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Doctor of Philosophy
THE ROLE OF ADDITIVES IN FISCHER-TROPSCH REACTIONS
by Michal Perdjon-Abel

The Fischer-Tropsch Synthesis (FTS) is an alternative route to produce liquid fuels from a variety of
carbon feedstocks including coal and biomass. Typically iron and cobalt based catalysts have been
used for the FTS reaction, in which a mixture of CO and H, (syn-gas) reacts to form hydrocarbons.
Enhanced performance has been reported for iron-based systems doped with alkali metals and
chalcogenides. Sulfides are considered a poison for most catalytic processes, but sulfur in the form of
sulfates (S'') is found to enhance the performance of iron based catalysts towards the FTS when
present at low levels.

In this study a wide range of iron based catalysts was prepared under varying synthesis conditions and
with different dopants. The standard methods of preparation used were co-precipitation and incipient
wetness impregnation. A structural study of a wide range of iron based catalysts was carried out using
characterisation methods such as X-ray Absorption Fine Structure (XAFS) spectroscopy, X-ray
Photoelectron Spectroscopy (XPS), Powder X-ray Diffraction (PXRD), Scanning Electron
Microscopy (SEM), Energy Dispersive X-ray (EDX) and Brunner-Emmett-Taller surface area
determination (BET). The characterisation was performed before and after reduction of the catalysts
(under H,) to form the catalytically active materials.

Before reduction, PXRD, XPS and quantitative analysis identified a haematite iron oxide structure (o-
Fe,0;) for all samples. The crystallinity of the iron oxide materials varied between samples prepared
in various conditions. The highest crystallinity was observed for the samples synthesised at pH7, fast
titrant addition rate, at room temperature. The same techniques revealed changes in the iron oxide
structure after reduction. The catalysts activated at 400 °C were mainly composed of Fe;O4 and those
activated at 450 °C were a mixture of Fe*", Fe’" oxides and metallic iron Fe’. Moreover, the study of
the role of alkali metals showed that some of the alkali promoters (K, Rb) may decrease the effective
iron oxide reduction temperature. The nitrogen adsorption experiment was used to establish that iron
oxide doped with different promoters had a mesoporous structure with a narrow pore size distribution.
The SEM analysis indicated two different types of surface: irregularly shaped agglomerates with
smaller round edged particles attached to their surface and homogenous agglomerates surfaces with
sharp edges for the samples with different promoters. The most homogenous were the samples with
Rb. All samples had small particles attached to the surface of larger agglomerates.

An increase of the alkali metals on the surface after the activation process and migration of the alkalis
to the surface with rising reduction temperature were observed using bulk and surface techniques
(XRF, EDX and XPS). The differences in K K-edge shape of the XANES spectrum indicated changes
in the local structure of K corresponding to changes of coordination number around K’ during
activation. It was also observed that reduction influenced the sulfur species in iron oxide catalyst. For
all the samples prior to reduction sulfates (SO,>) were detected by XPS and XAFS. After the
reduction at 400 °C and 450 °C, characteristic XPS S 2p peaks for both sulfate and sulfide, were
noticed. The sulfate/sulfide ratio was higher for the catalyst samples reduced at the lower temperature.
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Introduction

1. Introduction

The most significant energy sources from the beginning of the industrial civilization
have been crude oil, coal, natural gas, nuclear electricity and hydro-electricity. Crude oil
extraction is fundamental as a source of energy in industry and for most of the forms of
transport. However, there are concerns that consumption of the crude oil in some
countries, like for example USA, China, Japan, India, etc., is higher than the production
of the oil ™.

There are many prognoses e.g. the Hubbert (1949), Campbell and Laherrere (1998)
“Peak Oil” theory about deficit of the crude oil*’. The “Peak Oil” is a hypothesis which
holds that the oil production will reach a maximum when around half of the existing
resources have been extracted®. It is possible that cheap oil used for transport and cheap
gas used for example for buildings heating will run out in our lifetime. Thus it is

important to seek alternative energy sources’. The oil production curve, as originally

suggested by Hubbert in 1956'°, is presented below, Figure 1.1.

1 - T
i /////////4 PROVEN RESERVES
250 XI0; — 250 X 109 BBLS
S NAT
~
20 ///// % X
E \
. \
» \ FUTURE
Z gl U AT (—— DISCOVERIES
3 190 X109 BBLS y A \\ 910 X 109 BBLS
H N
0 \; \‘- bt
1850 1900 1950 2000 2050 2100 2150 2200
YEARS

Fig. 1.1 World Crude oil production based upon initial reserves of 250 billion barrels' .

There are many theories like for example one based on so-called “abiotic” oil formation,
which is more optimistic but, unfortunately, more controversial than already disputed
“peak oil” theory based on biogenic theory. The abiotic theory states that crude oil is
created in non-biological processes, while the biogenic theory claims that petroleum

derives from biological matter. There is scientific evidence for both theories; however,
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there are more proofs for the theory that claims biological origins of petroleum. Both
theories, regardless of the controversy, are significant for the study of the genesis of
crude oil and in oil exploration®'!. The rising concerns regarding the deficit of non-
renewable energy sources, mainly crude oil, natural gas and uranium, has motivated
many scientists to work on renewable energy sources. There have been, for many years,
working alternatives to the non-renewable, renewable sources of energy like e.g.

biofuels, wind mills, fuel cell systems.

However, the percentage of renewable energy sources explored is and will, for a long
time, be lower than the non-renewable ones, like for example coal. Figure 1.2 below
shows a chart of current world net electricity generation by fuel and a prognosis until

20352,

trillion kilowatthours
40

B Muclear
15 B Renewables
B Matural gas

30 H Coal
B Liquids
25
20
15
10
U T T T T

2007 2015 2020 2025 2030 2035

n

Fig. 1.2 World net electricity generation by fuel, 2007-2035 (trillion kilowatt hours).

The Fischer Tropsch (FT) process uses coal or natural gas to produce synthetic fuel and
can be a viable alternative when the prices of fuel from crude oil rise. The reserves of
coal and natural gas are larger than those of crude oil>"'®. Thus the FT process may

supply fuel in the world market for a longer period than the refinement of crude oil.
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The Fischer-Tropsch (FT) reaction is a heterogeneous catalysis process during which
the components of synthesis gas, CO and H;, react to form hydrocarbons. The reaction
between CO and H, was discovered by Franz Fischer, from the Max-Planck Institute,
and Hans Tropsch, a co-worker of Fischer and professor of chemistry in Prague (Czech
Republic), Miilheim (Germany) and Chicago ( USA), in 1922'"'*'°_ The most common
active metals used to produce paraffins and olefins in the FT process are Fe, Co, Ni and
Ru. The consumption of active metals in the FT process varies significantly and
depends on their catalytic properties, efficiency and price. To improve the catalyst
activity and selectivity promoters are used, for example alkali metals. The active metals

and their promoters will be described below.

The synthesis gas (syngas) used in the FT process is usually generated from coal or
methane. The method of production depends mainly on the price of methane and coal
and their availability. The synthetic fuel produced in the FT process can compete with

1222 Thus it is

refined crude when the price of the crude oil is of about 20 $ per barre
very important for the fuels produced via FT from methane that there is a low and stable

price of that source.

The synthesis of the fuels via the FT process may also compete with the fuels produced
from crude oils as a more environmentally friendly method. The FT gasoline and diesel
are S and N free and low in aromatics. However, twice as much CO, is emitted into the
atmosphere in the FT process in comparison to the fuels produced from the crude oil. It
needs to be noted that around one-third of the coal is used to raise steam and the
remaining two-thirds are used into gasifiers, where half of the coal is burnt (emission of
CO,) to give necessary energy for the highly endothermic gasification reaction.

The production of fuel from syngas via the FT process is the third largest commercial
use of syngas after the production of hydrogen and methanol®. The three main sources
from which syngas can be obtained produce different ratios of H,/CO.

From natural gas:
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CH,4 +H,0 « 3H,+CO AH = +49.0 kcal mol™ #* (1.1)

From oil reactions:

-CH,- +H,0 < 2H, +CO AH =+36.1 keal mol™ (1.2)
From coal:
C +H,0 & H,+CO AH = +31.1 keal mol™ (1.3)

Some other ways in which syngas can be obtained or used are illustrated in Fig.1.3.

CH, H,0 \ / CH;OH
CO/H,
oxygenates CuHon,
CoHonez,
H,0

Fig.1.3 Reactions of synthesis gas™*

The production of syngas from natural gas or coal is highly endothermic and the most
expensive stage in the whole FT process. Methane is generally thermally or catalytically
converted to syngas with steam and oxygen. Coal is usually converted to syngas in non-
catalytic fluidized or moving bed types gasifiers. Moreover, the overall cost of
production of the syngas increases due to the high degree of sulfur purification of the
syngas required due to its poisoning effect. The conversion of carbon sources to syngas
constitutes about 60 - 70% of the total cost because of purification and high-energy

input required to run the process®.
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1.1 The Fischer —Tropsch synthesis

The FT reaction can be presented in two main equations:

nCO+ (2n+tl)H, — CyHy +nH;O  AH <0, (exothermic) (1.1.1)
n CO +2n H, — CyH,, +n H,O AH <0, (exothermic) (1.1.2)
Examples of the CH4 and C4Hg, formation enthalpies:

CO+3H, — CHs+H,0  AH =-206 kJ/mol*®

4CO + 8H, — C4Hg + 4H,0 AH = - 525 kJ/mol*

Equations 1.1 and 1.2 describe the synthesis of paraffins and olefins respectively. Both
reactions are strongly exothermic®”*®. As reported by Schulz®, the desorption of a
paraffin from an FT catalyst surface is much less probable than the desorption of an
olefin. There is in the Fischer-Tropsch synthesis a wide variety of products, with
different lengths of carbon chain and different number of carbon-carbon double bonds,

depending on the catalytically active metal and the pressure of the reaction.

There are very important side reactions in the FT process:
CO+H,0 > CO,+H,  AH (298 K)=-41.2kJ/mol* (1.1.3)

2CO > CO, +C AH (298 K) = -172 kJ/mol *° (1.1.4)

The water gas shift (WGS) conversion reaction is presented in equation 1.3. The WGS
conversion is important because it increases the H,/CO ratio. The WGS is exothermic
reaction where CO conversion is limited by a thermodynamic equilibrium limitation
(AH (298 K) = - 41.2 kJ/mol).*'*??, The reaction in equation (1.4) takes place on the
active metal surface, and results in the conversion of carbon monoxide into carbon
dioxide leaving carbon behind on the surface. This highly exothermic reaction is known
as the Boudouard reaction, and leads to deactivation of the catalyst by carbon Cj,
deposition (the result of spontaneous cracking), which blocks the active sites of the

catalyst™.
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1.2. Iron catalysts in Fischer Tropsch Synthesis
1.2.1 Why iron?

Fe-based catalysts are an attractive complement to the commonly used Co-based
catalysts, due to relatively low cost, high WGS reaction activity and higher selectivity to
hydrocarbons®*.  The mechanisms of reactions occurring at the surface, and the
interaction between syngas and the catalyst, vary with respect to the kind of the active
metal in the catalyst, its speciation and their interaction with the promoters. All of the
metals are Group 8-10 metals and some of the transition metals are active for FT
synthesis; however, the choice of the active metals to be used in this process depends on
the following factors: FT activity, WGS activity, hydrogenation activity and the price.
Only the transition metals like Fe, Ni, Co and Ru have high enough FT activity for

commercial application.

The absence of a dispersing support in FT catalysts runs the risk of sintering at high
temperatures and thus giving a very low concentration of active sites. Unsupported iron-
oxide catalysts are though very active and do not require a high surface area. Also, the
absence of a support such as e.g. Al,O3, SiO,, zeolites may not prevent sintering during
high temperature processes carried out for long hours. The support would also influence
the CO adsorption. Consequently, there may be difficulties in the characterization of
promoters in the catalyst using some of the spectral methods like e.g. UV or IR, due to
the high concentration of iron and the fact that iron oxides are not UV or IR transparent

in the appreciable wavelength range of solid samples.

The process of dissociation of carbon monoxide by Fe and elements like Co, Ni, Ru, Rh
occurs at slightly elevated temperatures (Fe 27 °C, Rh 197 °C). The syngas reduces
oxides of these metals at temperatures around 197 °C, which is recommended for the FT
synthesis. The reduction of the oxides of other metals like La, W, Cr, and Re is more
difficult or not possible at temperatures at which the Fischer-Tropsch synthesis can
produce acceptably long hydrocarbons. Metals like Cd, Zn, Cu, Ag, Au cannot be a
catalyst for FT synthesis of hydrocarbons due to the fact that they do not adsorb CO

strongly enough.
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According to Dry (2002), if the price of scrap iron is 1.0, the estimated price of Ni will
be 250, of Co 1000 and of Ru 50 000. The high price of Ru and its low availability
restrict its application on a large scale. The FT process based on Ni catalysts generates
too much CH,4>°. This leaves Fe and Co as the only two metals which have a practical

application in a FT synthesis.

Catalysts with Fe as the active metal, especially with alkali promoters, exhibit high
WGS activity and can be applied in a process with low H,/CO ratio obtained from coal
or heavy oil gasification. The Fe-based FT catalyst is undesirable for synthesis with a
high H,/CO ratio usually obtained from natural gas***’. However, the higher WGS
activity can also be a disadvantage for Fe-based catalyst in comparison to those with
Co. WGS activity increases the rate of water consumption and water inhibition
phenomena are observed, resulting in a decrease in the catalyst activity®®. In the FT
process with a Co-based catalyst no water inhibition occurs. The Fe-based catalyst with
a high density of the active sites used in low temperature FT processes may be used to
produce heavy products and to low CO; selectivity. Furthermore, Fe-based FT catalysts

might be more economically attractive than the Co-based ones.

There are two FT operating modes for Fe-based catalysts. The high temperature process
(HTFT) is performed at temperatures between 300 - 350 °C and is used for the
production of the light olefins and gasoline. The low temperature process (LTFT) is
carried out at temperatures between 200 - 240 °C and is used for the production of
waxes. One example of LTFT reactor is the Sasol Slurry Bed Reactor where syngas is
going upwards through slurry containing the catalyst particles suspended in molten FT
wax. In the LTFT the low temperature reduces the selectivity towards the undesired
methane and increases wax production. The Sasol Advanced Synthol Reactor™* is a
high temperature process reactor in which the syngas flows through a fluidized bed of
finely dispersed catalyst, as presented schematically in Figure 1.2.1. The gas throughput
and hydrocarbon production rate are higher in HTFT reactors in comparison to these
LTFT reactors due to the higher activity of the HTFT. The LTFT process has a big

influence in the production of high quality diesel fuel®>*'.
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CATALYST
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Fig. 1.2.1 Sasol Circulating Fluidized Bed reactor, (CFB).

1.2.2 Iron-based catalyst activation

The synthesis of the metal oxide catalyst is only part of the process of preparing a
catalyst for the FT process. The metal oxide form is not usually active and the catalyst
must undergo a reduction process before it can take part in the FT reaction. The
activation of iron-based catalysts is usually carried out under hydrogen, carbon

monoxide, or a mixture of both gases *****

. The FT Fe-based catalyst undergoes many
transformations during the pretreatment as well as the main FT process. The FT

effectiveness greatly depends on the form of the catalyst in each of the stages.

The first stage of the activation process is the reduction of haematite (a-Fe,Os) and
leads to the production of magnetite (Fe;O4). The nature of the reduction process
products present after activation relies on the activation gas used and conditions applied.
The metal phases created after reduction depend on the time of exposure to the
reductant, the reactor system, the pressure and temperature of the activation. Under CO
gas or a mixture of CO and H, during pretreatment, iron carbide will be produced.
There are many variations of the products present after pretreatment under CO. Some
observed are iron carbides e.g. e-Fe,C, é-Fe,,C, Fe,C and trigonal prismatic carbides,
x-Fe,sC and #-Fe;C. However, activation carried out only under H, gives metallic iron
(Fe®). The Fe’ will react in FT process with the syngas and iron carbide species will

form at this stage®.
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According to Luo et al*®. The reduction of Fe,O; with CO and H;, occurs in two steps;

the reactions are presented below.

The reduction of Fe, O3 with CO:
3Fe, 05 + CO — 2Fe3z04 + CO»
5Fe;04 + 32CO — 3FesC, +26C0O,

The reduction of Fe; O3 with H,:
3Fe,O5; + Hy — 2Fe3z04 + H,O
Fe;O4 +4H, — 3Fe + 4H,0

A variety of experiments have been conducted to characterise the iron phases present
after the activation of iron-based catalysts in different atmospheres and at different
conditions. For example Yang et al*’ found that the products of activation under syngas
of an iron-based catalyst with a magnesium promoter depended on the magnesium
content. The content of iron carbides in the activated catalysts first increases as a
function of magnesium content and then goes through a maximum and decreases. Zhao
et al. Shroff et al.* and Bukur et al. determined that the products of activation of a
copper and potassium promoted iron-based catalyst under hydrogen were Fe;O4 and a-
Fe; when the activation was performed in the atmosphere of carbon monoxide or syngas
the catalyst consisted of Fe;04 (mainly) and Fe,C (carbides)***°. Li et al. characterized
the products of activation of an iron-based catalyst, with an addition of manganese and
potassium, under H,/CO = 1.2 at 553 K and 0.1 MPa, to be y-FesC», and Fe*" and Fe**
ions. The examples of the possible structures of iron oxide before activation (a-Fe,O3)
and those which may appear after the activation process (Fe;O4 and a-Fe) are presented

in Figure 1.2.2.1.
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Fig.1.2.2.1 The hexagonal unit cell of haematite (a-Fe,05). Fe’" cations

blue, O anions red sphere.

Fig. 1.2.2.2 Cubic structure of magnetite (blue spheres - octahedral

¢’"" green — tetrahedral Fe** and red - oxygen).
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Fig. 1.2.2.3 Metallic Body-centred cubic-I lattice a-Fe

1.2.3 Catalyst surface — mechanisms of product formation

Different reactions can take place on a solid catalyst surface, e.g. adsorption of the
reactants (physisorption and chemisorption), desorption of the products. The FT

reaction involves the following main steps occurring at the catalyst surface:

transport of reactants through the gas phase to the catalyst,
e the adsorption and dissociation of CO,
e the adsorption and dissociation of Hj,

e surface chemical reactions leading to alkyl chains (transfer of 2H to
the oxygen to yield H,O, desorption of H,O, transfer of 2H to the carbon
to yield CH,, formation of a new C/C-bond),

e desorption of the final hydrocarbon products (primary products of the FT

process),

e reactions taking place on the primary hydrocarbon products secondary

reactions) like e.g. chain growth re-initiation™*"".

However, there are many theories regarding these catalyst surface reactions and the
order in which they take place. Schulz depicted some of the species that exist on the

catalyst surface during the FT reaction, the examples are shown in Figure .1.2.3.1..
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Fig. 1.2.3.1 Species that may exist on the catalyst surface during the FT reaction. **~*.

There has been a large amount of research on the mechanism of the FT reaction. The
earliest postulate was made by Fischer and Tropsch (1926), who suggested that carbon
deposited from CO as a surface or bulk carbide eventually formed FT products. Pichler
and Schulz®® (1970) postulated a mechanism whereby CO was inserted into a metal-
alkyl or metal-hydrogen bond. In 1979, Biloen et al. >, presented evidence for the
stepwise insertion of CH, units produced from a syngas mixture. Brady and Pettit™
(1981) supported the view that the principal FT mechanism involves a —-CH,— stepwise

polymerization.

One of the proposed FT mechanisms is postulated by Dry (1990). He also suggested
that the first stage in the chain initiation is dissociation/chemisorption of CO, which
might be bound to the surface of the catalyst in many different ways like for example in

Figure 1.2.3.2:
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Fig. 1.2.3.2. The examples of CO bounding to the surface of the catalyst

The alcohols and aldehydes may be the primary compounds which appear on the
surface, as a result of the insertion of CO into the chain. The -CH,- group may also

occur at this stage, Figure 1.2.3.3.

O H OH
| + H» \ / + H,
C —» C —_ CH, + HO
| |
M M M
cC —O C O +H, CH, + H,O
— > I >
M M M M M

Fig. 1.2.3.3. Mechanism of the FTS; the chain initiation.

After the chain initiation and —CH,- group formation the chain growth follows,

Figure 1.2.3.4:
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CH;
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Fig. 1.2.3.4. Mechanism of the FTS; the chain growth.

After chain growth the chain termination follows and many different products may

occur due to desorption, hydrogenation, insertion of oxygen and oxygenated species,
Figure 1.2.3.5:
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R desorption — RCH - CH,
CH, +2H RCH, CH;
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RCH,COOH
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R

| +2H —__» RCH,CHO
CH

| +2H, —  RCH,
C—o

| | +OH+H — "  RCH,COOH
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Fig. 1.2.3.5. Mechanism of the FTS; the chain termination.

In order to gain a better understanding of what occurs at the catalyst surface the bonding
between CO and the catalyst should be mentioned. The multiple bond character of the
metal-carbon bond occurs by formation of metal-CO © bonds by overlapping of metal

dm orbitals with empty anti-bonding CO orbitals, Figure 1.2.3.6.

