendiffractiepatronen. De afwezigheid van reflecties in
rontgendiffractiepatronen sluit echter het bestaan van amorfe aluminiumoxide
fasen of aluminiumoxides bestaande uit zeer kleine kristallieten niet uit.
Daarnaast is het alom bekend dat de precipitatie pH een grote invloed heeft op
de structuur van de katalysator. De precipitatie pH van 11, gekozen in deze
thesis, was gebaseerd op eerdere optimalisaties van de synthese van met
chroom gedoteerde katalysatoren. Dit zou verder geoptimaliseerd kunnen
worden voor het gebruik van aluminium in plaats van chroom. Dit is nodig
vanwege het amfotere karakter van aluminium, dat uitlogen tijdens de rijping
van de katalysator bij pH 11 mogelijk kan maken. Na het vastleggen van een
optimale co-precipitatie/calcinering route voor aluminium gedoteerde
katalysatoren, kan de mate van aluminiumdotering onderzocht worden
waarover in de huidige vakliteratuur nauwelijks data bestaat. Tot slot kan er
een lange termijn in situ Mdossbauer spectroscopie studie van de
geoptimaliseerde aluminium/koper gedoteerde Kkatalysator uitgevoerd
worden. Mossbauer spectra kunnen opgenomen worden op regelmatige
intervallen om zo de structuur van de aluminium/koper gedoteerde
katalysator te onderzoeken onder industrieel relevante condities zonder deze
aan de atmosfeer bloot te stellen.
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