Fig. 1.2.3.6. Transition metal - carbon monoxide bond™
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1.3 Sulfur in FT iron-based catalysts

Sulfur containing compounds are well known to exert an inhibiting or a poisoning effect
in catalysts’'. In solid catalysts sulfur generally forms several ordered structures, and
with increasing coverage, it decreases or even suppresses the activity of the metal
catalyst. The activation energy for the dissociation of H,S on the iron surface is very
low, thus the presence of H,S in the feed may cause the deposition of atomic sulfur on
the iron surface’. Sulfur is strongly chemisorbed by most of the catalytically active
metals and in some cases even converts the metals into sulfides’®. Therefore, the
amount of sulfur in feedstock gases used in the FT process must be as low as possible.
There are many important sulfur purification processes. The Rectisol process is
employed in industry to reduce the sulfur content of coal-based feedstocks in the FT

process to practical levels, even down to a level of 5 ppb.
1.3.1 S and CO dissociation on the catalyst surface

In the experiment presented by Curulla, the influence of sulfur on the dissociation of
CO on a Fe-based catalyst surface in the FT process was studied. Two Fe-based catalyst
surfaces were presented. Firstly, Fe (100) with one S atom per unit cell in a p(2x2)
structure, /4 ML coverage and the second with two S atoms per cell in a c(2x2) structure
and 2 ML coverage. They were studied using density functional theory for the
dissociation of CO and compared to a S-free Fe (100) catalyst surface. The dissociation
of the CO on the Fe (100), which did not contain S was an exothermic process, but the
same process occurring on the surface of the Fe-based catalyst with
S (Fe(100)-S-p(2x2)) became endothermic. It was discovered that the activation energy
for the dissociation of CO at the surface of Fe with S was slightly lower and also
changed the sign of the reaction. Curulla et al. stated that the only stable adsorption site
for atomic sulfur was the 4 — fold hollow site. In Figure 1.3.1, both Fe (100)-S-p (2x2)
and Fe (100)-S-c (2x2) structures, are presented. For Fe (100)-S-c¢(2x2) CO adsorption
at 4-fold hollow sites labelled (H) in the picture and on top sites labelled (T) is
favoured. For Fe (100)-S-p(2x2) CO adsorbs at two distinct 4-fold hollow sites signed
(H1) and (H2) and at the bridge sites (B).
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Fig. 1.3.1 Fe (100)-S-c(2x2) (Left) and Fe(100)-S-p(2x2) (Right) CO adsorption possibilities.

Sulfur atoms are the dark circles.

According to the adsorption energies the interaction between CO and S on Fe(100) is
short ranged (in the Curulla et al. experiment sulfur influences only the nearest
surroundings). The sulfur itself does not cause any significant changes on the

chemisorption geometry of CO.

1.3.2 Sulfur as a promoter, calcination and reduction process

It has been shown that sulfide species on the surface of the Fe-based catalyst are a
poison. However, low sulfide loadings have also been reported to increase
olefin/paraffin ratios. It was also reported™ °' that a small amount of sulfate (SO4>)
may have a significant positive influence on an iron-based catalyst, acting as a promoter

by increasing activity and heavier hydrocarbon selectivity.

Schulz®, Flory® and Anderson® analysed the product distribution in many FTS. As a
result the following equation for mass fraction based on statistical distributions was

proposed:
W, =n(l—-a)?a™? (13.2.1)

where W, is the weight percent of product containing n carbon atoms, and gthe

probability of chain growth.

The equation written in a logarithmic form is referred to as the Anderson-Schulz-Flory

(ASF) equation:

18



Chapter 1

lag% = nloga + (1a)’ (1.3.2.2)

e

where the o value may be calculated from the slope and the intercept. In the ASF
equation all hydrocarbon products have well-defined maxima in allowed selectivity. For
example, gasoline has a in the range between 0.7 and 0.8, diesels between 0.8 and 0.9,
and waxes have an o factor greater than 0.9. According to Bromfield and Coville, a
small amount of sulfur existing as SO, in the catalyst improves heavier hydrocarbons
selectivity. In their experiment, the a factor was equal 0.78 for 500 ppm of sulfur in the
catalyst, a = 0.83 for 2000 ppm of sulfur and a = 0.65 for the 5000 ppm of sulfur. The a
factor for the catalyst with a very high concentration of sulfur (20 000 ppm) had an a
value equal 0.53, which is typical for short chain hydrocarbons (Cs). Wu et al.
confirmed the enhancement in diesel formation. However, they suggested a more
complicated form of distribution with a three-parameter model of Huff and

Satterfield>”%:
x, = Bl—aa?*+ (1 -F)(1—ay)al™t (13.23)

where a; is the chain growth factor of type 1 sites and a; is the chain growth factor of

type 2 sites. The value of a; =0.72, a; = 0.92 and B = 0.60.

Sulfur in Fe-based catalyst in FT reactions may be introduced from many different
sources like (NH4)2SO3, (NH4)2SOy4, (NH4),S, Na,S, and FeSO4 .xH,0, or deposited
from H,S. Bromfield and Coville discovered that a small amount of sulfide like Na,S or
(NH4),S, added during the precipitation stage in the FT catalyst synthesis resulted in
selectivity modifications and an activity enhancement. It was discovered that the
catalysts with sulfide concentrations up to 500 ppm were around four times more active
than the catalyst without sulfide. It was also found that high concentration of sulfur,

above the level 20,000 ppm caused poisoning of the catalyst.

The calcination of the FT Fe-based catalyst cannot be performed at very high

temperatures due to sintering and the consequent loss of active surface. The temperature
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should not be lower than 200 °C in order to effectively remove poisoning nitrates from
the catalyst surface. As mentioned above, iron-based FT catalysts have to be activated
before the FT process. Pre-treatment of the iron-based catalyst under hydrogen

influences the formation of different iron species and the sulfur speciation at the surface.

Calcination and reduction conditions, time and temperature influence the transformation
of S species on the surface of the Fe-based catalyst. The presence of S* species was
discovered for low-level S-containing catalysts after calcination at 200 °C and reduction
at 300 °C. However, after high temperature calcination (400 °C) SO4> species
dominated. The high-level S-containing catalysts, on the other hand, calcined at 200 °C
and reduced at 300 °C, exhibited the presence of both sulfide and sulfate species.
Reduction at 400 °C left only sulfide species on the surface. The occurrence of oxidized
sulfur species, like sulfate in sulfided Fe-based catalyst in the Bromfield and Coville
(1997) experiment, suggests a sequence of redox reactions taking place when reduction

is carried out at higher temperatures.

The working Fe-based catalyst is composed of many phases like a-Fe, Fe;04, Fe,C and
the answer to which of above phases is the most active is still being studied® ®*. In
low-level sulfided catalysts the presence of sulfates may suggest incomplete reduction

61,69-71

of iron. . However, a Fe-based FT catalyst with high concentration of sulfides

added in the precipitation stage is reduced to metallic form more rapidly during

6072 a1so observed a decrease in the reduction

activation. Wu et al. and others
temperature for the transformation of a-Fe,O; to Fe;O4 for the catalyst synthesised
with a small amount of sulfate. Wu et al. have also shown that the sulfate-containing
catalyst has a higher surface area and more dispersed a-Fe, O3 phase than a sulfate-free
catalyst. Thus, the surface area and reducibility of the Fe-based FT catalyst are strongly
related to the levels of S* and SO4*, which act as a potential promoter or poison in the

FT reaction.
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1.3.3. Sulfur and oxygen vacancies competition

Bromfield and Coville®" "> observed that each sulfide atom at low coverage may
poison even from 8 to 10 atoms of Fe and this leads to a decrease of catalyst activity.
During the reduction process, it was discovered that sulfur may block the diffusion of
oxygen on the catalyst surface. The S site competes with O according to a segregation
mechanism occurring on the surface during reduction under hydrogen. Sulfur migration
and oxygen depletion depend on the concentration of oxygen on the surface. When
oxygen is abundant segregation of one atom of S is preceded by the removal of two
atoms of O, until one O atom is substituted by one S atom. Figure 1.3.3. shows that, at
elevated temperatures, bulk oxygen vacancies diffuse to the surface and they react with
sulfur atoms. The S coverage may depend on the competition phenomena between

desorption into a gas phase and filling of appearing new vacancies.
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Fig. 1.3.3 The mechanism of the influence of bulk reduction state of iron oxide on the S

desorption.

In this work, the surface of the Fe-based catalyst with low (500 ppm) concentrations of

S at the surface was studied with the application of various spectroscopic techniques.
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For better understanding of the migration effect of S, which can occur during activation,
both surface and bulk techniques were applied. The techniques applied were XRF and
XANES for bulk analysis and EDX and XPS as surface sensitive techniques. After
analyzing the results from both technique types it was possible to evaluate the

distribution of S in the Fe-based catalyst.
1.4 Alkali metals as promoters in FT catalysts

Metallic catalysts often contain chemical compounds which themselves are inactive but
improve the activity, selectivity and stability of the catalyst - promoters. The iron oxide
catalyst in the FT process is usually promoted by alkali metals. The most important
roles of the alkali promoters for the FT process:

(1) enhance the CO and decrease the H, adsorption, 81

(2) enhance FTS activity77’80’82’83 o

(3) shift the selectivity in the FTS to higher hydrocarbons’®’"%0-¢

(4) favour the formation of unsaturated products ”>""*"

(5) suppress the hydrogenation of olefins’"-##0-%>
(6) increase in activity for the WGS 77.81,86,87,

(7) influence for the reduction process of iron oxide FT catalyst’’>77#0-88:89

1.4.1 Alkali metals properties

The alkali metals, the Group 1 elements, are lithium, sodium, potassium, rubidium,
caesium and francium. According to the very small occurrence in the nature and high
radioactivity francium is not discussed. All alkali metals have atoms with one electron
in the outermost electron shell; electron configuration ns'. Therefore, they form simple
positively charged ionic compounds when the outer electron shell gives up the electron
to a more electronegative element. The alkali metals properties like e.g.
electronegativity, first ionisation energy, lattice energies are homologous and decrease
down the group and properties like reactivity, atomic and ionic radius, increase down

the group” The exception is Li in Allred-Rochow electronegativities. However this
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electronegativity scale may be useful for discussing the electron distribution in alkali

metals. Selected properties are shown in a table 1.4.1.

Table 1.4.1 Properties of the Group 1 elements ***'

Li Na K Rb Cs
Atomic radius (pm) ° 152 186 231 244 262
Tonic radius (pm) *° 60 95 133 148 169
Tonization energy (kJ mol™) 519 494 418 402 376
Tonization potentials (kcal mol™)®' 124 118 100 96 90
Lattice enthalpies of formation of 1434 994 86.4 78.9 75.9
alkali metals M>O (kJ mol™)”!
Allred-Rochow electronegativities  0.97 1.01 0.91 0.89 0.86

The alkali metal properties like e.g. the first ionization energy are influenced by the
change in the atomic and ionic radius. The radii of the atoms of the Group 1 elements
are related to the number of orbitals/shells around the nucleus and the electrostatic
attraction of the outer electrons by the nucleus. The increase in atomic radii down the
group leads to a decrease in energy needed to remove the electron from the outer shell
(first ionization energy) in the process of creation of a cation. Another very important
feature changing down the Group 1 is the reactivity of the alkali metals. The ability to
form cations increases down the group due to the decrease of the ionization energy and
consequently an increase in the reactivity of heavier atoms. The variation in atomic
radius and first ionization energy of the elements of Group 1 is presented in Figure
1.4.1.
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Fig. 1.4.1 The tendency in atomic radius (left) and first ionization energy of the elements of

Group 1.

The small distance between nucleus and electron like e.g. in Li or Na is related to strong
Coulombic attraction. The electronegativity — the power of the atom to attract

electrons - is higher than for the atoms of the elements lower in the Group 1.

The electronegativity scale suggested by Allred and Rochow is based on the influence
of electric field at the surface of an atom. According to it the Coulombic potential at the
surface of the atom is proportional to the effective nuclear charge and radius ratio
(Zst/r), and the electric field is proportional to the ratio of effective nuclear charge and
radius squared (Zeff/rz). According to the Allred-Rochow definition alkalis with higher
electronegativity have higher effective nuclear charge and smaller covalent radius. The
values of electronegativities suggested by Allred-Rochow are given in the Table 1.4.1.
Another characteristic property, which increases down the group, is polarizability. The
larger and heavier atoms and ions of the alkali metals have characteristic closely
separated frontier orbitals, this is why the atoms and ions from down the Group 1 are

most polarisable.
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1.4.2. Alkali metal ions in FT Fe Catalysts

The basic properties and trends of the alkali metals as discussed above are the
introduction to a very important observation in FT catalysts with alkali promoters,
which is the migration of the alkalis. The ionic transport should be considered from
many perspectives. The mobility of the alkalis will be different on the surface and in the
bulk of the iron oxide catalyst. The migration will change also during the reduction
process, depending on the different structures which will occur during the activation
process. The alkali metals will behave differently in a-Fe,Os, Fe;04, and a Fe;04/Fe
mixture, they will interact/migrate in a different way in a thombohedral, an octahedral
and a tetrahedral structure. Both crystallographic and thermodynamic parameters may
be related to the activation energy for migration of the alkalis’’. The most important
parameters which can explain that process are: the average metal-oxygen bond energy
within the lattice, the mobile alkalis ion radius versus active metal oxide radius ratio,
lattice polarizability towards ionic migration. The basic scheme for the migration of the
alkali ions in the iron oxide catalyst towards the surface is presented below, Figure

1.4.2.1.

J

Surface

—

~ -

> Bulk

) — ©
0 ® 0 0® 0 ©
0 @® 0 @® o0 @

-
-

. 0-.0.0

’
\

. 0-.0.,0
. 0-.0-.0

® O )

Sodium ion " Sodium vacancy

Oxygen ion

o 00 © .0 .00

Iron ion

Fig. 1.4.2.1 Schematic migration process of the alkali metals ions in the iron oxide catalyst

towards the surface.

25



Introduction

An important parameter in considering the migration of alkali metals towards the
surface in the iron oxide catalyst is the ionic radius of the alkali. The higher ability of
migration towards the surface according to the alkali size would follow the order: Li >
Na > K > Rb > Cs. However, the possible variations in migration in a crystal structure
depending on size of the pores/cavities and size of their entrances, should be considered.
Thus, due to the large size, Cs might remain at the entrance of the micropores and

ability of migration, as suggested by Fierro (1990) may be even lower than K**.

The migration of alkali metals on both sites on the Fe;O4 (111) surface was also
examined in the previous study. It was found that migration of Li and Na from site-2 to
site-1 needs more energy than for K, Rb, Cs, which had no energy barrier to migrate.
The experiment led to the conclusion that negligible energy barriers of alkali metals
may facilitate their migration ability on the Fe;O4(111) surface. The surface and two
different adsorption sites for alkali metals in a p(1 x 1) unit cell of Fe;O4(111) are

presented in Figure 1.4.2.2

Site-2

kel

% Site-1

f-—QfT}

Fig. 1.4.2.2 Front view for a p(1 x 1) Fe;O,4 (111) unit cell and two different adsorption sites of

alkali metals. Fe atom — blue , O — red, alkali metal —purple.

The initial form of the alkali promoters used in this study are alkali carbonates like
Na,COs, K,COs3, RbyCO3. The lattice energy of the carbonates, and their thermal
decomposition temperature, decrease down the group’’*. Different lattice enthalpies
explain different chemical properties like e.g. thermal stabilities of ionic solids. A good
example might be the fact that the carbonates combined with large cations are more

difficult to decompose thermally as large cations stabilize large anions’”. The enthalpy
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change for thermal decomposition of the Group 1 metal carbonates may be presented
like:
M2C03(S) > MQO(S) + COz(g)

AH =X+ HL (M,CO3) — HL(M,0)
X — enthalpy input required for the gas phase decomposition of CO3>:
CO5™(g) = 07 (g) + CO(2).

Hy — lattice enthalpies
The enthalpies change equations for thermal decomposition of the alkali metals which

will be used in the experiment (Na, K and Rb), are presented below:
1) Na,COs(s) «» Na,O(s) + COz(g) AH (298 K) = 321 kJ/mol

2) K,COs(s) < K,0(s) + CO»(g) AH (298 K) = 394 kJ/mol

3) Rb,COs(s) <> Rb,O(s) + CO,(g) AH (298 K) = 416.5 kJ/mol

The decomposition temperature is lower for metal oxides that have relatively high
lattice enthalpies compared with carbonates. Thermal decomposition of the alkali metal
carbonates (M") will occur in higher temperature than higher charged alkaline earth
carbonates (M>"), where the difference in lattice enthalpy between MO and MCOj3 is

also due to the larger charge on the cation.

It was previously discovered by Dry et al.” that the relative activity of FT catalysts with
an alkali metal used as a promoter increases in the following order Li < Na = Rb <
K*®”. This trend was confirmed later by Yang et al., who used density functional theory
(DFT) and computed the net charge for the interaction of alkali metals with the Fe;Oy4
(111) surface”’. The order of electron donating by alkali metals to the surface Fe and O
atoms studied by Yang was Li < Na < K = Rb = Cs. The alkali metals change the

surface state of Fe 3d orbital during electron transfer from alkali metal to the Fe 3d
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orbital. The differences in electron donating for alkalis are explained to the large extent
of the amplitude of valence band for adsorbing K, Rb and Cs, which are very similar

and larger than those of Na and Li.

1.4.3 The alkali metals and Fischer-Tropsch process activity

One of the most important role of the alkali promoters for the FT synthesis is to enhance
the CO and decrease the H, adsorption. The increase of the CO adsorption phenomenon
might be explained by a simple mechanism where alkali metal donates electrons to the
iron. The electrons are next accepted by CO, which facilitates its chemisorption to the
iron oxide site. The Fe-C bonding formation is competitive to Fe-H bond creation. Thus
the presence of the alkali metals causes weakening of the Fe-H and C-O bonds and

strengthening of the Fe-C bond®"*®,

The FTS activity enhancement is due to the electrostatic field of alkali promoter, which
influences the behaviour in its vicinity. The electrostatic field can enhance or suppress
the shifts of electrons associated with a chemisorption bond. The alkali promoter
activates sites in neighbouring molecules, but always acts as a blocker of the site where

is present, since the promoter itself is not active””.

Potassium is a common promoter for iron catalysts in FTS for many years. It has been
found that potassium promoters provide an increase in the alkene yield and a decrease in
the fraction of methane that is produced. Potassium also increases the catalytic activity
for FTS and WGS reactions'”. However, potassium may be used as a promoter only
with specific quantities. It was noticed'® that a very high potassium loading may lead
to negative effects like coverage of part of the surface area of the iron catalyst which
leads to a limitation of the promoting effect and decrease in the CO conversion. It was

also observed!?!1%?

that potassium helps to form active sites during reduction of iron
oxides. Moreover it was also shown that potassium promoter facilitates the reduction of
iron oxide to metallic iron during hydrogen activation. It has been hypothesised that
potassium may facilitate formation of nucleation sites and that resulting in the

origination/creation of small carbide crystallites. An important property of potassium
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may be resistance to sulfur deactivation of FT catalysts, as proposed by Anderson and

others® 1%,

Another alkali metal used as a promoter in FTS is sodium. It was reported that residual
sodium left during the synthesis of the catalyst acts as a textural inhibitor, resulting in
bigger iron phase particles size and smaller surface area'®. Sodium can weaken the
dispersion of the a-Fe,O; phase. Both sodium and potassium can reduce methane
selectivity in iron catalysts. Iron catalysts with Na and K exhibit much higher WGS rate

than other alkali promoted catalysts or unprompted catalysts'* 1?7,

Rubidium as a FTS promoter behaves similarly to the previously described alkali
promoters and increases overall CO conversion and causes a decrease of methane
selectivity. Moreover rubidium enhances the higher molecular weight fraction of
hydrocarbons (Cs:) and improves olefins selectivity. It was also observed that a
rubidium promoter in FTS might be less effective as a promoter, than for example
potassium; the energies of the electronic transitions of rubidium facilitate study by XPS
and XAFS techniques *'*. In general the effects of alkali promotion on iron FT catalysts
are: suppression of hydrogenation capability, increase in CO dissociation, increase in

formation of long-chain hydrocarbons, and decrease in the conversion activity of CO.

1.5 Conclusions

The FTS fuel will be a good alternative source of energy for a long time before
renewable energy sources start to dominate. It is very important to study FTS to make
the process more cost-efficient and economically advantageous. The development of the
catalyst, the most important element in economizing FTS, may be the key to make the
process a more competitive source of energy. The iron oxide FTS catalyst may be a
cheaper option comparing to catalysts with other active metals including the commonly
used cobalt catalyst in FTS. To improve the properties of iron oxide catalyst the study of

additives and different synthesis methods and conditions will be carried out.
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The main aim of this project is development of a series of iron-based FT catalysts with
different dopants. Firstly, the behaviour of the iron oxide catalyst before activation and
its transformation during activation will be examined. Then the influence of different

types of alkali metals added will be investigated.

The influence of different synthesis parameters like temperature, pH and titration rates
on the catalyst morphology and porosity as well as other physical and chemical
properties will be studied. Moreover, in the project, the influence of the preparation
method (co-precipitation, wetness incipient impregnation) on the FT catalyst properties
will be determined. After alkali metal promoters, the influence of sulfur on the

properties of the FT catalyst will be investigated.

Detailed characterization of the synthesized FT catalysts by means of Scanning Electron
Microscopy (SEM), Energy Dispersive X-ray (EDX), Brunauer, Emmett and Teller
surface area determination (BET), Powder X-ray diffraction (P-XRD), X-Ray
Absorption Spectroscopy (XAS), X-ray Photoelectron Spectroscopy (XPS) and X-ray
Fluorescence spectroscopy (XRF). The techniques used in the project will be described

in the next chapter (Chapter 2).
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2.1 Scanning Electron Microscopy (SEM) and Energy Dispersive X-ray
(EDX)

Scanning electron microscopy is a method used to determine the size and shape of
catalyst particles revealing information about the composition of the particles. The
interaction between the high energy electrons and the sample give many different
detectable signals like diffracted electrons, secondary electrons, backscattered electrons,

X-rays, transmitted electrons, Auger electrons', Figure 2.1.1.

Electron Beam

= Backscattered
Electrons
X-rays
Secondary
Electrons
Auger
Photons Electrons
VN
Y,
Diffracted Loss of
Electrons Electrons -

Transmitted Electrons

Fig.2.1.1 The interaction of the electron beam with a sample in electron microscopy.

The electrons are emitted from a small region at the tip usually of a heated tungsten
filament and are accelerated towards the anode where the sample is placed. The field
generated between the cathode and the anode is modified by the Wehnelt cylinder,

which focuses the electron beam.
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In the scanning electron microscope (SEM) the electrons are accelerated to an energy
which is usually between 1 keV and 30 keV?. The electron energy for the SEM method
is considerably lower than the high energy electrons in the transmission electron
microscopy (TEM) method'. The scanning electron microscope is primarily used to
study the surface and structure of bulk specimen. SEM and TEM employ a beam of
electrons, Figure 2.1.2.

Tungsten
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Electron
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Condenserl I Wehnelt
Lens Cylinder ;
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Objective I I :
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Virtual
Scan A A Source
Coil
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-
]

Specimen CRT

(@)

Fig.2.1.2. Scanning electron microscope (a) and electron gun (b).

The electron gun, condenser lenses, and vacuum system, are similar in both instruments
but the ways in which the images are produced are different. Transmission electron
microscopy gives additional information about the internal structure of thin specimens.

The main difference between SEM and TEM is that SEM sees contrast due to the
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topology of a surface, whereas TEM projects all information in a two-dimensional

image.

The electron microscope offers additional possibilities for analyzing samples. Energy-
dispersive X-ray spectroscopy (EDX) allows the determination of the elemental
composition of the sample'. The EDX may be in the same SEM system which is then
called SEM-EDX. When the incident beam excites an electron from an inner shell (core
shell orbital) of an atom, and the electron from a higher-energy shell fills in the
vacancy, an X-ray with the energy equal to the difference of the two orbitals is emitted
at the same time, Figure 2.1.3. The emitted X-rays are characteristic for each element
and allow the determination of the chemical composition of a selected part of the
sample. In the experiment, the SEM topographical images are formed from low-energy
secondary electrons. The secondary electron appears due to the incident electrons beam
which excites them from the core electrons of the sample. They move towards the
surface causing elastic and inelastic collisions and consequently with loss of the energy,
until they reach the continuum, Figure 2.1.3. The intensity or area of a peak in an EDX
spectrum is proportional to the concentration of the corresponding element in the

specimen.
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23 \\ \\ \ Continuum

S

= nce electrons
° o \Q ° 7Lo o 3p

3

3;

o 1@ O 0—0 @ 2p

]
]
|
|
o @ 2s
I
[}
i [ X-ray
& @ Is

Fig. 2.1.3. Schematic atomic energy level distribution diagram, showing electronic

transition in SEM-EDX technique.
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It is also possible that the difference in energies during the transition causes the ejection
of photoelectrons, or a third electron in an outer shell is ejected (Auger electron). The
signal in a form of photoelectrons can be measured by X-ray photoelectron
spectroscopy and provides information about the surface of the analysed samples. The

technique will be described further in subchapter 2.5.

In this work a JSM 5910 scanning electron microscope with combined energy
dispersive X-ray microanalysis (Oxford Inca 300) was employed. The JSM 5910 system
has a characteristic accelerating voltage range from 0.3 to 30 kV, magnification up to
300,000 and resolution of 3.0 nm at 30 kV. The equipment can be used for secondary

electron and backscattered electron imaging and Auger radiation detection.
2.2 Specific surface area determination (BET)

The specific surface area of a synthesized material can be determined by interpreting
measurements of volume of gas adsorbed on the surface with regard to pressure at a
constant temperature. The most common type of isotherm equation for powdered

materials corresponds to that describing a multilayer surface adsorption”.

Brunauer, Emmett and Teller showed how to extend Langmuir’s monolayer approach to
multilayer adsorption. The basic assumption is that the Langmuir equation applies to
each adsorbed layer, with the added postulate that the heat of adsorption for the first
layer energy may have one specific value, whereas for succeeding layers it is equal to
the heat of condensation of the liquid adsorbate, H.*. The Langmuir equation is

presented below:
kS, =k,pS, = kzp(S - Sl)

0= bp where b:ﬁ
1+bp k,

where,

0 — surface coverage,

b —ratio of rate of adsorption to rate of evaporation onto/from surface,
p — pressure.
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For this equation it was assumed that the surface consists of a certain number of sites

and that adsorbed molecules do not interact with each other.

Brunauer, Emmett and Teller derived an equation that yields the average heat of
adsorption in the first layer and the volume of gas required to form a monolayer on the

adsorbent. The Brunauer — Emmett — Teller (BET) equation can be put in the form:

x 1 Jr(c—l)x .y

n(l—x) cn cn Do

m m
where,
n, — adsorbed moles per gram of material,

C — constant.

so that n,, and c can be obtained from the slope and intercept of the straight line best
fitting the plot of x/n(1-x) vs x.

The specific surface area can be obtained through the equation:

Np=2 /Ny’

where,
¥ — specific surface area,
N4 — Avogadro’s constant (6.022 x 10* mol™)

o — area of site or molecule of adsorbate (for N3 its value is 16.2 A* mol™)

The BET equation is the standard one for practical surface area determinations, usually

with nitrogen at 77 K as the adsorbate.
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In the experiments described in this thesis the Micromeritics Gemini surface area
analyzer and the Micromeritics Sample Degas System were used. The Gemini system
has two gas reservoirs, presented in Figure 2.2.1 (1) filled with equal volumes of the
nitrogen (adsorptive). The nitrogen gas is dosed into the sample in the sample tube and
in the balance tube. The system of transducers (2) and (4) with valves (3) and (5) are
responsible for balancing and keeping constant pressure in both tubes. There is also
third volume adsorbed transducer (6) between reservoirs which monitors the pressure
between them and determines the amount of gas adsorbed by the sample. The dosing
and accounting of the gas uptake is possible because the sample and the balance tube
are identical and have the same conditions within, and the only difference is the
presence of the analysed sample in the first tube’. Before the experiment all of the
samples were pretreated in nitrogen at 150 °C for 3 hours in order to remove any
moisture adsorbed on the catalyst surface. The Micromeritics Gemini surface area

analyzer is presented in the Figure 2.2.1 (below).
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Nitrogen

Vacuum Helium

Temperature
Isothermal
Sensor
block
Volume
Pressure Adsorbed
Balance Transduc
Transducer
Volume Sample
Balance Pressure
Adjustme Transducer
Balance Tube Sample Tube

Liquid Nitrogen

Dewar Elevator

Fig.2.2.1. The elements of the Micromeritics Gemini surface area analyzer.

2.3 Powder X-ray diffraction

Powder X-ray diffraction is an X-ray scattering technique based on observing the
scattered intensity of an X-ray beam interacting with a sample as a function of incident
and scattered angle, wavelength, energy or polarization. X-rays are scattered by the
atoms, and diffraction can occur from a periodic array of scattering centres separated by
distances with a length similar to the wavelength of the radiation (~1 A), such as exists
in a crystal®. The scattering is equivalent to reflection from adjacent parallel planes
separated by a distance d, Figure 2.3.1. The angle at which constructive interference

occurs between waves of wavelength A is given by the Bragg equation (below).
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2dsinf =nA

AN

%
dsinO

N

Fig.2.3.1. The Bragg equation is derived by treating layers of atoms as reflecting planes; X-

rays interfere constructively when the additional path length 2dsind is equal to.

where d — distance between planes,
0 — angle of incidence and reflection of incident ray,
n — an integer,

A —wavelength of incident ray.

Each possible family of planes in a lattice is characterized by its own distance between

planes (interplanar spacing), so that’:

dhkl

dnh,nk,nl —
n

where h,k,I — plane indices;

hence the Bragg equation is generally given as

2d,,sm0,, =4
Rearrangement of the equation gives:

sing,,, = (%)x di
hkl

The Bragg equation is the basis for all methods for obtaining the unit cell geometry

from the measured geometry of the diffraction pattern®.
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In the powder X-ray diffraction method the materials studied are usually in
polycrystalline form, consisting of thousands of small crystallites, typically from 0.1 to
10 um in size and of random orientation. When the X-ray beam interacts with the
crystallites the X-rays with characteristic wavelengths are produced. The diffracted X-
rays are detected and counted. The sample is scanned through a range of 26 angles thus
all possible diffraction directions of the lattice should be obtained for the random
orientation of the powdered material. Each of the analysed samples has a set of unique
d-spacing and conversion of the diffraction peaks to d-spacing allows identification of

the analysed material.

The PXRD patterns in the experiment were recorded in the 10 -110° 20 range in the
scan mode (0.02°, 0.12 s) using a Siemens D5000 XRD diffractometer. The diffraction
instrument was equipped with goniometer with 6/260 geometry. The instrument
operating in reflection geometry using CuK,; radiation, A = 1.54056 A, focused by a Ge
crystal primary monochromator. The Cu tube is working at 40 mA and 40 kV with
supplied water-cooling system. The slit arrangement is a 2 mm pre-sample slit, 2 mm

post-sample slit and a 0.2 mm detector slit.
2.4 X-Ray Absorption Spectroscopy (XAS)

X-ray absorption fine structure (XAFS) observed in XAS has been used as part of this
project to obtain information about the structural properties of the catalysts prepared by
different methods, especially about the coordination chemistry and oxidation state’. In
the XAFS technique, the X-rays absorbed by an atom at energies near and above the
core-level binding energies are used to give information about the chemical state and

local atomic structure for a selected atomic species.

Since the crystallinity of the sample is not required it is a very helpful technique to
determine the local structure in a broad range of materials: XAFS can be used in
different systems including amorphous materials, solutions and is also broadly applied
for heterogeneous catalysis’''. It is a bulk technique in which X-rays are penetrating

deep in matter (depth depending on energy used). XAFS is complementary to other
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techniques and in combination with other surface sensitive techniques can provide a

complete set of information on the studied iron catalyst.

The technique, especially the x-ray absorption near edge structure (XANES) part of the
spectra, has been used for direct measurement of the oxidation state and geometry of
diluted sulfur species and alkali promoters, using references, in iron catalysts prepared

in a variety of methods.

2.4.1 X-ray-absorption near edge structure (XANES)

In general XAS can be divided into two parts: the near-edge spectra called X-ray
Absorption Near Edge Structure (XANES) — typically within 50 eV of the main
absorption edge, and the Extended X-ray Absorption Fine Structure (EXAFS), Figure
2.4.1, (below).

ANES—
M EXAFS

ABSORPTION
I

Eo . X-ray absorption
spectrum of

J molybdenum metal

from 19.8 to 21.5 keV
IJ‘:‘u_' ! Lo bt bt bvn s v bt b b b b s b
19800 20000 20200 20400 20600 20800 21000 21200 21400
PHOTON ENERGY (eV)

Fig. 2.4.1.1. The XANES and EXAFS regions of XAS, figure from presentation of Bare, UOP
(2005).

The XANES technique provides information about the formal oxidation state (energy

position of edge), the electronic properties (energy position of the pre edges and the

edge), the coordination geometry of the absorbing atom (presence and absence of pre
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edge features), and band-structure (density of available, i.e. empty, electronic states).
The EXAFS data is used to determine the distances, coordination number, and type of
neighbouring species of the absorbing atom, including their disorder'"™ .

In this work, XANES is used as a fingerprinting technique, where the shift of the edge
position is applied to determine the oxidation state by comparing to measured known
reference materials. The heights and positions of edge peaks were used to assess

oxidation states and coordination geometry of elements of interest in a sample.

The pre-edge region originates from partially allowed transitions, like quadrupolar or
orbitals hybridised with p or d orbitals. Quadrupole transitions may not be strongly
visible because the transition Hamiltonian contains small terms that are non dipolar16.
The main edge is the dipole allowed transitions from the core level to the higher unfilled
or half-filled orbitals (e. g. s — p, or p — d). The features in the XANES region depend
on hybridisation, and geometry of the compound. The increase in absorption occurs due
to the high probability of such transitions. The pre-edge transition and the main K-edge
are presented in a Figure 2.4.1.2. A further consequence, of photoelectron scattering on

neighbouring atoms, will be presented in Figure 2.4.1.3.
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Fig.2.4.1.2. Atomic energy level distribution showing electronic transitions a) XANES
pre-edge transition, b) XANES absorption K-edge.
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The energy of the incident x-ray beam of the pre-edge region is lower than the binding

energy (Eo), where (E < E ), Figure 2.4.1.1. The energy of the XANES region is

between the edge and (E() and, the region where the electron wavelength equals the

distance from the adsorbing atom to its nearest neighbours, about 30 eV (E = E + 30

eV)”!'!. At energies above the absorption edge, i.e. binding energy E, the photoelectron

obtains kinetic energy Eyin, (Exin = hv — E).

In the XANES the electron’s kinetic energy is low and the scattering resonance
phenomenon of the neighbouring atoms is strong. However when the electron’s kinetic
energy is higher in the EXAFS region the effect of multiple scattering becomes smaller
(weaker and more regular vibrations)'”. Both XANES and EXAFS scattering effects are
presented in Figure 2.4.1.3.

One of the perturbation methods applied to scattering by an extended body is the Born
approximation. The estimation is accurate if the scattered field is small, compared to the
incident field, in the scatterer'®'?. Because the Born-like scattering is divergent and

because the large number of effects in the electron shell (many-body interaction,

particle-hole interaction and multiple scattering) the XANES characterization might be

complicated.
photoelectron
Fig.2.4.1.3. Schematic view of photoelectron scattering on neighbour atoms, determining the

resonances in XANES (left) and EXAFS oscillations'”.

49



Experimental Techniques

The XANES part of XAFS provides information about the geometry of the local
structure using the multiple scattering phenomenon, while EXAFS gives information
about the bond distances and coordination numbers, from the interference in the single
scattering process of the electron scattered by surrounding atoms. One of the advantages
of the XANES in comparison to EXAFS is that technique has a larger signal than
EXAFS, and the measurement may be carried out with a lower concentration of the
analysed elements. Thus the technique may be used also for the study of the catalysts
with low concentration of the sulfur dopants. The XANES analyses and its
interpretations are still being developed. Thus the references used as a fingerprint are

considered to be very useful information for most XANES analyses.

2.4.2 General information about XAFS

When X-radiation interacts with the sample, there are many different effects observed,
such as absorption, Compton scattering and Rayleigh scattering. During absorption an

electronic transition (photoelectric effect) is observed. The excited state created can
relax by emitting energetic electrons and a photon of longer wavelength. Electron of
higher orbital falls down to fill a core hole. The energy which is emitted corresponds to
energy difference between to levels. XAS measures the absorption of X-rays as a
function of X-ray energy E. The X-ray absorption coefficient is obtained from the decay

in the X-ray beam intensity [ with distance x, Figure 2.4.2.1.
w(E) = -dInl/dx
According to the Beer-Lambert’s Law after the X-rays travel a distance x into the

sample the intensity reduces to:

[=1pe™
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|
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Fig.2.4.2.1. X-ray absorption by a sample according to Beer-Lambert’s law.

where p is the linear absorption coefficient, I is the intensity transmitted through the
sample, Iy is the X-ray intensity incident on a sample and x is the sample thickness.

The absorption coefficient depends strongly on the X-ray energy E, atomic number Z,
on density p and atomic mass A:

u =~ pZ'/AE?

If the absorption coefficient is plotted as a function of the incident photon energy we
can observe three main features (Figure 2.4.2.2). The first one shows a general decrease

in X-ray absorption with increasing energy.

- L; L,

8 Ll

2

&

3

O AN

=

o

g \\\ K

2 S

2z :

<‘: . L %"*—-—_\_\_
Incident Photon Energy

Fig. 2.4.2.2. X-ray absorption coefficient as a function of incident photon energy.
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The next features present are sharp rises at certain energies which are called the edges.
The energy positions of the edges are specific to a given absorption atom and reflect the
excitation energy of inner-shell electrons. After the edges we can observe oscillations
modulating the absorption. This is due to photo-electrons scattered from a neighbouring
atom. The scattered photo-electron can return to the absorbing atom, modulating the
amplitude of the photo-electron wave-function at the absorbing atom. The oscillatory
wiggles are evident where the XANES features fall away form the EXAFS™", as in
Figure 2.4.1.1.

Every absorption edge is correlated with a specific atom that absorbs the X-ray. The
energies of the edges (ionization energies) are characteristic of the atomic species
present in a sample. That is because excitation of core electron is related to binding
energy and thus is element specific. The transition proceeds to an unoccupied state
(above the Fermi energy level), which leaves behind a core hole. When ionization
occurs the core hole left behind is unstable and will be filled by an electron of higher
orbital. The decay of the excited atomic state can take place in two ways. One is
fluorescence. In this case, a higher energy core-level electron relaxes into the deeper
core hole and ejects an X-ray of characteristic energy. The fluorescence energies
emitted in this way are well-defined and can be used to identify the atoms in a system.
The second mechanism for the decay of the excited atomic state is the Auger effect. In
this process an electron from a higher energy core-level fills the lower energy core-
level, which results in another (third) electron being ejected into the continuum. Both

effects are presented in a Figure 2.4.2.3., below.
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Fig. 2.4.2.3 Decay of the excited state. X-ray fluorescence effect (left) and the Auger radiation
effect (right).

2.4.3. Fluorescence experiments and electron yield geometries

XAFS can be measured in transmission, fluorescence or electron yield geometries. The
energy dependence of the absorption coefficient p (E) in transmission is a logarithmic
function of the quotient of X-ray intensity incident on a sample over intensity

transmitted through the sample, as:

W(E) = log(Io/D)

However, in the X-ray fluorescence the energy dependence of the absorption coefficient
is equal to the quotient of the monitored intensity of a fluorescence line over X-ray

intensity incident on a sample, as below:

wE) = It /I

For samples with a very low concentration of the element of interest the absorbance

could be too low for a transmission mode experiment to be carried out. In a fluorescence
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XAFS measurement, the X-rays emitted from the sample will include the fluorescence
line of interest, fluorescence lines from other elements in the sample, and both
elastically and inelastically (Compton) scattered X-rays.

The simple scheme of the fluorescence X-ray absorption system and beam angles are

presented in Figure 2.4.3.1.

Fluorescence

Detector

Fluorescence

Incident X-rays i)

i

Fig. 2.4.3.1 Fluorescence X-ray absorption spectroscopy measurements, the incident angle

(0), exit angle (D).

The Auger electrons are emitted as part of the relaxation process when a higher-orbital
electron fills the hole after photoelectron. The penetration ranges of the Auger electrons
emitted from the absorbing atoms determine the sampling depth in the total-electron-
yield technique. The LMM Auger electrons for example, have ranges of hundreds of
angstroms and KLL Auger electrons have ranges of thousands of angstroms®’. The

electron yield may be used to improve the surface sensitivity.

2.4.4 Elements of a beamline

Sulfur, sodium and potassium K-edges XANES spectra were recorded at Lucia
beamline, Swiss Light Source (SLS) and on [18 station in Diamond Light Source,

Oxford.
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2.4.4.1 Lucia XAS beamline

On the LUCIA beamline, the light source is provided by an undulator. An undulator is a
periodic structure of dipole magnets which causes an oscillation in the electron path.
Each oscillation produced its own light source and these interfere with each other to
create intense harmonics. The energy of the harmonics is a function of electron energy,
the period of the magnetic array and the magnetic field. The energy of the harmonics is
changed by varying the effective magnetic field at the electron beam by choosing the

distance between the poles of the magnet.

The next element, a spherical mirror, focuses the beam onto adjustable slits. The high-
order harmonics sent by the undulator are minimized by two flat, water cooled mirrors
located behind the spherical mirror. The planar mirrors serve as filters and also decrease
the thermal load which is received on the next element, the monochromator, Figure
2.4.4.1. Because of the energy range of the beamline available at Lucia a double crystal
monochromator is used. There are five kinds of crystals used in the Lucia beamline:
Si(111), InSb(111), YB6(400), KTiOPO4(011) and beryl(1010). In the experiment with
the Na K edge, a beryl (1010) crystal monochromator was used and for sulfur a Si(111)

monochromator.

The last focusing elements of the beam are high quality mirrors made of Si coated by
nickel (Kirkpatrick-Baez (KB) system). They give a high flux over a wide energy range,
which gives a stable beam position on the sample during the scan and a relatively long

working distance.

XAS spectra were collected in fluorescence (Si drift diode dead time < 15%) and
electron yield mode. Through the mono-element energy dispersive silicon drift diode
(SDD) it was possible to detect fluorescence of lighter elements (down to the carbon)

including sulfur and sodium, important in this work?".
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Fig. 2.4.4.1 General layout of the Lucia beam line.

2.4.4.2 Station 118 at Diamond Light Source (DLS)

The first element on the station 118 DLS beamline, similarly like it was for the Lucia
beamline is an undulator. A selected peak output reaches a beryllium window where IR-
UV and soft X-rays are reduced. Beryllium serves as a low-energy cut-off. The beam
subsequently reaches slits which reduce the beam size. The beam is then led from the
primary slits to a monochromator by means of highly planar silicon crystal mirrors.
They act as a cut-off filter, extracting the harmonics and also as a focusing element.

The first element of the mirror system has a special toroidal shape to provide a highly

parallel beam to the crystal monochromator, Fig.2.4.4.2. In the 118 station there was a
choice of five kinds of crystals: Si(311), Si(220), Si(111), Ge(111), InSb(111). In this
work the Si (111) based monochromator was used for the study of samples with a low

concentration of potassium.

Behind the monochromator the secondary slits can be found, then another system of
mirrors and a last pair of tertiary slits. Similarly to the Lucia beam line, the last focusing
element of the beam are KB mirrors which provide highly focussed monochromatic

radiation for spectroscopic analysis®>%.
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Fig.2.4.4.2.The X-ray spectroscopy beamline on 118 at Diamond***.

2.5 X-ray Photoelectron Spectroscopy (XPS)

X-ray Photoelectron Spectroscopy (XPS) is one of the ionization-based techniques
which measures the kinetic energy (Ex) of photoelectrons generated through ionization
when the measured material is exposed to the high-energy radiation or particles. There
are two main types of photo-ionization techniques according to the type of the radiation
and its target. The first one is ultraviolet photoelectron spectroscopy (UPS), which is
used to determine the kinetic energy of the valence electrons and UV radiation
corresponding to the ejection of the electron. The second technique, which was
employed in this experiment, is X-ray photoelectron spectroscopy (XPS) in which

high-energy X-rays are used to expel core electrons, Figure 2.5.1.
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Fig. 2.5.1. Schematic diagram of the ejected photoelectron from the core level to

continuum in X-ray photoelectron spectroscopy.

Electrons penetrate solids to the depth of around 1 nm, thus XPS is a measurement
favourable for surface elemental analysis. The XPS technique in the experiment is used
for determining the elemental composition of the surface, especially the oxidation state
of elements of interest. The comparison of the elemental composition by the use of
surface sensitive techniques such as XPS together with bulk techniques is a good source
of information for describing the migration process of the promoters like sulfates or

cations of the alkali metals in the iron oxide catalysts.

The XPS technique is applied to measure kinetic energies (Ex) of photoelectrons
emitted through irradiation used to determine band structures of solids. The kinetic
energy of the photoelectrons is related to the binding energy (Eg) of electrons in their

orbitals by the following relationship:
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E.=hv—p-FE,

Ex - kinetic energy of electron (eV),
Eg - electron binding energy (eV),

h - Planck’s constant (eV "s),

v -frequency of incident X-rays (s"),

¢ -surface work function (eV)

Each element has a unique set of energy levels and a unique set of binding energies and
for electrons present on these levels, XPS can be used to identify and determine the
concentration of the elements on the surface. Moreover, the calculated Ep gives
information about the oxidation state and bonding of the atoms, due to the chemical
shifts, which depend on the differences in the chemical potential and polarizability of
the examined compounds. The peaks recorded in a measurement are named after the
core level from which the photoelectrons were rejected. The peaks indicate the relative
probabilities of different ionisation processes. Therefore, there will be one single peak
visible for the ionization of the s orbital. After ionization of p or d orbitals, split peaks
will be observed related to the presence of vacancies in the p,.», ps3n», dsp, dsp, states.
Thus usually two peaks in the XPS spectra after ionization of the p, d orbitals will be
exposed*!. The XPS technique is a surface sensitive technique because the emitted
photoelectrons have relatively low kinetic energies and they undergo inelastic collisions

with the material.

The electrons from inner layers may collide with these from the upper orbitals, lose

kinetic energy and usually contribute to the noise signal of the spectrum, Figure 2.5.2.
The electrons from near the surface have higher probability of being released and
detected. The XPS spectrum provides useful information depending on the kind of
specimen and the angle of the incident beam from the outermost layer of the analysed

25,26
samples™ .
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Fig. 2.5.2 XPS ejecting electrons; from the near surface region, without energy loss (yellow),

from the bulk, with energy loss (red).

Two XPS systems/machines were used for the study of the iron oxide catalyst in the
experiment: a Scienta ESCA 300 high performance X-ray photoelectron spectrometer in
The National Centre for Electron Spectroscopy and Surface Analysis (NCESS),
Daresbury Laboratory and a Kratos Axis Ultra DLD XPS System at Cardiff University,
Fig.2.5.3. The ESCA 300 is a high intensity, high energy-resolution and high spatial
resolution system”’. The main components of the this system are: the X-ray power
through a rotating anode, 8 kW maximum power, more than ten times higher than
traditionally used 600 W anode source, X-ray source; seven crystals, double focusing

monochromator, monochromatised Al K,/Cr Kg and W L, X-ray source, lens and
analyzer system and detection system with hemispherical analyzer and multichannel

detector, which gives 0.30 eV minimum overall resolution.

The Kratos Axis Ultra DLD system has a monochromatic X-ray source with a dual Al-
Mg anode, magnetic lenses, and a similarly hemispherical analyzer. In comparison with
ESCA 300 the Kratos XPS system has a lower power X-ray source and comparable
resolution. The Krotos AXIS Ultra system has a minimum resolution of 15 pm and with
the addition of the spherical mirror analyzer, the real time chemical state images can be
obtained with a spatial resolution down to 3 um (minimum overall resolution lower than

0.5 eV) 2* Both XPS systems are presented in Figure below.
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Fig. 2.5.3. Scienta ESCA 300 XPS, NCESS, Daresbury (left), Kratos Axis Ultra DLD XPS,
Cardiff University (right).

2.6 X-ray Fluorescence spectroscopy (XRF)

The fundamentals of the XRF technique are the same as for the previously presented
analytical methods involving interactions between electron beams and X-rays with
samples. The XRF is an analytical technique, which measures characteristic energy or
wavelength of the fluorescence X-ray emitted after when the sample is exposed to an X-
ray source with required energy”’. The technique is used for quantitative and qualitative
determination of chemical elements and it is used mostly in analyses of solids e.g.

minerals, rocks, sediments.

The spot size of XRF is relatively big and the large depth of radiation enables the
technique to be used for large fractions of the samples and to be classified as a bulk
analytical technique. The penetration and the escape depth depends on the emitted
energy which is specific for different analyzing element. Characteristic spectral Ko lines
of the interest elements (Na, S, K, Fe, Rb) are respectively: 1041, 2307, 3311, 6403 and
13395¢V and for KP respectively: 1071, 2464, 3590, 7058 and 14961 eV>**'. The

lighter elements with lower energy X-Rays have lower X-Ray attenuation length e.g. Na
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and S in Fe,O5 (density 5.2 g/cm®)* have respectively 0.1pm and 1.5um length, and
the attenuation length of K, Fe and Rb is in a range 5 and 13 pm.

The XRF technique may be employed for bulk chemical analyses of major but also trace
elements. In this work it was employed in the qualitative comparison of high
concentration of iron and low concentration of alkali metals and sulfur promoters. To
obtain information about the elemental composition of an analyzed sample using the
XRF technique the radiated electrons require high enough energy to release electrons
from the inner shells of an atom, higher than that bonding them to the atom. The
irradiation in the experiment was carried in The Philips Magix Pro WD-XRF system
where an X-ray source from an X-ray tube was delivered. When the atoms are exposed
to the X-rays, the incident radiation causes the ejection of the electrons from inner
shells. The electrons from outer shells will fill created vacancies, emitting X-rays at the
same time. The released radiation is specific for each atom and information about each
element present in radiated region of the sample can be obtained. The X-ray
fluorescence process of K shell electron (similar to that fluorescence in XANES) is

presented in Figure, 2.6.1, below.

X-ray AE =E; -Ey=K,

or
X-ray

AE:Ez—Eo:Kﬁ

Fig. 2.6.1 The X-ray fluorescence process (Ti), The transition of electrons from the L or M to K

shell, to fill the vacancy. The characteristic x-ray unique to this element is emitted™.

62



Chapter 2

There are two main groups of XRF techniques: Energy Dispersive X-ray Fluorescence
Spectroscopy (ED-XRF) and Wavelength Dispersive X-ray Fluorescence Spectroscopy
(WD-XRF). The first technique ED-XRF uses a detector able to separate and measure
energies of the characteristic radiation emitted from the analyzed sample and determine
elements present. In the WD-XRF technique the X-rays of different wavelengths are
diffracted in different directions with a system of collimators and diffraction crystals.
The WD-XRF system can have a moving or fixed detection system, which allows
simultaneous analysis of multiple wavelengths. The moving detector distinguishes
intensities of different wavelengths and gives the answer about elements occurring in
the sample of interest. The Philips Magix Pro™ WD-XRF system used in this work is
equipped with a 4 kW light element Rh-target end-window X-ray tube, analyzer crystals
for the analysis of elements in the range of O-U, 3 detectors: Ar-Methane flow and a
sealed Xe-filled proportional detector and scintillation detector in parallel, beam filters,

collimators™®. The components of the WD-XRF system are presented in Figure 2.6.2.

X-ray Tube - Colimators
2
X-rays\

Sample Detector | ——> | Computer

Fig. 2.6.2 The WD-XRF system scheme.
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3.1 Synthesis of the iron catalyst

The method of catalyst preparation plays an important role in its physical properties and
catalytic performance. In this work catalysts were synthesized with various additives
and in different conditions and methods. The synthesized catalysts were characterized as
prepared by means of different bulk and surface sensitive analytical techniques (all the
techniques are described in Chapter 2).

In the first stage of the work two synthesis methods were employed: incipient wetness
impregnation and co-precipitation. Then the synthesis conditions were optimized, the

parameters concerned were:

the amount of starting components used,

e the process environment (air or an inert gas (Ny)),

e the drying and calcination temperatures and temperature change rates,
e the method of filtration and washing,

. different pH values after titrant addition (pH 5, pH 7, pH 9),

. different rates of titrant addition (8 ml/min, 0.25 ml/min),

e  different temperatures at co-precipitation stage (24 °C and 60 °C),

. different promoters used (Na, K and Rb).

After the first characterization (SEM-EDX and P-XRD) from all the possibilities of the
synthesis methods of the iron oxide catalyst, the most significant were chosen. The list
of the synthesis conditions and preparation methods for the samples with one of the

promoters, Rb, are listed in Table 3.1.

68



Chapter 3

Table 3.1 Method of preparation and conditions for the samples exemplified with a Rb

promoter
Sample pH value Temperature | Titrant addition rate Method of preparation
Co- .
H=7 pH=9 |pH=5| RT [60°C |8 ml'min’| O {Ditationl TPrEENAtioN
p p p ml-min™! [Precipitation
Rb °
[ ] [ ] [ ]
01, 02, 03
Rb °
[ ] [ ] [ ]
04, 05, 06
Rb °
[ ] [ ] [ ]
07, 08, 09
Rb [ ] [ ] [ ] °
10, 11, 12
Rb ° °
13,14, 15 ° °
Rb °
13, 14, 15 L [ ) )

The first stage of the synthesis was precipitation using NHsOH (8 ml/min and 0.25
ml/min titrant addition). The rate of the titrant addition may change the
crystallization/crystallinity of Fe,Os3. It was necessary to control the amount of the base
added during precipitation (pH control) to obtain stoichiometric Fe;0, after reduction .
After precipitation the iron-slurry was dried and calcined. The alkali promoter was
added at different stages depending on the synthesis method. In the co-precipitation
method it was added directly after titration, before drying and in impregnation method
after drying of the iron slurry and before calcinations. The calcination of the FT
Fe-based catalyst cannot be performed at very high temperatures due to sintering and
consequent loss of active surface. The temperature should not be lower than 200 °C in
order to effectively remove poisoning nitrates from the catalyst surface. The exact
drying and calcinations duration and temperature are noted in subchapters 3.1.1-3,
below. The scheme of the iron oxide catalyst synthesis is presented in a Figure 3.1.
After calcination the sample was ground using a mortar and pestle, and its physical and

chemical properties were examined using various techniques like e.g. XRD or SEM-
EDX.
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In order to be active in FTS, the iron oxide has to be reduced. After calcination the
samples were reduced under 5% H,/He for 20h (the results for the non-reduced and
reduced samples are presented in Chapters 4, 5 and 6). Calcination and reduction
conditions (time and temperature) influence the transformation of S species on the

surface of the Fe-based catalyst”.

(0.25 or 8 ml/min) Y\"LO

(NH,,80, HyO NH,OH Na,COj
+ Iron slurry —
Fe(NO3)s -9H,0, H,0 pH055 5,7, 9
24 60 °C
Filtration, 350°C
Washing 150 °C (5°C/min) o ovide
— lIronslurry Iron slurry g " catalyst
12 hours 4 hours catalys

Fig. 3.1. Scheme of the iron oxide catalyst synthesis with Na promoter.

3.1.1 Synthesis of catalyst containing (0.4 g / 100 g Fe) Na,O and (0.05
g S /100 g Fe) by co-precipitation

(NH4)2 SO4 (4.2 mg) was dissolved in deionised water (10 ml). Fe(NOs); - 9H,O
(14.48g) was dissolved in deionised water (30 ml). The (NH4),SO4 and Fe(NO3); -
9H,0 solutions were mixed and stirred together (total volume 40 ml). NH4sOH (25%
NH; aqueous solution) was added at a rate of 0.25 ml min™ (or 8 ml min™) to titration
end point (~ 8.5 ml). Solution pH was changed from 0.5 to 7 (or 5, or 9). After
increasing the pH value Na,CO; (13.7 mg) dissolved in deionised water (5 ml), was
added to the slurry, while it was stirred vigorously and the solution was stirred for
another 5 min to allow the pH to stabilize. The above procedure was conducted at 24 or
60 °C. The iron-slurry was dried for 12 hours at 150 °C under N, and calcined at 350
°C for 4 hours (rate 5 °C/min) in tube furnace. The sample was ground using a mortar

and pestle.
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3.1.2 Synthesis of catalyst containing (0.6 g/ 100 g Fe) K,O or (1.2g/
100g Fe Rb,0 and (0.05S g/ 100 g Fe) by co-precipitation

After mixing (NH4)>SO4 and Fe(NOs3); - 9H,0O aqueous solutions and increasing the
pH value as described above, K,COj3 (17.7 mg), or Rb,CO3 (29.9 mg) dissolved in
deionised water (5 ml) was added to the slurry. The mixture was stirred for another
5 min to allow the pH to stabilize. The procedure was conducted at 24 °C. Drying and
calcination were done as above. The calcined sample was ground using a mortar and

pestle.

3.1.3 Precipitation of catalyst containing Na and S by incipient wetness

Impregnation

After mixing (NH4)>SO4 and Fe(NOs3); - 9H,0O aqueous solutions, the pH value was
increased to pH 6.8 by titration with an ammonium hydroxide solution (as described
above). The iron-slurry was filtered and washed with water. The slurry was dried for 4
hours at 150 °C under nitrogen. After drying, Na,COj3 (13.7 mg) dissolved in deionised
water (5 ml) was added to the reactor with powder by incipient wetness impregnation
method. After impregnation the solution was dried once more for 4 hours, ground and
calcined at 350 °C for 4 hours (rate 5 °C/min) in tube furnace. The calcined sample was
ground using a mortar and pestle. The same procedure for the samples with K and Rb

was carried out.
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3.2 Powder X-Ray diffraction (P-XRD) for iron

catalyst samples prepared under different conditions

3.2.1 P-XRD for iron catalyst samples prepared under different

conditions with a Na promoter

The iron catalysts used in the experiment were synthesized at two pH values: 7 and 9,
using a fast (8 ml min™) and slow (0.25 ml min™) addition of titrant, at two different
temperatures, 60 °C and room temperature (RT), by the co-precipitation and wetness
incipient impregnation methods. Diffractograms were recorded after calcination
procedures, before activation. The iron oxide samples with Na promoter are presented in

a Figure 3.2.1.

The reflections in all iron catalyst samples correspond to those of the haematite (a-
Fe,03), which, according to the literature sources™ 8, has characteristic peaks at 26
values of 24.2, 33.1, 35.6, 40.8, 49.52, 54.0, 57.6, 62.5 and 64° Miller indices of,
respectively, 012, 104, 110, 113, 024, 116, 018, 214, 300*".

The peaks at a 20 value of 33.1 for all the samples synthesised in various conditions
were compared, and presented in Figure 3.2.1 All of the samples were compared to the
sample synthesised at pH7, co-precipitated, fast titrant addition at room temperature
used as a model/pattern sample presented at the top of the figures. The peaks of the
co-precipitated sample with fast titrant addition rate are slightly narrower
(FWHM = 0.28) than the sample with slow titrant addition (FWHM = 0.32). The same
peaks for the impregnated samples were broader than those of the co-precipitated
samples (FWHM = 0.39). The peaks of the samples where titration was applied at 60 °C
were also broader (FWHM = 0.43) than those synthesised at room temperature. They
were the broadest of all the samples synthesised in different conditions with Na.
In general the most crystalline sample (lowest FWHM) with Na was obtained under the
conditions: pH 7, fast titrant addition in room temperature, while least crystalline was
obtained in: pH 7, fast titrant addition in 60 °C.
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FWEM: 0.28 | } . h ’ pH7, faﬁt ﬁitrant addition, RT
A 0.32 Jl A F, il, pﬂl 7, slgwtitrant adﬂition, RT

, impregnation, RT

Intensity a.u.

0.43 H 7, fast titrant addition, 60 °C

20 30 40 50 60 70 80
26 (°)
Fig.3.2.1. The P-XRD analysis for the samples with Na promoter: pH 7, co-precipitation, fast

titrant addition, RT; pH 7, co-precipitation, slow titrant addition, RT; pH 7, impregnation, fast
titrant addition, RT; pH 7, co-precipitation, fast titrant addition, 60 °C.

3.2.2 P-XRD for iron oxide samples prepared under different

conditions with a K promoter

The iron oxide structure of haematite (a-Fe,O3) was observed for iron catalyst samples
before activation with a K promoter, similar to those with a Na promoter. The FWHM
of the peaks at 20 equal 33.1 for the samples co-precipitated at pH 7 with fast titrant
addition was slightly larger (0.34) than the samples with slow titrant addition (0.32), in
contrast to the samples with Na promoter. The FWHM for the impregnated samples was
larger (0.36) than for those co-precipitated (0.34). It was also observed that the FWHM
for the samples where titrant was added at room temperature was lower in comparison

to those synthesized in 60 °C, where FWHM equalled 0.43.
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FWHM: 0.34 pH 7, fast titrant addition, RT

0.32 H7,s titrant addition, RT

Intensity a.u.

pH 7 g4fast tjtrant additign, impregnation, RT

0.43 pH7, fast titrant addition, 60°C

20 30 40 50 60 70 80
26 (°)
Fig. 3.2.2. The P-XRD analysis for the samples with K: pH 7, co-precipitation, fast titrant

addition, RT; pH 7, co-precipitation, slow titrant addition, RT; pH 7, impregnation, fast titrant
addition, RT; pH 7, co-precipitation, fast titrant addition, 60 °C.

The crystallinity of samples with K synthesised at room temperature by three different
methods does not vary significantly. The peak for the sample synthesised at 60°C has a
much higher FWHM and is less crystalline than the others.

3.2.3 P-XRD for iron oxides samples prepared under different

conditions with a Rb promoter

The structure of all samples with rubidium promoter is that of the iron (III) oxide (a-
Fe,03)"®. The samples with Rb are presented in Figure 3.2.3. The biggest difference
was attributed to the rate of titrant addition and temperature during precipitation. The
peaks for the samples for which the titrant was added rapidly are narrower (FWHM =
0.31) than for the samples made with slow titrant addition (FWHM = 0.36). The

diffractograms show distinct differences between the co-precipitated samples and those
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impregnated, where the FWHM (0.43) for the impregnated sample was the largest
among all the samples with Rb. The FWHM for the samples where the titrant was added
at room temperature was also much more lower (0.31) in comparison to those

synthesized in 60 °C (FWHM = 0.42).

FWHM: 0.31 pH 7, fast titrant addition, RT

0.36 pH 7, slow titrant addition, RT

Intensity a.u.

0.43 pH 7, fast titrant addition, impregnation, RT

pH 7, fast titrant addition, 60°C

20 30 40 50 60 70 80
26 (%)
Fig. 3.2.3. The P-XRD analysis for the samples with Rb: pH 7, co-precipitation, fast titrant
addition, RT; pH 7, co-precipitation, slow titrant addition, RT; pH 7, impregnation, fast titrant
addition, RT; pH 7, co-precipitation, fast titrant addition, 60 °C.

3.2.4. Particle size for the iron oxide samples synthesised in different

conditions

In order to estimate the average particle size in samples, the Scherrer formula® was
employed (equation below). It involved calculations with the full width at half of the
high maximum for the diffraction peak at 260 equal to 33.1°. The results are listed in

Table 3.2.4.

094
Bcosb,

t - particle size,
B - full width at half of the height maximum in radians,

05 - Bragg angle
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It was found that the size of the particles for all the iron oxide catalyst samples with
different promoters was between 19.3 and 29.5 nm. The comparison of the particle size
for the samples with two different titrant addition rates does not reveal significant
differences. The average (arithmetic mean) size of the particles for the samples with fast
and slow titrant addition rate was respectively 26.9 and 24.8 nm. The particle size for
the samples with Na and Rb synthesised with fast titrant addition is slightly higher than
for those with slow titrant addition rate with the same promoters. However the samples

with K reveal the opposite trend.

The difference in particle size for the co-precipitated and impregnated samples
(prepared at the same temperature) was more significant. Lower particle size for
impregnated samples than co-precipitated was observed for all the catalysts synthesised
with three different promoters. The calculated average particle size for the impregnated
samples is equal 21.1 nm. The smallest difference was observed for the samples with

K promoter (Table 3.2.4).

A significant decrease in particle size was observed for the samples synthesised at 60 °C
in comparison to those synthesised at room temperature. The average particle size for
the samples precipitated in 60 °C with three different promoters was 19.5 nm.
The particle size for these samples was the lowest of all the samples. The arithmetic
mean for particles size for the samples with different promoters was also compared.
The average for Na, K, Rb was respectively 23.9, 23.1 and 22.2 nm. So the type of
dopant did not have any significant effect on the particle size. The noticeable changes

were influenced by the synthesis method and temperature.
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Table 3.2.4. Average particle size in different samples estimated with the use of Scherrer

formula
Na, Na, K, K, Rb, . . .
Conditions |[FWHM |Particle |FWHM |Particle [FWHM zz; I; ?;“Cle rﬁgﬁ“ﬁf
(26 °) size, nm |(26 °) size, nm |(26 °) ’ ’
pH 7, fast 0.28 29.5 034 | 245 | 031 26.8 26.9
titrant addition
pH 7, slow 0.32 258 032 | 258 | 0236 229 248
titrant addition
pH 7,
impregnation, | 3 212 036 | 229 | 043 19.3 21.1
fast titrant
addition
pH7, fast
titrant 0.43 19.3 0.43 193 | 042 19.8 19.5
addition, 60°C
Arithmetic ; 23.9 ; 23.1 - 222 ]
mean
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3.3 Structure determination with the use of XPS:
comparison of the properties of FT catalysts

First, XPS measurements were performed on the reference samples. Subsequently, the
samples were studied with XPS before and after activation. The most significant
conditions and methods of preparation were chosen similarly to the previously carried

P-XRD experiments. The samples are listed below:

e pH 7, co-precipitation, fast titrant addition, RT,

e pH 7, co-precipitation, slow titrant addition, RT

e pH 7, co-precipitation, fast titrant addition, 60 °C

e pH 7, impregnation, fast titrant addition, RT

e pH 7, co-precipitation, fast titrant addition, RT, reduced at 400 °C
e pH 7, co-precipitation, slow titrant addition, RT, reduced at 400 °C
e pH 7, impregnation, fast titrant addition, RT, reduced at 400 °C

e pH 7, co-precipitation, fast titrant addition, RT, reduced at 450 °C
e pH 7, co-precipitation, slow titrant addition, RT, reduced at 450 °C

e pH 7, impregnation, fast titrant addition, RT, reduced at 450 °C
3.3.1 The XPS characterization of Fe p peaks of reference samples

The Fe 2p spectrum for the Fe,O3 reference sample has two Fe 2p3, and Fe 2p;,, main
peaks, and satellites for both of the peaks, (Figure 3.3.1).The Fe 2ps, peak at 710.3 eV
has a satellite peak about 8.1 eV to the higher energy. The Fe 2p,, peak was at 724.2
eV with the satellite at 733.2 eV. The BE of the Fe 2p peaks and their satellites are
similar to those of Fe,O; samples found in the literature'* %, According to the
literature sources, ' the Fe 2 p3n of Fe,Os3 peaks are in the binding energy range:

709.9 — 711.4 eV, with the satellite at around 8 eV higher energy'®"".
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The Fe 2p/» peaks were observed in the range: 724.0 — 724.5 ¢V '""*. The Fe 3p single
peak of Fe,O3 reference sample was measured at 55.6 eV without a satellite. The BE of
Fe 3p peak is similar to that found in the literature source, with the energy range
between: 55.6 — 56.6 eV'*!8 In the literature, the Fe 2 ps, peak BE values for the next
reference Fe;O4 were found in the range between 708.1 and 710.8 eV“’u’M’”’lg, the Fe
2p1, peaks between 723.5 and 724.1 eV“’lg, and Fe 3p between 53.7 and 56.4 eV!HI7I8,
The satellite of Fe 2 p3, was hidden under Fe 2p,,, envelope and not observed in the

) 11-19
literature sources

. The Fe 2p;;, peak for the Fe;O4 reference sample used in the
experiment was noticed at 710.2 eV. The satellite peak for that sample was weakly
pronounced at 719.3 eV. The Fe 2p;, peak for the Fe;O4 was observed at 723.9 eV
without a satellite peak. In the Fe 3p spectrum of Fe;O4, a single peak at 55.8 eV was
observed, without any satellite peak, similar to the results for Fe,Os. The Fe 3p peak
was slightly wider than that of Fe,O3. The Fe p spectra are comparable to those of the
Fe;04 from the literature sources cited above. However the satellite of Fe 2 p3, was

hidden under Fe 2p,,, envelope and not observed in the literature sources.

In the Figure 3.3.1, Fe, 03, Fe;04, FeS and FeSO,4 references are presented. The Fe2ps)»
peak position of the FeS reference was at 710.4 eV and Fe 2p;, at 724.4 eV, the
satellite was not observed. The Fe2p;/, peak for FeSO, reference was measured at 710.4
eV and the Fe 2p;, peak at 724.1 eV with the satellite at around 716.5 eV. The
references used in the experiment were compared with the references in the literature, to
show absence or presence of Fe 2p;, satellite. The satellite was clearly visible for
Fe,03; and FeOOH compounds and not observed for the Fe;O4, FeO and Fel 10-20
(Figure 3.3.1 b). This information is complementary with the P-XRD results. Using P-
XRD it was possible to distinguish between the a-Fe,Os and spinel Fe;O4. However,
differences between Fe;O4 and y-Fe, O3 were more subtle. The presence of the Fe 2ps,
satellite of y-Fe, O3 and absence of the satellite for Fe;O4 may help distinguish between
these two forms of iron oxide. The data from Fe p spectra from all references from

literature are compared with the experimental ones obtained in this study in Table 3.3.1.
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—Fe203
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Fig. 3.3.1. XPS Fe(2p) spectra of the reference samples a) used in a experiment b)

published in literature.
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Tab. 3.3.1 Binding Energies (eV) of Fe p references.

Name Fe 2p35 Satellzlte for Fe Fe 2p1 Fe 3p
P3r
Fe,05 710.3 718.4 724.2 55.6
Fe;04 710.2 719.3 724.2 55.8
FeS 710.4 - 724.4 55.7
FeSO, 710.4 716.5 724.1 55.6
Fe, 050" 709.0-711.4 717.0-719.4 724.0-724.5 55.6-56.6
Fe;0,'" 708.1-710.8 - 723.5-724.1 53.7-56.4
FeOOH!"?° 711.4-711.5 718.4-719.9 724.3-724.5 56.0-56.4
FeQ!®1418 709.3-710.7 - 723.1-723.3 54.7-56.0
Fe!4!418, 706.5-708.7 - 720.1-721.0 52.4-53.5

3.3.2 The XPS characterization of iron oxide samples prepared under

different conditions with a Na promoter, before activation

The binding energies of Fe 2ps;, for all samples with a Na promoter prepared in
different conditions were between 710.1 and 710.3 eV, Fig.3.3.2. For all the samples the
satellite peak was in the range between 718.3 and 718.6 eV. The binding energies of Fe
2p 1, for these samples were observed between 724.1 eV and 724.3 eV. There were also
characteristic low intensity satellite peaks for Fe 2p,,, spectra with the maxima between
733.0 eV and 733.2 eV for all the samples synthesised in various conditions. The
position of the Fe 2ps, and Fe 2py,, peaks for Fe, O3 from the experimental data were
approximately the same as for the references samples and for those found in the

10-18

literature’ . In general, there were no significant differences between Na samples

synthesised in different conditions.
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FeZp3/2

Fe2p 15

satellite

---------- pH 7, co-precipitation, fa5t, RT

— pH7, co-precipitation,

Intensity a.u.

pH 7, co-precipitation, fast, 60 °C

pH 7, impregnation, fasty RT

740 735 730 725 720 715 710 705
Binding Energy (eV)

Fig 3.3.2 XPS Fe (2p) spectra of the samples with Na promoter before activation; From the top
following: pH 7, co-precipitation, fast titrant addition, RT, pH 7, co-precipitation, slow titrant
addition, RT, pH 7, co-precipitation, fast titrant addition, 60 °C, pH 7, impregnation, fast titrant
addition, RT.

3.3.3 The XPS characterization of iron oxides samples prepared under

different conditions with K promoter, before activation

The Fe 2p3/, spectra for all the samples with K promoter before activation, prepared in
various conditions were between 710.2 and 710.3 eV (Fig.3.3.3). The satellite peak
position was observed between 718.5 eV and 718.4 eV. The distance between Fe 2ps»
and its satellite was on average 8.1 eV for all the samples studied, which is the typical
separation for Fe,Oj3 according to literature'®"’”. The Fe 2p spectra for the samples with

K are presented in Figure 3.3.3.
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——pH 7, co-precipitation

Intensity a.u.

pH 7, co-precipitation, fast, 60 °C

pH 7, impregnation, fast, RT

740 735 730 725 720 715 710 705

Binding Energy (eV)

Fig.3.3.3. XPS Fe(2p) spectra of the reference sample and of the samples with K promoter
before activation; From the top: Fe,O; reference, pH 7, co-precipitation, fast titrant addition,
RT, pH 7, co-precipitation, slow titrant addition, RT, pH 7, co-precipitation, fast titrant addition,
60 °C, pH 7, impregnation, fast titrant addition, RT.

The peak position of Fe 2p;,, for the same samples was between 724.1 eV and 724.5
eV. The low intensity satellite peak for Fe 2p;» was observed in the energy range
between 733.1eV and 733.9 eV. As for these samples synthesised with Na, there are no
significant differences between samples synthesised with different conditions, with K

promoter.
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3.3.4 The XPS characterization of samples prepared under different

conditions with Rb promoter, before activation

In these experiments the binding energies of Fe 2ps/, for samples before activation were
observed between 710.1 and 709.9 eV. The Fe 2ps, peak for all the samples has an
associated satellite peak located approximately 8 eV higher than the main Fe 2p3,, peak.
The binding energies of Fe 2p;, for the same samples were between 724.3 eV and
724.6 eV. There are also characteristic satellite peaks for Fe 2p,,, spectra in the range
between 733.8 eV and 734.2 eV. The satellite peaks of Fe 2ps;, and Fe 2p,,, for the
sample synthesised at pH 7, impregnated, fast titrant addition in room temperature are
more pronounced than for the other samples, see Figure 3.3.4. Binding energies data

from the analyzed non-reduced samples are contained in Table 3.3.5.

pH 7, co-precipitation,fast, RT

. slow, RT

Intensity a.u.

pH 7, co-precipitationyTast, 60 °C

pH 7, impregnation, fast, RT

| — T T T T T T |

740 735 730 725 720 715 710 705
Binding Energy (eV)

Fig.3.3.4 XPS Fe(2p) spectra of samples with Rb promoter before activation; pH 7, co-
precipitation, fast titrant addition, RT, pH 7, co-precipitation, slow titrant addition, RT, pH 7,
co-precipitation, fast titrant addition, 60 °C, pH 7, impregnation, fast titrant addition, RT.
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3.3.5 The XPS characterization of samples prepared under different

conditions with Rb promoter after activation

The peak positions of iron species Fe 2p, and Fe 2ps3, depend on the ionic states of

iron2%2¢

. The samples with Rb promoter reduced at 400 °C, 450 °C and non-reduced
samples are compared below. The binding energy values of Fe 2ps, peaks after
activation at 400 'C were in the range between 709.9 and 710.5eV, which is about 0.5
eV lower than non-reduced samples. The Fe 2p;, spectrum was observed in the range
733.7 — 734 eV. The satellites for the Fe 2ps, and Fe 2p;, peaks for the samples
reduced at 400 'C were not noticed. The characteristic wider Fe 2p3» peak and the
absence of associated satellite peak is typical for the Fe;O4 structure, as confirmed by

12,19,21
reference samples =

. The characteristic width of the Fe 2pj3, peak is due to the
coexistence of Fe*" and Fe*" peaks under the main peak. The shape and FWHM of Fe
2ps3, depends on the ratio Fe*" : Fe *". Therefore, the analysis, such as the fitting of Fe

2p3n, the Fe 3p and the Fe?" : Fe *' ratio will be studied below.

For the samples reduced at 450 °C the Fe 2p3» and 2p;, peaks were observed at the
same position as for the samples reduced at 400 °C. However, a splitting in the lower
energy shoulder for Fe 2p3, was observed. The main peaks were slightly narrower than
for the sample reduced at 400 °C. The smaller peak on the lower energy side of the Fe
2p peak at 706.5 eV, in the range typical for metallic Fe, was observed. The activated

iron oxide with Rb is presented in Figure 3.3.5.

For the sample reduced at 450 °C with Rb and Na the Fe 2p;, satellite was observed
which could be due to the presence o-FeOOH or re-oxidation and occurrence of
y-F6203“'20. The observed satellite of a-Fe,Os; and y-Fe,O; may be confused.
However, the XRD measurement of the experimental samples and different method of
synthesis for both compounds exclude the presence of a-Fe, O3 in the activated samples.
It was noticed in the literature that the a-Fe,O3 is converted to the inverse spinel
structure Fe;O4 by the reduction process and then to y-Fe,Os structure required re-

oxidation (which was not necessary in this work)?.
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Fe2p i,  satellite Fe2psn Fez+, Fe*t

Fe’

/

Intensity a.u.

740 735 730 725 720 715 710 705
Binding energy (eV)

Fig.3.3.5 The Fe(2p) XPS spectra of the samples (from the top): reduced at 450 °C, synthesised
at pH 7, co-precipitation, fast titrant addition - blue; reduced at 400 °C, synthesised in the same

conditions - green; non-reduced - red.
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Tab. 3.3.5 Binding Energies (eV) of Major Core Lines obtained from non-reduced and reduced

iron catalyst XPS data.
Name, reduction temperature Fe 2psp Satellite for Fe 3p
Fe 2psp

pH7, fast, RT, Na 710.2 718.6 55.4
pH7, slow, RT, Na 710.2 718.4 55.1
pH7, fast, RT, Na, impregnated 710.1 718.3 55.5
pH7, fast, 60 °C, Na 710.2 718.3 55.8
pH7, fast, RT, K 710.1 718.4 55.6
pH7, slow, RT, K 710.2 718.5 55.1
pH7, fast, 60 °C, K 710.2 718.5 54.9
pH7, fast, RT, K, impregnated 710.2 718.4 54.8
pH7, fast, RT, Rb 710.1 718.4 54.9
pH7, slow, RT, Rb 710.1 718.2 54.6
pH7, fast, 60 °C, Rb 710.0 718.2 553
pH7, fast, RT, Rb, impregnated 710.1 718.3 55.7
pH7, fast, RT, Rb, 400 °C 710.3 - 55.8
pH7, fast, RT, Rb, 450 °C 710.3 719.5 55.8
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3.3.6. The XPS spectral analysis. The fitting for the samples with

different promoters before and after activation

The Gupta and Sen (GS) 20-25 calculation was used to fit references and samples with
different promoters measured before and after activation. The multiplet components
information like a FWHM range for high-spin Fe’", Fe*", multivalent Fe;04 and Fe' is
reported in their publications and those of others'® 2°2*%°. The main peak envelope
centre of gravity was determined using the GS multiplets fitting. The envelope,
corresponding to GS calculations contains multiplets peaks, high-BE “surface-peak”,

low-BE “pre-peaks” The Fe (2p) spectra were fitted by a least squares routine.

3.3.7. The XPS spectral analysis. The Fe (2p) peak fitting for the

samples with sodium, potassium and rubidium before reduction

The full width at half of the maximum (FWHM) range of the peaks used to fit the Fe
2ps3;» experimental multiplet spectra for the Fe, O3 reference sample was between 1.0
eV and 1.4 eV. The double maximum in the Fe 2p;, spectrum for the reference was
fitted by two narrow (FWHM = 1.0 eV and 1.2 eV) peaks of equal intensity, separated

by 1.2 eV, which was similar to the published references'**°.

The multiplets were fitted by starting with the most intense peaks with similar width
and shape. The multiplet fitting for the reference sample can be seen in Figure 3.3.7.1.

20,24

The area under the peak is related to the GS experiment and presented in a Table

3.3.8.2. There are significant differences in the shape and FWHM between Fe 2ps, of

the a-Fe, O3 and y-Fe,O3 described in literature'**°

. The first and the second peak of
the multiplet under Fe 2ps3, peak for a- and y-Fe, O3 have different intensities, BE
difference and FWHM and this causes a characteristic split in the envelope.
The combination of these factors should help distinguish between the o- and
v- structures of the Fe, O3 For example, first two of the multiplet peaks of the same
intensity may interfere and give a smooth enveloped peak without any splitting.

However, a little difference in the BE difference between two multiplet peaks may
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cause a small split in the envelope'****. Another case when the splitting may occur is
when one of the multiplets peak has higher intensity than the other. Distinguishing the
difference based only on the FWHM and the distance of the first two multiplet peaks
may be also regarded as good procedure (not only the shape of the envelope).

The FWHM is always slightly larger under the envelope of the y-structured samples.

The difference between both structures is explained by the difference in orientation of
the Fe'* cations. All of the cations in the a-compound are octahedrally coordinated,
while in a y-compound of spinel-related structure, three quarters of the Fe*" cations are
octahedrally and a quarter tetrahedrally coordinated'**°.The Fe,O; reference sample
has equal intensity for both first multiplet peaks. The BE differences between multiplets
and FWHM are comparable with those of a-Fe,O; described by GS'*?**% The
multiplets, surface-peaks and pre-peaks for Fe 2ps3,, for the reference sample are given

in Table 3.3.7.

Fe3+

Multiplets peaks

Intensity a.u.

Fe3+

“Pre-Peak”

716 714 712 710 708 706
Binding Energy (eV)

Fig. 3.3.7.1 The XPS Fe 2p3, spectra of Fe, O3 reference sample. The multiplet peaks, “surface

peak” and “pre-peak” have been assigned on the spectrum.
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Differences in the intensity for the first peaks of the multiplets of the samples with
different promoters were observed (peaks no 1 and 2, Figure 3.3.7.2 - 3.3.7.4). The low
energy peak of the multiplet has a higher intensity for the samples with K and Rb in
comparison to the sample with Na, which has equal intensity for both multiplet peaks,
see Figure 3.3.7.2 — 3.3.7.4. No significant differences were observed in the width
(FWHM) of the multiplet peaks under the Fe 2ps, peak between the non-reduced
samples synthesized with different promoters. The above, and the similarity with the
fingerprint sample, leads to the conclusion that all of the samples have an o-Fe;O3
structure. The multiplets, surface-peaks and pre-peaks for Fe 2pj3,, for the samples with
three different promoters were calculated using the XPS Casa software”’ and are given

in Table 3.3.7.

Intensity a.u.
I
w
' ~ i

716 714 712 710 708 706
Binding Energy(eV)

Fig. 3.3.7.2 The XPS Fe 2p;, spectra of iron oxide catalyst synthesised in pH 7, fast titrant
addition, RT, with K promoter.
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Intensity a.u.

716 714 712 710 708 706

Binding Energy (eV)

Fig. 3.3.7.3 The XPS Fe 2p;, spectra of iron oxide catalyst synthesised in pH 7, fast titrant

addition, RT, with Na promoter.

Intensity a.u.

712 710
Binding Energy (eV)

716

Fig. 3.3.7.4 The XPS Fe 2p;, spectra of iron oxide catalyst synthesised in pH 7, fast titrant

addition, RT, with Rb promoter.
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Tab. 3.3.7. The Fe (2p;,) multiplet peak positions used to fit the Fe*" and Fe*" compounds,
based on Gupta and Sen (GS).

Iron oxide (pH 7,| Peak 1 Peak 2 | Peak 3 | Peak4 | Peak 5 Peak 6
fast, (eV), (eV), (eV), (eV), “pre- “surface
RT)/promoters, FWHM | FWHM | FWHM | FWHM | peak” peak”’(eV),
reduction (eV), FWHM
temperature FWHM
Fe,03 709.8, 710.6, 711.5, | 7125, 708.2, 713.8,
1.0 1.2 1.2 1.4 1.2 1.6
Na 709.8, 710.7, 711.5, | 712.4, 708.7, 713.7,
1.0 1.2 1.2 1.4 1.2 1.6
K 709.8, 1.0 | 710.6, 7114, | 7124, 708.8, 713.7,
1.2 1.2 1.4 1.4 1.6
Rb 709.6, 1.1 | 710.5, 7114, | 7123, 708.7, 713.7,
1.2 1.2 1.4 1.4 1.6
Fe;04 (Fe') 710.2 711.1, 712.1, | 7133 - 714.4,
1.4 1.4 1.4 1.4 1.5
Rb, 400 °C 710.2 711.1,3 | 712.1, | 713,4 - 714.5,
1.4 1.4 1.4 1.4 1.6
Na, 400 °C 710,1 711.1,1 | 712.2, | 7133 - 714.4,
1.4 1.4 1.4 1.4 1.55
Rb, 450 °C 709.8 710.9 712.1, | 713,1 - 714.1,
1.4 1.4 1.4 1.4 1.6
Na, 450 °C 709.9 710.9 712, 713.,2 - 714,
1.4 1.4 1.4 1.4 1.6
Fe;0, (Fe™) 708.1 709.1, 710.9, - 707.8, 714.4,
1.2 1.2 1.4 1.4 1.5
Rb, 400 °C 708.8 709.1, 710.1, - 707, 714.5,
1.2 1.2 1.4 1.4 1.6
Na, 400 °C 708.5 709.1, 710.5, - 707.5, 714.4,
1.2 1.2 1,4 1.4 1.55
Rb, 450 °C 707.9, 709.4, 710.9, - 707.3, 714.1,
1.2 1.2 1.4 1.5 1.6
Na, 450 °C 708, 709.5, 710.6, - 707.2, 714,
1.2 1.2 1.4 1.6 1.6
XPS Standard deviation (SD) for the peak positions: 0.02-0.1
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3.3.8. The Fe 2p XPS spectral analysis. The fitting of the Fe;O,
reference and the samples with Na and Rb promoters after reduction

at 400 °C and 450 °C

The spectrum of the multivalent Fe;O4 reference sample significantly varies from the
spectra of the Fe,O; reference because of the characteristic broad Fe 2p;, envelope
with a shoulder on the low binding energy side. The characteristic width of the Fe 2p3,
envelope for the Fe;O4 reference sample is due to the fact that both Fe’" and Fe**
components were fitted into the Fe 2p;, spectrum, exactly as described before by

14,20,24,25

Gupta, Sen, Mclntyre, Zetaruk and Grosvenor . The Fe** multiplet peaks for the

Fe;04 reference sample are shifted to higher energies from around 0.4 eV to 0.7 eV in
comparison to those observed in the Fe, O3 reference sample, as was described in the

1420.23.25 © The distinctive peaks used to fit the Fe*" and Fe** species in Fe;0q4

literature
have been marked in Figure 3.3.8.The multiplet peaks energies used to fit the Fe*" and

Fe’" species are in the Table 3.3.7.

Fe2+
Multiplet Peaks.
(From the right

Fe3+

A

Multiplet Peaks / ol,2,3)
>
© 3+
4? Fe 2+
< “Surface Fe
3 “Pre-Peak”
£
\/\’\M;

717 715 713 711 709 707 705
Binding Energy (eV)

Fig. 3.3.8. GS backround-substracted Fe 2p;, spectrum of Fe;O,, reference sample. The
multiplet peaks, “surface peak” and “pre-peak’” have been labelled on thee spectrum.
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3.3.8.1 The Fe 2p;3, XPS spectra fitting of samples prepared in pH7,
fast titrant addition, RT with Na and Rb after activation in 400 °C

The Fe'" multiplets peaks for the samples with Na and Rb promoters synthesised in
pH7, fast titrant addition, RT, reduced at 400 °C have similar shapes and binding energy
values to the Fe;O4 reference sample, Figure 3.3.11 and 3.3.12. Slightly higher binding
energy Fe*" multiplet peaks and a visible indent in the lower energy part of the envelope
were observed for the sample with Na promoter. The partial oxidation level above
Fe; 04 could be the reason of lower width of the main Fe 2p3/, peak for the samples with
Na promoter. The samples reduced at 400 °C and fitted multiplet peaks are presented in
Figure 3.3.8.1 aand 3.3.8.1 b.

Intensity a.u.

717 715 713 711 709 707 705
Binding Energy (eV)

Fig. 3.3.8.1 a The XPS Fe 2p;;, spectra of iron oxide catalyst with Na promoter, synthesised in
pH7, fast titrant addition, RT and activated in 400 °C.
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Intensity a.u.

717 715 713 711 709 707 705
Binding Energy (eV)

Fig. 3.3.8.1 b The XPS Fe 2p3), spectra of iron oxide catalyst with Rb synthesised in pH7, fast
titrant addition, RT, reduced in 400 °C.

3.3.8.2 The Fe 2p;, XPS spectra fitting of samples prepared in pH7,
fast titrant addition, RT with Na and Rb after activation in 450 °C

The Fe 2p3/, spectra for the samples with Na and Rb promoters synthesized in pH7, fast
titrant addition, RT, reduced at 450 °C had the same characteristic Fe*" and Fe’*
multiplets as the samples reduced at lower temperatures. Furthermore, similar to the
sample synthesised at 400 °C, the visible indent into the elevation of the lower energy
part of the envelope for the sample with Na promoter was observed. The significant
difference between samples reduced at 400 °C and 450 °C was a distinct peak present in
the low binding energy region of the envelope in the same BE region as for the samples
with Na and Rb. According to the literature, the peak which occurred at 706.4 eV
binding energy after reduction in higher temperature was characteristic for the metallic
form of Fe. For the sample with Na promoter, a smaller amount of the metallic form of
catalyst was observed. The GS fitting for the iron oxide multiplets with metallic iron
under envelope are presented in Fig 3.3.8.2 a and 3.3.8.2 b. The binding energies for all
Fe 2p multiplets peaks values for the sample reduced at 450 'C are tabulated in the
Table 3.3.7.
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Intensity a.u.

716 714 712 710 708 706 704
Binding Energy (eV)

Fig. 3.3.8.2 a The XPS Fe 2p;, spectra of iron oxide catalyst with Na promoter, reduced at

450 °C.

Intensity a.u.

716 714 712 710 708 706 704
Binding Energy (eV)
Fig. 3.3.8.2 b The XPS Fe 2p;, spectra of iron oxide catalyst with Rb promoter, reduced at

450 °C.
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In the experiment the Fe?'/Fe’" ratio in the Fe;O4 structure was also estimated. It was
found that in the samples reduced at 400 °C with Rb and Na, the Fe*"/Fe’" ratio from Fe
2p3» was 0.52 and 0.51 respectively. For the samples reduced at 450 °C with Rb and
Na, the Fe*"/Fe’" ratio was 0.60 and 0.54 respectively. The expected the Fe*"/Fe’" ratio
in the Fe;O4 1s 0.5 The Fe?*/Fe’" ratio increased with the reduction temperature which
demonstrates transformation of the Fe’" ions into Fe*" with increasing reduction
temperature. The ratios for the samples with Rb and Na promoters, reduced at 400 °C

and 450 °C are presented in a Table 3.3.8.2.

The Fe’'/Fe’” ratio was measured for the Fe 2ps» spectra and according to the
multiplets overlapping, there is a possibility that the separation of the two phases was
not accurate. The error may be related with the overlapping of the first two peaks (No 1,
2) of Fe*" multiplet and the third (No 3) peak of the Fe*” multiplet. Fe 3 p spectra were

examined in the next part of that experiment.
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3.3.9 The Fe’" and Fe’ ratio calculation by fitting of the Fe 3p spectra

There is also a good procedure for calculating the Fe*"Fe’" ratio from the Fe 3p
spectrum due to the fairly low complexity of the structure of those spectra'*'°. The Fe
3p peak, in comparison to 2p peaks, does not have satellite peaks that may partially
overlap the 2p main peaks. The Fe 2p peaks are also separated in two peaks which
makes it difficult to calculate the Fe*:Fe’™ ratio and to obtain the total contributions of
the components, the area under both peaks should be integrated. Moreover, the Fe 3p

peak is a single peak without satellites that may interfere with the main peak.

The Fe 3p peak of the Fe;O4 reference sample was fitted using Fe’" and Fe'
parameters and peak positions from the Fe 3p of reference sample and literature
sources'*'"!®, The results for deconvoluted peaks for the sample with Na promoter
reduced at 400 °C gave the Fe’": Fe’" ratio to be 0.52, slightly higher than expected
from the stoichiometry of Fe;04 Fe*": Fe’" ratio (0.5). The ratio for the samples with
Rb promoter reduced at the same temperature was equal 0.50. The results of
deconvoluted Fe 3p peaks taking into account the estimated experimental and analysis
error, are very similar to those obtained from Fe 2p spectra. S.D. is equal 0.01 for both

Fe’" and Fe'", which is similar to the literature data.The fittings for the Fe 3p of the

samples with Na and Rb promoter reduced at 400 °C are presented in Figure 3.3.9.

Fe** /Fe* =05

Intensity a.u.

60 58 56 54 52 50
Binding Energy (aV)
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Fe* /Fe* =0.52

Intensity a.u.

60 58 56 54 52 50
Binding Energy (eV)

Fe” /Fe* =0.50
=
©
=
]
c
z
c
I T T T 1
60 53 56 54 52 50

Binding Energy (eV)
Fig. 3.3.9 The fitting of the Fe 3p line for from the top: Fe;O4; pH 7, co-precipitated, fast titrant

addition in room temperature, reduced at 400 °C, with Na; the same conditions with Rb

promoter. The Fe** : Fe*" ratio have been labelled near to the spectra.

100



Chapter 3

3.3.10 O 1s spectra of samples with alkali promoters

The XPS measurements helped to identify the oxidation state of iron, and the structure
of the iron oxide for the samples with different alkali promoters, Na, K, Rb before and
after activation. To obtain further information on the type of oxidized iron species
present in the samples, the Ols peak was analyzed. The Ols characterization facilitated
distinguishing between different forms of iron catalyst surface compounds such as
hydroxide and water species. Storage in the air would lead to the formation of hydrates

at the surface, and that would influence the performance of the catalystzg.

3.3.11 O 1s spectra of samples with K promoter for non-activated

samples

The measurement of the Ols spectrum for all the samples with K promoter synthesized
in different conditions showed main peaks at 530.3 eV, which is comparable with the
literature sources”%*!. Every Ols peak had a characteristic shoulder in the higher
energy base of the peak, around 2 eV above of the maximum of the peak. The shape and
the energy range of the main peak suggested the presence of hydroxides and H,O
species which can appear in small amounts on the surface of the iron oxide catalyst. The
slightly larger feature for the samples synthesized at pH 7, impregnated, fast titrant
addition in RT was observed. The main O 1s peak and the feature are presented in

Figure 3.3.11.
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pH7, fast, RT
—pH7, slow, RT
pH 7, fast, impregnation, RT

Intensity a.u.

J

538 536 534 532 530 528 526
Binding Energy (eV)

Fig. 3.3.11. The Ols peak for the samples with K promoter (from the top): pH 7, fast titrant
addition, RT; pH 7, slow titrant addition, RT; pH 7, fast titrant addition, impregnated, RT

3.3.12 O 1s spectra of samples with Na promoter, before and after

activation

For all non-reduced samples with Na promoter synthesized in different conditions a
single Ols peak was observed at BE 530.2 eV. The lower gradient of the higher energy
shoulder for all the samples was observed. The shape of the Ols peak may suggests
presence of hydroxides and H,O species on the surface of iron oxide catalyst. The Ols
peak was slightly broader for the samples synthesised at pH 7, impregnated, fast titrant
addition in room temperature, than the rest of the samples. The higher FWHM may
suggest the presence of OH™ and H,O species (higher energy base of the O Is peak
ending at 536 eV). The main O 1s peak is presented in Figure 3.3.12.1.
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pH7, fast, RT
— pH7, slow, RT
pH 7, impregnation, fast, RT /

Intensity a.u.

\

\_

540 538 536 534 532 530 528 526
Binding energy eV

Fig. 3.3.12.1 The Ols peak for the samples with Na, (from the top): pH 7, fast titrant addition,
RT; pH7, slow titrant addition, RT; pH 7, fast titrant addition, impregnated, RT

After non-reduced samples with Na promoter, the samples reduced under H,/He at 400
°C and 450 °C samples were recorded, Figure 3.3.12.2. The O 1s spectra for the samples
reduced at 400 °C have one main peak in the area around 530 eV. A small gradient on
the higher energy side shoulder of the main peak was visible. The O 1s peaks for the
reduced samples are presented in Figure 3.3.12.2. The main O 1s peak for the samples
reduced at 450 °C has nearly the same BE (530.1 eV) as those reduced at the lower
temperature. However, a few differences between the samples reduced in the two
different temperatures were found. The samples reduced at 400 °C in comparison to
those reduced at 450 °C have slightly higher intensity and lower FWHM. The feature in
the higher energy shoulder (BE in the range 531.0 — 533.5 eV) for the samples
synthesized at the higher temperature was still visible.

Higher FWHM for the samples reduced at the lower temperature may suggest presence
of the mixture oxides (e.g. Fe,O3; and Fe;O4) and/or mixture iron oxide and iron

293031 The presence of the feature in the higher energy shoulder for the

hydroxide
samples reduces in higher temperature may suggest the presence of hydrates at the
surface of the iron oxide. The small prominence (534.5 — 538.0 eV) may be caused by

. e 1329
mmpurities .
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—pH 7, fast, RT, 400 °C
pH 7, fast, RT, 450°C "\
S
=
>
@
c
g
<
_--q-l"/

540 538 536 534 532 530 528 526

Binding Energy (eV)

Fig. 3.3.12.2 The Ols peak for the reduced samples with Na: pH 7, fast titrant addition, RT,
reduced in 400 °C; pH 7, fast titrant addition, RT, reduced in 450 °C

3.3.13 O 1s spectra of samples with Rb promoter before and after

activation

The O 1s peaks for the samples with Rb are presented in Figure 3.3.13.1. The O 1s
spectrum for the samples with Rb, with slow titrant addition in room temperature, splits
into two peaks with BE values 530.0 eV and 532.7 eV. The splitting divides the main O
Is peak into two peaks of nearly equal intensity. The peak splitting may indicate the
presence of combined oxides and hydroxides at the surface of the iron catalyst. The
hydroxide peak for the sample, synthesized at pH 7 with fast titrant addition rate, has a
similar intensity to that synthesized with slow titrant addition rate. However only one
broad peak was observed, which may suggest interference of the O and OH™ species
peaks. For the sample synthesized at pH 7, fast titrant addition impregnated the main
peak 530.0 eV and minor 532.8 eV were observed. The main peak was two times higher
than that of the samples described before. The lower gradient of the peak in a range
between 535.0 — 538.5 eV may suggest presence of impurities on the iron oxide surface.
It was observed that all the samples with Rb promoter before reduction have more

hydroxides and water compared to these with Na and K.
104



Chapter 3

pH7, fast, RT
— pH7, slow, RT
pH7, impregnation, fast, RT

2

Intensity a.u,

—

540 538 536 534 532 530 528 526
Binding Energy (eV)

Fig. 3.3.13.1 The Ols peak for the samples with Rb, (from the top): pH 7, fast titrant addition,
RT; pH7, slow titrant addition, RT; pH 7, fast titrant addition, impregnated, RT

The O 1s spectrum for the samples reduced under H,/He at 400 °C has one main peak
localized between 529.8 eV and 530.2 eV. The samples synthesized at pH 7, fast titrant
addition rate, reduced at 400 °C have a lower gradient higher energy shoulder than the
rest of the samples. Two other samples synthesised at pH 7 slow titrant addition in room
temperature, reduced in 400 °C and pH 7 fast titrant addition in room temperature,
reduced at 450 °C have a lower gradient higher energy shoulder and clearly visible
small feature at BE 532.1 — 534.1 eV. The lower gradient of the higher energy shoulder
and the feature can suggest the presence respectively OH™ and H,O species. The high
energy side shoulder for the samples synthesized at pH 7 slow titrant addition in room
temperature, reduced in 450 °C and impregnated samples reduced in two different
temperatures have similar gradient as the samples described above however, the feature
was not observed. The O 1s spectra for the samples reduced at 400 °C and 450 °C are
compared in Figure 3.3.13.2.
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The lower gradient of the higher energy shoulder may suggest a mixture of OH™ and O*

species. The

small concentration of the hydroxides may have big influence on the Fe:O

ratio and stoichiometry of iron oxides with different promoters during activation

process. The

Fe:O atomic percent ratio will be calculated using XPS and bulk sensitive

techniques in the next section.

Intensity (a.u.)

pH 7, fast, RT, 400 °C
= pH 7, slow, RT, 450 °C

—— pH 7,fast, impregnation, RT, 400 °C
—— pH 7, slow, RT, 400 °C "
== pH 7, fast, RT, 450 °C .-'f:i"f
pH 7, impregnation, fast, RT, 450F°C

535 533 531 529 527
Binding Energy (eV)

Fig. 3.3.13.2 The Ols peak for the reduced samples with Rb: pH 7, fast titrant addition, RT,
reduced in 400 °C; pH 7, slow titrant addition, RT, reduced in 450 °C; pH 7, fast titrant addition,

impregnation,

RT, reduced in 400 °C; pH 7, slow titrant addition, RT, reduced in 400 °C; pH 7,

fast titrant addition, RT, reduced in 450 °C; pH 7, fast titrant addition, impregnation, RT,
reduced in 450 °C.
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3.4 Elemental analysis techniques (XRF, EDX, XPS)

and the determination of the iron oxide stoichiometry

The elemental analysis of the iron and oxygen content was carried out using both bulk
and surface sensitive techniques. The EDX, XRF and surface sensitive XPS facilitated
the comparison of Fe:O atomic percent ratio for the non-activated and activated iron
oxide catalysts. The atomic percentage of Fe and O of the samples synthesised in three
different conditions with three different promoters: Na, K and Rb are compared and

presented in the Table 3.4.1.

The surface sensitive XPS analysis of the non-activated iron oxide samples, synthesised
under various conditions with Na indicate Fe:O ratios in the range 0.58 — 0.65. The
sample synthesised at pH 7, slow titrant addition at room temperature has the lowest
Fe:O ratio (0.59), which is lower than experimental a-Fe,O3 reference (0.63) and the
theoretical Fe,O3 (0.67). The slightly higher amount of oxygen noticed may be caused
by the hydroxides and H,O presented on the surface, which was observed using XPS O

Is spectra analysis.

Two of the samples synthesised at pH 7, slow titrant addition at room temperature and
at pH 7, fast titrant addition in 60 °C with K have the amount of oxygen higher then
theoretical, a Fe:O ratio of respectively 0.69 and 0.75. The sample synthesised at pH 7,
fast titrant addition at room temperature has a ratio comparable to the theoretical a-

Fe, O3 Fe:O ratio (0.67).

The catalyst synthesised at pH 7, slow titrant addition at room temperature with Rb has
lower than theoretical Fe:O ratio 0.61 (61.9 at % of O). The Fe:O ratio for the two other
samples was between 0.67 — 0.7 (58.9-59.7 at % of O), which is in a range between
theoretical a-Fe, O3 and Fe;04 (57 - 60 at% of O).
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The XRF bulk technique for non-reduced samples with three different promoters
indicated Fe:O ratio in a range (0.62 — 0.69) and reveals the presence of oxygen in a
range between (59.06 — 61.59 %). The lowest Fe : O ratio was noticed for the samples
synthesised in pH 7, slow titrant addition in room temperature with Na (0.62 and 61.59
at % of O). The highest Fe:O (0.69) was also observed for the sample with Na,

synthesised in pH 7, fast titrant addition in room temperature.

The EDX technique shows similar data to these XRF. The Fe:O ratio measured by that
technique is in the range between 0.52 - 0.69 and oxygen atomic percent in the range
59.2 - 65.9. The lowest Fe:O ratio was noticed for the sample synthesised at pH7, fast
titrant addition in 60 °C, with K. The highest ratio was noticed for the sample
synthesised at pH7, slow titrant addition in room temperature, with Rb. The increase of
the Fe:O ratio with the reduction temperature was observed using XRF bulk elemental
analysis. Both bulk and surface techniques confirmed results obtained using P-XRD.
The higher amount of oxygen recorded for some of the samples may be caused by the
presence of H,O and hydroxides on the surface. The difference in stoichiometry
between non-reduced samples synthesized with different promoters was not significant.
The average Fe:O ratios for the samples analysed by surface and bulk techniques before
reduction, with Na, K and Rb were: 0.62, 0.65, 0.66, respectively. The results for both

surface and bulk sensitive techniques are presented in Table 3.4.1.
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Tab. 3.4.1 The EDX, XPS, XRF elemental analysis of Fe and O (at %) for non-reduced iron

oxide samples synthesized in various conditions with different promoters

Conditions Atomic % of | Fe : O | Atomic % of | Fe: O | Atomic % of | Fe: O
Fe, EDX Ratio Fe, XRF ratio Fe, XPS Ratio
Sample/Element Fe o 1 Fe o Fe o o0
analysed Fe,O Fe,O n
0-Fe,0; 38.6° | 614 | 063 | 39.41° | 6052 | 0.65 |385%| 615 | 0.63
pH7, fast, RT,Na | 37.9 | 62.1 | 0.61 | 4073 | 59.06 | 069 | 371 | 62.6 | 0.59
pH7, slow, RT,Na | 38.0 | 62.0 | 061 | 38,08 |61.59| 062 | 392 | 60.5 | 0.65
pH7, fast, 60 °C,Na| 37.3 | 62.7 | 059 | 3945 | 6020 | 065 | 365 | 632 | 058
pH7, fast, RT, K 389 | 60.1 | 0.65 | 4121 |59.70| 0.69 | 40.2 | 59.8 | 0.67
pH7, slow, RT,K | 39.9 | 60.0 | 0.66 | 3980 |60.10 | 0.66 | 40.8 | 59.1 | 0.69
pH7, fast, 60 °C,K | 34.1 | 659 | 052 | 3890 | 61.0 | 0.64 | 43.0 | 57.0 | 0.75
pH7, fast, RT,Rb | 40.6 | 59.4 | 0.68 | 40.48 |59.47 | 0.68 | 381 | 61.9 | 0.61
pH7, slow, RT,Rb | 40.8 | 59.2 | 0.69 | 3859 |61.37| 0.63 | 40.3 | 59.7 | 0.67
pH7, fast, 60 °C,Rb| 39.9 | 60.1 | 0.66 | 3987 | 60.08 | 0.66 | 411 | 589 | 0.70

1. at% theoretical: Fe =40 %, O = 60 %; Fe,0O; = Fe(4,0
EDX Standard deviation (SD): Fe(1.3-1.5); O(1.2-1.5)
XRF Standard deviation (SD) for Fe and O: (0.05- 0.5)
XPS Standard deviation (SD): Fe(1.0 - 1,4); O(0.9—-1.1)

el

The surface XPS analysis for the samples with Na and Rb promoters after reduction in

400 °C and 450 °C H,/He for 20 h was carried out. The changes of Fe:O ratio due to the

changes in oxygen concentration caused by increasing reduction temperature are
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observed. The results for all activated samples are presented in the Table 3.4.2. The
samples reduced at 400 °C with Na promoter according to the PXRD experiment reveal
the presence of the cubic magnetite Fe;O4 structure, theoretically of 43 at % of Fe and
57 at % of O (Feg750). The samples with the same promoter reduced at 450 °C
according to the PXRD reveal the presence of the cubic crystal structure of metallic iron
Fe’. For the sample with Rb mixtures of Fe;O,4 and Fe? after reduction at 400 and 450

°C were observed.

The quantitative XPS analysis for the samples with Na after reduction at 400 °C showed
a lower Fe:O ratio (0.69) than the theoretical Fe:O ratio for Fe;O4. The Fe:O ratio for
the samples with Rb reduced in the same temperature was 0.72, (the atomic percent of
oxygen in a range 58.1 — 58.2). The XPS elemental analysis for the samples with Na
reduced in 450 °C showed a slightly higher Fe:O ratio (0.72) and lower 58.1 atomic
percent of oxygen which may be due to metallic iron occurring on the surface. The Fe:O
ratio for the samples with Rb reduced in 450 °C was in the range between (0.67 — 0.70),
which is between theoretical Fe,O; and Fe;O4 (0.67 — 0.75). The XPS surface
elemental analysis was compared to the XRF bulk analyses. The results for the activated

samples with Na and Rb are presented in Table 3.4.2.

The Fe:O ratio measured by the XRF technique for the samples with Na promoter
reduced in 400 °C is 0.67 and is lower than those of the samples reduced in a higher
temperature 450 °C, Fe : O (0.70) . The samples with Rb reduced in 400 °C have the
Fe:O ratio in the range 0.70 — 0.76 and for the samples reduced 450 °C was 0.76 - 0.84.
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Tab. 3.4.2 The EDX, XPS, XRF elemental analysis Fe and O in iron oxide samples synthesized
in different conditions with Rb and Na promoter after reduction in 400 °C and 450 °C

Conditions before Atomic % of | Fe: O | Atomic % of | Fe: O
reduction Fe, XRF ratio Fe, XPS Ratio
Sample/Element analysed Fe O Fe,O Fe O Fe,O

T
Fes0, 43.0 57.0 0.75 41.9 59.1 0.71

2 3
pH7, fast, RT, Na, 400 °C 40.1 594 0.67 41.0 59.0 0.69

pH, fast, RT, Na, 450 °C 41.0 58.2 0.70 41.9 58.1 0.72

pH7, fast, RT, Rb, 400 °C 434 56.9 0.76 41.9 58.1 0.72

pH7, slow, RT, Rb, 400 °C 42.4 57.8 0.73 41.8 58.2 0.72

bH7, fast, 60 °C, Rb, 400 °C 42.1 56.8 0.74 41.9 58.1 0.72

pH7, fast, RT, Rb, 450 °C 45.2 55.4 0.81 40.2 59.8 0.67

pH7, slow, RT, Rb, 450 °C 43.2 57.0 0.76 40.3 59.7 0.68

at% theoretical: Fe =40 %, O = 60 %; Fe,O3 = Fe(y 4,0
at% theoretical: Fe =43 %, O =57 %; Fe;04 = Fe(750
at% theoretical: Fe = 50 %, O = 50 %; FeO = Fe,O

XRF Standard deviation (SD) for Fe and O: (0.05- 0.5);
XPS Standard deviation (SD): Fe(1.2-1.5); 0(0.9-1.0)

AEE I
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3.5 Surface determination by nitrogen adsorption

measurement

Nitrogen adsorption-desorption isotherms of all the samples synthesised with different
promoters in various conditions are Type IV, Figure 3.5.1 according to the [UPAC
definition***. Characteristic features of the Type IV isotherm are its hysteresis loop,
which is associated with capillary condensation taking place in mesopores, and the
limiting uptake over a range of high p/p° . The beginning of the isotherm is recognized
as a monolayer-multilayer adsorption. The linear section of the branch after inflection
point is observed. The inflection point called the “B” point™ is attributed to the stage at

which monolayer coverage is finished and multilayer adsorption is beginning.

The majority of the isotherms had similar nearly vertical steep adsorption and
desorption branches, and belong to the H1 type®**. Type HI is often associated with
porous materials known, from other evidence, to consist of compact agglomerates of
approximately uniform spheres in a fairly regular array, and hence to have narrow

distributions of pore size™’.

The pore size distribution (PSD) was measured using the adsorption branch. The
adsorption branch, as opposed to the desorption branch, is hardly affected by any tensile
strength effect (TSE) phenomenon. Moreover, applying adsorption branches allows

avoiding the influence of pore network effect.

3.5.1 Surface determination by nitrogen adsorption measurement;

comparison of the properties of FTS catalysts with Na promoter

The samples with Na promoter synthesised in various conditions have the
characteristics of a Type IV hysteresis loop. The shape of the hysteresis, nearly-parallel
vertical adsorption and desorption branches of the sample synthesised in pH 7, fast

titrant addition, RT, was typical for the H1 type.
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The samples synthesised in pH 7, impregnated, fast titrant addition, RT and with slow
titrant addition had a hysteresis loop and limiting uptake over a range of high p/p°
characteristic also for the H1 type. The samples with Na promoter synthesised at 60 °C
have a slope with smaller gradient for the adsorption and desorption branches, and the

beginning of hysteresis loop point is lower than in the samples described above.
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Fig. 3.5.1 Nitrogen adsorption and desorption isotherms (left), and corresponding PSD as
derived from BJH model (right), for samples with Na promoter, from the top: a) synthesised at
pH 7, co-precipitation, fast titrant addition, RT b) synthesised at pH 7, co-precipitation, slow
titrant addition, RT c) synthesised at pH 7, impregnation, fast titrant addition, RT d) pH 7,

co-precipitation, fast titrant addition, 60 °C

The samples synthesised in various conditions with Na promoter exhibited relatively
narrow PSD values. Only the samples synthesised in pH 7, fast titrant addition at 60 °C
have a slightly broader PSD peak, which may suggest a less homogenous surface.

The sample synthesised at 60 °C has the smallest average PSD 5.6 nm. The PSD of the
rest of the samples have values between 12.6 and 14.7 nm. It is the highest average PSD
in comparison to the catalyst with K and Rb promoters shown below. Nitrogen
adsorption and desorption isotherms and corresponding PSD are presented in a Figure

3.5.1.

The total pore volume (TPV) for the sample synthesised at 60 °C is higher than for the
rest of the samples (0.013 cm’ g'l). The TPV for the rest of the samples is between
0.009 and 0.011 cm® g'. All the values for pore volumes and pore size distribution are

presented in Table 3.5.3.

The BET surface area was observed to be between 33 and 37 m” g for the samples
synthesised under different conditions with a Na promoter. The highest surface area was
that of sample synthesised at 60 °C and the lowest for sample synthesised with a slow

titrant addition, and this is related with the crystallinity of these samples. Lower surface
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area was related with higher crystallinity, as shown in the powder-XRD experiments.

Surface area values are presented in Table 3.5.3.

3.5.2 Surface determination by nitrogen adsorption measurement:

comparison of the properties of FT catalysts with K promoter

The hysteresis loop characteristic for type IV according to IUPAC definition for all the
samples with K promoter was observed, Figure 3.5.2. The samples synthesised at pH7
and slow titrant addition rate had typical for H1 type with nearly-parallel vertical
adsorption and desorption branches. The sample synthesised at pH 7, fast titrant
addition in 60 °C, pH7, fast titrant addition in RT, impregnated had a smaller gradient of
adsorption branches and the lower adsorption at high p/p° than the rest of the samples.
These characteristics suggest that the sample belongs to the H2 . A distribution of
various sized cavities but with the same entrance diameter would give this type of
hysteresis loop. Differences between condensation (adsorption branch) and evaporation
(desorption branch) are attributed to narrow neck and wide bodies, so called “inc-body

shape”, or more commonly the role of the network effects are considered’.
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Fig. 3.5.2. Nitrogen adsorption and desorption isotherms (left), and corresponding PSD as
derived from BJH model (right), for samples with K, from the top: a) synthesised at pH 7, co-
precipitation, fast titrant addition, RT b) synthesised at pH 7, co-precipitation, slow titrant
addition, RT c) synthesised at pH 7, impregnation, fast titrant addition, RT d) pH 7, co-
precipitation, fast titrant addition, 60 °C.

All of the samples synthesised in various conditions with K promoter presented a
narrow pore size distribution (PSD). The samples, except 60 °C, have a comparable

average pore size between 9.7 and 11.3 nm. The sample synthesised at pH 7, fast titrant
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addition in 60 °C, has a lower average pore size equal 5.6 nm. The adsorption and
desorption isotherms and corresponding PSD for the samples with K are presented in a

Figure 3.5.2.

The TPV for all the samples with K promoter was between 0.007 cm® g for sample
precipitated at pH 7, fast titrant addition in RT and 0.012 cm’ g for the sample
synthesised at pH 7, fast titrant addition in 60 °C.

The BET surface areas for the samples with K are between 45 and 61 m’g” and are
higher by approximately 10 m’g” than the samples with Na. The highest observed
surface area was for the sample synthesised at pH7, fast titrant addition in room
temperature. The values for surface area, pore volumes and pore size distribution are

presented in Table 3.5.3.

3.5.3 Surface determination by nitrogen adsorption measurement;

comparison of the properties of FT catalysts with Rb promoter

The samples synthesised under various conditions have characteristics like those of the

last two promoters, Type IV hysteresis loop®*™>

. The shape of the hysteresis and the
limiting uptake over a range of high p/p° for the samples synthesised at pH 7, fast titrant
addition in RT with Rb and pH 7, slow titrant addition in RT with the same promoter is
typical for the H1 type. Some of the samples synthesised at pH 7, fast titrant addition in
60 °C and synthesised at pH 7, fast titrant addition in RT, impregnated with Rb, as it
was observed in the samples with other promoters, have adsorption and desorption
branches with a smaller gradient than the rest of the samples, Figure 3.5.3. The
adsorption at high p/p® was similar to the rest of the samples and hysteresis loop was not

as wide as for the samples with H2 type as occurred in the catalyst with promoter

previously described.
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Fig. 3.5.3 Nitrogen adsorption and desorption isotherms (left), and corresponding PSD as
derived from BJH model (right), for samples with Rb, from the top: a) synthesised at pH 7, co-
precipitation, fast titrant addition, RT b) synthesised at pH 7, co-precipitation, slow titrant
addition, RT ¢) pH 7, co-precipitation, fast titrant addition, 60 °C, d) synthesised at pH 7,

impregnation, fast titrant addition, RT.

The PSD graphs for the samples with Rb exhibited narrow distributions, which may
suggest that they have a uniform surface like the previous samples. The size of the pores
may differ depending on synthesis conditions. The lowest average pore size 8.7 nm was
for the sample synthesised at pH 7, impregnation, fast titrant addition in RT and the
highest 12.5 nm for the sample synthesized at pH 7, fast titrant addition in RT, with Rb.
Nitrogen adsorption and desorption isotherms and corresponding PSD for the samples

with Rb promoter are presented in a Figure 3.5.3.

The TPV for the samples with Rb was fairly comparable for all the samples synthesised
in various conditions. The values between 0.010 and 0.012 nm for the samples
synthesised at 60 °C and slow titrant addition respectively. The BET surface area for the
samples with Rb was observed to be between 37 m’g’ and 41 m’g’. The sample
synthesised at pH 7, fast titrant addition in RT, has the lowest surface area and sample
synthesised at 60 °C the highest. The decrease of the surface area is related similarly
like for the previously described samples with increase of the crystallinity, as XRD

experiment proved. The PSD, TPV and the surface areas are presented in Table 3.5.1.
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Tab. 3.5.3 Structural characteristics of the iron oxide catalyst samples

Sample name

Surface area

Total pore volume

The pore size

(m* g'l) (cm? g'l) distribution (nm)

pH7, fast, RT, Na 36 0.007 14.7
pH7, slow, RT, Na 33 0.008 12.6
pH7, fast, RT, Na,

35 0.009 14.6
impregnated
pH7, fast, 60 °C, Na 37 0.013 5.6
pH7, fast, RT, K 61 0.007 9.7
pH7, slow, RT, K 45 0.009 11.3
PH7, fast, RT, K, 48 0.011 9.7
impregnated
pH7, fast, 60 OC, K 46 0.012 5.6
pH7, fast, RT, Rb 37 0.011 12.5
pH7, slow, RT, Rb 38 0.010 10.9
pH7, fast, RT, Rb, 38 0.012 8.7
impregnated
pH7, fast, 60 °C, Rb 41 0.010 9.2
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3.6 Discussion and Conclusions

The crystallinity and elemental composition of the product is influenced by the method
in which the synthesis process is performed, the parameters and conditions applied. X-
ray diffractograms of all samples before activation showed peaks that correspond to
those of the haematite structure of iron oxide (a-Fe,O3). The samples of the iron oxide
catalyst synthesised at pH 7, fast titrant addition in room temperature exhibit a more
crystalline structure in comparison to the rest of the samples. The samples with slow
titrant addition in comparison to those where titrant was added spontaneously have
similar or slightly lower crystallinity. Lower crystallinity (smaller particle size and
higher FWHM) was observed for impregnated samples than the co-precipitated ones for
all the catalysts synthesised with three different promoters. The crystallinity of the
samples precipitated at 60 °C in comparison to those reduced at room temperature was

clearly lower. The significant decrease in particle size for those samples was observed.

In general, the highest crystallinity was observed for the samples synthesised at pH7,
fast titrant addition rate, at room temperature. The trend in which the crystallinity
decreased: after the most crystalline samples mentioned above were the samples
synthesised with slow titrant addition rate, then those impregnated and at the end (the
lowest) those synthesised at 60 °C. The exceptions were the samples synthesised with
K, with slow titrant addition at room temperature, which exhibited slightly higher
crystallinity than those where the titrant was added quickly. The crystallinity of the
impregnated samples with Rb, was only slightly higher than those co-precipitated at
60 °C.

The crystallinity of the samples synthesised at pH7, fast titrant addition rate, at room
temperature, after activation at different temperatures will be presented in Chapter 5.
The iron oxide catalyst samples synthesized in various conditions with different
promoters, before and after activation, were examined by XPS. The binding energies

(BEs) of the mean core lines of the references with the non-activated iron oxide catalyst

synthesized with Na, K and Rb promoters were compared. The BEs, shape of the
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spectra and the distance between the Fe 2ps,; peak and its satellite (~ 8eV) of all of the

samples were the same as a-Fe, O3 reference and the literature sources.

The samples reduced at 400°C have a clearly broader Fe 2ps,, peak. The typical width is
a result of both Fe’" and Fe'* ions being fitted into the Fe 2ps, spectrum. The fitting
done under the Fe 2p3); peak proves that the samples reduced at 400 °C, have the spinel
Fe;04 form of iron oxide. Additional proof for the Fe;O4 form of iron oxide is the

absence of Fe 2ps/, peak’s satellite.

For the sample reduced at higher temperature (450 °C), the Fe 2ps, peak has similar
properties to those reduced in 400 °C, however, the satellite which appears in the sample
reduced at the more elevated temperature may suggest the occurrence of y-Fe,O3 or
0-FeOOH on the surface of the catalyst, but insufficient to be observable by PXRD?.
Additionally, the splitting of the lower energy arm of the Fe 2ps, peak and clearly
visible additional peak suggested the occurrence of Fe® for the samples reduced at the
higher temperature. The XPS characterization of O 1s spectra indicated that there can be

small amounts of OH™ and H,O species on the surface of the catalyst.

The Fe?'/Fe’" ratios calculated for Fe2p and 3p peaks for reduced at 400 °C samples
were similar to the theoretical 0.5. The Fe*'/Fe’" ratios calculated for the activated at
450 °C samples was higher than these reduced in 400 °C_The elemental analysis of the
iron and oxygen concentration using both bulk and surface sensitive techniques helped
identify the stoichiometry of the non-reduced and reduced iron oxide samples. Both
bulk and surface techniques confirmed results obtained before using P-XRD. The Fe:O
ratio of Fe, O3 is close to the theoretical (0.67).

A higher amount of oxygen was discovered for some of the samples, which may be
caused by the presence of H,O and hydroxides. The difference in stoichiometry
between

non-reduced samples synthesized with different promoters was not significant.

The quantitative XPS surface and XRF bulk analysis for activated samples revealed the
occurrence of a mixture of oxides (400 °C) and iron oxides with metallic iron (450 °C),

which was also confirmed by P-XRD results. The Fe:O ratio for all activated samples
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was higher than the non-activated. The Fe:O ratio increased with rising reduction
temperature for the samples with Na and Rb. A slight difference was observed in the
stoichiometry of the samples with Na and Rb. The samples with Na promoter had a

lower Fe:O ratio after reduction than those containing Rb.

The adsorption and desorption isotherms for all the iron oxide samples with different
promoters exhibited type IV hysteresis loop that confirms the occurrence of mesopores
in the pore structure of the catalyst. Most of the samples synthesised with different
promoters belong to HI type, which is a typical for closed packed agglomerates of

homogeneous spheres, with narrow distributions of pore size.

The majority of the samples reveal narrow PSD, which indicates a homogenous
character of the surface of the catalysts. The samples synthesized at 60 °C have shown a
slightly broader PSD, which may suggest a less homogenous surface. The TPV is higher
for the samples synthesized at 60 °C than the rest of the samples. The higher TPV and
the lower PSD parameter for these samples may suggest increasing volume of the
cavities with the same pore entrance. The surface area for those samples is a little higher
in comparison to other samples which additionally may be a proof for the higher
cavities volume. The TPV is increasing with PSD for the rest of the samples
synthesized. That behaviour may suggest that the entrance diameter is proportionally
bigger with the cavities sizes. The BET surface area for the same samples synthesized at
60 °C is higher than the rest of the samples. The surface area of the samples synthesized
at pH7 and slow titrant addition rate is relatively small between 33 and 45 m* g'. The
samples synthesised at pH7, fast titrant addition at room temperature had the lowest

surface area and highest crystallinity.
The determination of the structure type may be useful information for further catalysis

stages in the Fischer-Tropsch process. The mesoporous iron oxide has higher catalytic

activity than the micro and macroporous materials®’.
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4.1 Introduction

The most important promoters for the chemical industry as well as in Fischer-Tropsch
synthesis (FTS) are alkalis. Alkali promoters have a very significant role because of
their chemical and physical properties. Application of the alkali metals in iron oxide
catalysts leads to activity enhancement due to their electrostatic field. The role of alkalis
in general, as presented in the introduction, is to increase the catalytic activity for FTS
and WGS reactions, enhance the CO dissociation, reduce methane selectivity and shift

the selectivity to higher hydrocarbons® *

The alkali metals most commonly used for iron oxide catalyst in FTS are Na and K. In
spite of the recognized importance of the alkali promoter, data to document their
relative influence are not abundant. The objective of this study was to obtain
information about Na, K and Rb promoters. The observation of chemical differences in
the iron oxide catalyst samples influenced by different conditions and synthesis methods

was also an aspect of study.

Reduction of iron oxide under hydrogen results in the evolution of different iron
species. It also influences the alkali metals speciation and migration abilities (both in the
bulk and on the surface). It was also mentioned in the introduction that alkali promoters
have significant influence on the activation process, especially the reduction
temperature of the FT catalysts. Potassium for examples is well known as a promoter
which facilitate the reduction of iron oxide to metallic iron during hydrogen
activation' > .

Altogether, the synthesis conditions, methods of preparation of the iron oxide catalyst,

the type of alkali metal used may have a significant influence on the iron catalyst

surface species.
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4.2 Powder X-Ray diffraction (P-XRD) for iron oxides

samples with alkali promoters

The powder X-Ray diffraction (P-XRD) method was used to determine the crystallinity
of the samples and the structure of iron oxide catalysts containing low concentrations of
alkali metals and sulfur. It was reported that, the peak intensities of a-Fe,O3; in
non-activated catalyst with alkali promoters are larger than that of the unpromoted
catalyst. This implies that alkali addition promotes the aggregation or increase of

domain size of a-Fe, O3 crystallites.

Alkali promoters are believed to act a significant role during the reduction process. It

was reportedl,6,7,10,14— 16

that the K promoter in the iron catalysts used for the
Fischer-Tropsch reaction facilitates the reduction of iron oxide to metallic iron during
hydrogen activations. In these experiments the behaviour of the catalyst during
activation under hydrogen with two other alkali promoters (Na and Rb) is studied.
Diffractograms for three different promoters and their influence on the reduction

temperature will be compared.

4.2.1 Powder X-Ray diffraction (P-XRD) for iron oxides samples
prepared in different conditions with a Na promoter before and after

activation

The catalyst synthesized at pH 7, room temperature, by the co-precipitation method and
a titration rate 8 ml min"' was examined. Diffractograms were measured before and after
activation. The reduction was carried out under H,/He for 20 h at different temperatures
(100 °C, 300 °C, 350 °C, 400 °C, and 450 °C). Prior to reduction the structure of the
sample was that of rhombohedral haematite (a-Fe,O3), which has characteristic peaks at
26 values of: 24.2 °, 33.15 °, 35.6 °, 40.8 °, 49.52 °, 54.0 °, 57.6 °, 62.5 ° and 64°"7 ",
Each peak corresponds to a different set of Miller indices, presented respectively: 012,
104, 110, 113, 024, 116, 018, 214, 300'"'®. The reflections in samples reduced at 100
°C, Figure 4.2.1, correspond also to those of the rhombohedral haematite a-Fe,Os;

structure of iron oxide. After reduction at 300 °C for 20 h, the structure changed to that
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22’23, see Figure 4.2.1. The characteristic peaks for Fe;O4

of cubic magnetite (Fe;04)
were observed at 20 =30.4 °, 35.8°,43.4°,53.5° 57.3° 62.9 °,89.9 ° and respectively
Miller indices: 220, 311, 400, 422, 511, 440, 731 ***?. After reduction at 350 °C, peaks
corresponded to the literature values for Fe;O4. Reduction at 400 °C also resulted in
a cubic magnetite structure. The peaks at 20 = 30.4°, 35.8°,43.4°,53.5° 57.3°,62.0°
had a higher intensity than those of samples treated at 300 °C and 350 °C which may be
explained by the development of more crystalline cubic magnetite at higher
temperature. The appearance of distinct peaks at 20 =37.4°,74.3°,75.2 °, 87.0 ° and the
Miller indices 222, 533, 622, 642, further confirmed the presence of the cubic magnetite
structure of Fe;O4 of the analysed catalyst. After reduction at 450°C, the iron in the

23" to Fe’. Well resolved peaks of high

sample changed oxidation state from Fe
intensity were registered at 20 = 45.1 °, 65.4 °, 82.7 ° and characteristic Miller indices:
110, 220, 211, 220, which correspond to the body centred cubic crystal structure of
metallic iron?8 73! However, a mixture of Fe;O4 and Fe? on the surface of the samples
with Na and Rb promoters reduced at 450 °C, was observed using the XPS technique

(Chapter 3.3.8.2).
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Fig.4.2.1 The PXRD of the samples prepared at room temperature, pH 7, co-precipitation, Na
promoter. The samples were calcined at 350 °C and reduced at different temperatures for 20h.

Reduction temperatures from the top: 450 °C, 400 °C, 350 °C, 300 °C, 100 °C, non-reduced.
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4.2.2 Powder X-Ray diffraction (P-XRD) for iron oxides samples
prepared in different conditions with K promoter before and after

activation

After examination of the iron catalyst samples with Na promoter, the samples with K
promoter were also studied. The iron catalysts synthesized in the same conditions as the
samples with Na (pH 7, room temperature, by the co-precipitation method and at

titration rate 8 ml min™') were examined.

The reduction was carried out under 5% H,/He for 20 h at different temperatures (400
°C, 450 °C, and 500 °C). Prior to reduction the structure of the sample was that of
rhombohedral iron (III) oxide (0-Fe,03)'"?'. After reduction at 400 °C, peaks
corresponding to the literature values for Fe;04°**’ were observed and, unlike the case
for catalyst with Na at the temperature, a characteristic peak for metallic iron was also
visible. The reflections in samples reduced at 450 °C for 20 hours, correspond to iron
(I1, IIT) oxide (Fe304), and metallic iron (Fe”). The intensity of the Fe;04 peak is much
weaker than at 400 °C. Lower intensity peaks characteristic for Fe;O4 were observed at
260 = 35.8° 63.0°. Well resolved peaks of high intensity at 20 = 45.1°, 65.3°, 82.7°,
99.3° and Miller indices were registered, which correspond to cubic Fe’ 2*7!. After

2+/3+

reduction at 500°C, the iron in the sample changed oxidation state from Fe to Fe’

Figure 4.2.2.1.
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Fig.4.2.2.1 The PXRD of the samples prepared at room temperature, pH 7, fast titrant addition,
K promoter. The samples were reduced at different temperatures for 20 h. Reduction

temperatures from the top: 500 °C, 450 °C, 400 °C, non-reduced.

Additionally further reduction at elevated temperatures (600 °C, 700 °C, and 800 °C)
under 5% Hj/He for 1h was carried out. For the sample reduced at 600 °C for 1 h,
the characteristic peaks for cubic Fe;O4 were observed at 26 = 30.8°, 35.8°, 43.5°,
63.0°. The peaks at 20 = 36.3°, 42.1°, 61.0°, 72.8°, 76.7 ° and Miller indices 111, 200,
220, 331, 222, characteristic for cubic FeO and/or Feg9,50 or Feo740, were also

d**32% ag well as low intensity peaks characteristic for Fe” at 20 = 45.1°, 65.4 °,

note
82.7°, 99.3°. This indicates the presence of a mixture of oxides and metallic iron. After
reduction carried out at 700 °C for 1 h, the peaks corresponded to the literature values
for FeO and Fe” ?**!. Reduction at 800°C for 1 h resulted in a Fe” structure. The peaks
at 260 = 45.1°, 65.4°, 82.7°, 99.3° due to metallic Fe were sharper and had a higher
intensity with the increase in temperature and were more visible for samples reduced at
800 °C for 1 h. The structures were the same as in the catalyst reduced at 500 °C for 20
h, however, the physical properties of the powders were different. The grains of powder

reduced at higher temperatures attracted each other and formed aggregates. These

powders were also attracted by a magnetic stirrer, their grains ‘jumped’ onto the stirrer
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placed above the sample. The samples reduced in different temperatures for l1h in

elevates temperatures with K promoter are shown on Figure 4.2.2.2.

800°C
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Fig.4.2.2.2 The PXRD of the samples prepared at room temperature, pH 7, fast titrant addition,
K promoter. The samples were reduced at different temperatures for 1 h. Reduction

temperatures from the top: 800 °C, 700 °C, 600 °C.

4.2.3 Powder X-Ray diffraction (P-XRD) for iron oxide samples
prepared in different conditions with Rb promoter before and after

activation

These iron catalysts with rubidium promoter were synthesized in the same conditions as
the previous samples (pH 7, room temperature, titration rate 8 ml min™). The reduction
was carried out under 5% H,/He for 20 h at different temperatures (400 °C, 450 °C, and
500°C). The P-XRD carried out for non-reduced samples registered the structure of
rhombohedral iron (III) oxide. After reduction at 400 °C, peaks corresponding to the

24-27

literature values for Fe;O4 and characteristic for metallic iron were visible (similar
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to the sample with K promoter). The reflections in samples reduced at 450 °C for 20
hours, correspond to iron (II, III) oxide, and metallic iron. The Fe;O4 peaks have lower
intensity than the sample reduced at 400 °C and were observed at 26 = 35.8°, 63.0°.
After reduction at 500 °C, the reflections characteristic for iron (III, II) oxide nearly
disappear and well resolved peaks of high intensity at 260 = 45.1°, 65.3°, 82.7°, 99.3°

28-31

characteristic for metallic iron were observed Fig.4.2.3.
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Fig.4.2.3 The PXRD of the samples prepared at room temperature, pH 7, fast titrant addition,
Rb promoter, after reduction. Reduction temperatures from the top: 500 °C, 450 °C, 400 °C,

non-reduced.
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4.2.4 Influence of reduction temperature on iron species in FTS iron

oxide catalysts with different alkali metals (Na, K, Rb)

The dependence of the oxidation state of iron on the reduction temperature for three
different promoters is shown in Figure 4.2.4. It was observed in the literature7-!%-1416
that a K promoter decreases the temperature required for reduction, i.e. facilitates the
reduction of iron oxide. In this study the behaviour of the Na, K and Rb was compared.
The iron oxide catalysts with Rb and K have similar behaviour during reduction. For
both of them the phase transformation from Fe;O4 to Fe was at around 50 °C lower
temperature than for the samples with Na promoter. For all the alkali cations which may
occur with carbonates after calcination and reduction this behaviour can be connected
with the decrease in the first ionisation potential (I;) of alkali metal atoms and ionicity
of the metal-carbonate bonds**. The dependence of the alkali metals used in experiment
on the reduction temperature and theoretical binding energy (BE) of C,, and the

dependence on first ionization potential of alkali metal carbonates and hydrocarbonates

are presented in Figure 4.2.4 a, b respectively.
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Fig.4.2.4 a) Influence of reduction temperature on iron species in FTS iron oxide catalysts with

different alkali metal (Na, K, Rb) promoters used in the experiment. b) theoretical binding

energy (BE) of Cls, and the dependence on first ionization potential of alkali metals

o —carbonates and * — hydrocarbonates.
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4.3 SEM analysis of the iron oxide catalyst samples

with the alkali promoters

The SEM technique was used to observe the influence of different alkalis and synthesis
conditions on the surface morphology, the size of the particles and the shape of the

observed agglomerates.

In Figures 4.3.1 - 4.3.3 SEM images of iron oxide catalyst with three different alkali
promoters Na, K, Rb synthesised at pH 7, fast titrant addition at room temperature were
compared. The catalyst with the Na promoter synthesised in the same conditions had
two different kinds of surfaces. One kind of surface had irregularly shaped agglomerates
with smaller round edged particles attached to their surface, (Figure 4.3.1) and the other
contained more homogenous agglomerates with sharp edges (Figure 4.3.1 b). The
majority of the irregularly shaped agglomerates were observed in general for the
samples with Na. For the samples with the K and Rb promoters, two different shapes
were also observed (Fig. 4.3.2 a, b and Fig. 4.3.3 a, b). The agglomerates for the
samples with K were in general bigger than those with the Rb and Na promoters. The
samples with a Rb promoter seemed more homogenous: the surface was flat and had a
more faceted morphology. However, the small particles were also attached to the

agglomerates’ surface, Figure 4.3.3 a.

M

Fig.4.3.1 The SEM images at magnification 1000, 15 kV, of the catalyst with the Na promoter
synthesised at pH 7, fast titrant addition, room temperature a) Irregularly shaped aggregates
with smaller round edged particles attached to the surface b) more homogenous surfaces with

sharp edges.
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Lk '_I. - x 1 Bes =

a)
Fig.4.3.2. The catalyst with the K promoter synthesised at pH 7, fast titrant addition at room
temperature a) Irregularly shaped aggregates with smaller round edged particles attached to the
surface b) homogenous surfaces of the same catalyst (The SEM images at magnification 1000,

15kV)

Fig.4.3.3 The SEM images at magnification 1000 (15 kV) of the catalyst with the Rb promoter
synthesised at pH 7, fast titrant addition, room temperature a) Irregularly aggregates with

smaller particles attached to the surface b) homogenous surfaces with sharp edges.

Differences in the morphology of the samples at higher magnification were also
observed. At higher magnification it was possible to distinguish different features of
samples with different promoters more clearly. Similarities for all the samples at
magnification 10,000 and 15 kV were found. Small particles or smaller agglomerates on
the surface of the large particles were observed for all the samples. Two of the examples
for iron oxide catalyst samples with Na and Rb promoters are shown in Figures

434a,b.
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13kU ¥1a: 288 1 b

Fig 4.3.4 The SEM images for the iron oxide catalyst samples with a) Na and b) Rb promoters
synthesised at pH 7, fast titrant addition, room temperature, compared at magnification 10,000

and 15 kV.

The use of SEM exposed the differences in morphology, particle and agglomerate size
in catalysts synthesized in different conditions. The smallest single agglomerates
attached to the surface of the bigger agglomerates were observed for the catalyst
synthesised with the K promoter at 60 °C. For comparison, the sample synthesised at 60
°C is presented together with the sample prepared at room temperature in Figures 4.3.5 a

and b respectively.

Fig.4.3.5 The SEM at magnification 1000, 15 kV for the catalyst samples with K promoter
synthesised at pH 7, fast titrant addition, room temperature were compared a) precipitated at

60 °C, b) precipitated at room temperature
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Single agglomerates under magnification 10,000 on the surface for all of the

agglomerates for the samples synthesized different conditions with the K promoter were

observed (Figure 4.3.6 a, b).

Fig. 4.3.6 The SEM , magnification 10, 000, 15 kV for the catalyst sample with K synthesised at
pH 7, fast titrant addition, room temperature were compared promoter a) precipitated at 60 °C

b) the sample precipitated at room temperature.

It was also observed that the samples with a Rb, synthesized at pH 7, fast titrant
addition, at room temperature had the most homogenous, flat shaped agglomerates with
sharp edges, but again also with small agglomerates attached. The image of the sample

is presented below in a Figure 4.3.7.

Fig. 4.3.7 The SEM images of Rb
synthesised at pH 7, fast titrant
addition, room temperature
homogenous surface with attached
smaller particles. SEM image
magnification 2000, 15 kV.

1
| - 1! .':
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4.4 XPS of the alkali metals in the iron oxide samples

prepared in different conditions

The XPS technique was employed to examine the effect of the three different alkali
metals Na, K, Rb on the synthesised iron oxide catalysts. For each of the alkali

promoter, samples synthesised in different conditions were compared:

- pH 7, fast titrant addition, room temperature
- pH 7, slow titrant addition, room temperature

- pH 7, fast titrant addition, 60 °C

The XPS for two of the alkali promoters Na and Rb were carried out before and after
reduction in 5% Hj/He at 400°C, 450 °C and 500 °C. The Na, K and Rb alkali metals
references binding energies have been summarized and are listed in a Table 4.4. The
published references® ™ for Na promoters NaCl, Na;SO4, Na,COs3 give spectra from
Na (1s) XPS in the binding energy range from 1071.2 - 1072.8 eV. The reported peaks
of K2ps,; and K2py,; from the K,SO4, KC104, KCIO3, KNO3, K3PO4, K;SO3, K,CO3,
K;PdFg, references were centred in the range and 292.0 - 293.7 eV (K 2p3,) and 294.7
-296.4 (K 2p1/2)37’38. The Rb 3d (3d3,; and Rb 3ds,) and Rb 3p (3p2 and 3psj2) spectra
of RbCs, RbCgp, Rb2SO4, Rb3PO4, Rb,COs3, and RbCI, references were in the range
109.7-110.4 (Rb 3ds5), 111.4 (Rb 3d32) eV, 238.1 — 238.9 eV (Rb 3p32) and 247.1 —
247.9 (Rb 3p;.) have been reported3 74143
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Tab. 4.4 The alkali metals published and experimental references XPS binding energies

Compound with Alkali metal transitions Published references
the alkali metal spectra (eV)
Na,CO; Na (Is): 1071.5 - 1071.7 [35], [36], [37]
NaSO0q4 Na (Is): 1071.2 - 1072.50 [35], [37], [38]
NaCl Na (1s): 1071.5-1072.8 [35], [37], [39], [40]
K»SO4 K (2p32): 293.3 [38]
K>S03 K (2p3p2): 293.5 [38]
KCl K (2p3p): 292.9, [38]
K (2pip): 295.7
KCIO; K (2p32): 292.0-292.5 [37]
KClO4 K (2p32): 293.3-293.6 [37]
KNO; K (2p3p): 292.6 - 293.7 [37]
K5PO4 K (2p32): 293.2-293.6 [37]
RbCl Rb (3dsp): 109.7-110.4, [37]
Rb (3d3): 111.4
Rb;3;PO4 Rb (3ds;): 109.8-110.3 [37]
RbCsy Rb (3p312): 239.7,239.8 [41], [42]
RbCy Rb (3p32): 238.1 —238.9, [37], [43],
Rb (3pi): 247.1 —247.9
Na,CO; Na (1s): 1071.9 Experimental
K,COs; K (2p): 292.8 Experimental
Rb,CO; Rb (3d)110.2, Experimental
Rb (3p312): 238.7,
Rb (3pi): 247.4
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4.4.1 XPS of the K (2p) core-level spectrum for iron oxide samples

prepared in different conditions with K promoter, before activation

Two peaks were observed in the K (2p) spectrum of the iron oxide samples synthesised
under various conditions. The spectra for the samples with K, synthesised in the three
different conditions are shown in Figure 4.4.1, below. The binding energies for the
lower energy peaks of the three samples synthesised in different conditions are between
292.6 eV and 293.2 eV, and the higher energy peaks are between 295.5 eV and
296.2eV. The difference between these peaks was about 2.8 eV. The binding energies
for all the samples synthesised in different conditions are similar and they are compared
in Table 4.4.2.1.a. Although the K spectra were fairly noisy, they were clear enough to
distinguish the distance between peaks and the energy ranges characteristic for the

spin-orbit split doublet K(2ps,) and K(2p;,,) of the potassium oxides 44,
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Fig. 4.4.1 XPS K (2p) spectra of samples with K promoter before activation; From the top: pH
7, fast titrant addition, RT; pH 7, fast titrant addition, 60 °C; pH 7, slow titrant addition, RT
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4.4.2 XPS of the Na (1s) core-level spectrum for iron oxide samples

prepared in different conditions with Na promoter, before activation

The XPS measurements produced spectra for samples synthesized in different
conditions with Na promoter. The Na (1s) peak was observed between 1071.5 eV and
1071.9 eV for all the samples and indicated the presence of sodium ion (Na) **°. The

Na (1s) spectra for all the samples synthesised in various conditions are presented in

Figure 4.4.2. The binding energy shift is presented in Table 4.4.2.1.a.

There were differences in intensity between samples with Na synthesized in different
conditions observed. The peak with the highest intensity belonged to the sample
prepared at pH 7, fast titrant addition rate, room temperature and the smallest intensity

was recorded for the sample prepared at pH 7, slow titrant addition rate, room

temperature. The differences in intensity were not so significant and they could be

attributed to differences in Na concentration or particle size.
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Fig. 4.4.2 XPS Na (1s) spectra of samples with Na promoter before activation; From the top: pH
7, fast titrant addition, RT, pH 7, fast titrant addition, 60 °C; pH 7, slow titrant addition, RT.
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4.4.2.1 XPS of the Na (1s) spectrum for iron oxide samples prepared in

different conditions with Na promoter, after activation

The Na (1s) XPS spectra for the sample synthesised in pH 7, fast titrant addition, at
room temperature before and after activation in 400 °C and 450 °C were compared in
Figure 4.4.2.1. The Na (1s) peaks are between 1071.5 eV and 1071.3 eV, which
indicates the presence of Na'". A slight shift in a binding energy to a lower energy for
the reduced samples in comparison to the non-activated ones was observed. The
energies are listed in Table 4.4.2.1.a. The differences in Na (1s) spectra intensity
between non-reduced and activated samples are significant. The samples reduced at
450 °C have higher intensity compared to those reduced at 400 °C. The above can lead
to the conclusion that high temperature reduction treatment increases mobility and

migration of Na to the surface.
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Fig. 4.4.2.1 The XPS Na (1s) spectra of sample synthesised at pH 7, slow, RT; before and after
activation at 400 °C and 450 °C for the sample
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Tab. 4.4.2.1.a The XPS spectra of iron oxide catalyst for non-reduced samples with different

promoters
Conditions Peal Conditions Peal Position,
Position, eV eV
pH 7, fast, RT, K 293.9 pH 7, fast, RT, Rb(3d) 110.7
pH 7, fast, 60°C, K 292.9 pH 7, fast, 60 °C, Rb(3d) 110.3
pH 7, slow, RT, K 292.1 pH 7, slow, RT, Rb(3d) 110.1
pH 7, fast, RT, Na 1071.9 pH 7, fast, RT, Rb(3p) 238.7", 247 4*
pH 7, fast, 60 °C, Na 1071.9 pH 7, fast, 60 °C, Rb(3p) | 238.7,247.4
pH 7, slow, RT, Na 1071.8 pH 7, slow, RT, Rb(3p) 238.7,247.4

1-Rb3p;,,2-Rb3pip

Tab. 4.4.2.1.b The XPS peak positions of the samples prepared in different conditions after

reduction
Peak Peak Position,
Conditions Conditions
Position, eV eV
pH 7, fast, RT, 400 °C, Na 1071.5 pH 7, fast, RT,450 °C,Na  [1071.6
pH 7, fast, RT, 400 °C, Rb 109.9',111.1% |pH 7, fast, RT, 400 °C, Rb  |238.1%, 247.1*

pH 7, fast, 60C, 400 °C, Rb 109.9,111.1 |pH 7, fast, 60C, 400 °C, Rb [238.2, 247.2

pH 7, slow, RT, 400 °C, Rb 109.9,111.1 [pH 7, slow, RT, 400 °C, Rb [238.2,247.2

pH 7, fast, RT, 450 °C, Rb 110.1,111.2 |pH 7, fast, RT, 450 °C, Rb  [238.4,247.3

pH 7, fast, 60C, 450 °C, Rb 109.9,111.2 |pH 7, fast, 60C, 450 °C, Rb [238.4,247.3

pH 7, slow, RT, 450 °C, Rb 110.1,111.2  |pH 7, slow, RT, 450 °C, Rb |238.4, 247.3

1-Rb 3d5/2, 2-Rb 3d3/2, 3-Rb 3p3/2, 4-Rb 3p1/2
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4.4.3 XPS of the Rb (3d) core-level spectrum for iron oxide samples

prepared in different conditions with a Rb promoter, before activation

For the samples with Rb promoter synthesised in different conditions a Rb (3d) peak in
a binding energy range between 110.3eV and 110.2eV was observed, Figure 4.4.3.
Samples synthesised at pH 7, fast titrant addition rate, room temperature and pH 7, fast
titrant addition rate, 60 °C conditions have very similar intensities. For the sample
synthesised in pH 7, fast titrant addition rate, room temperature had a slightly higher
intensity. Two other peaks were observed, one between 93.9 eV and 92.8 eV, and the
other between 100.3 and 98.2 eV, which correspond to Fe (3s) and Fe(3s) satellite
peaks. The Rb (3d) peak did not reveal the characteristic>**%" Rb 3ds, and 3d3p

doublet, which will be explained below.
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Fig. 4.4.3 XPS Rb (3d) spectra of samples with Rb promoter before activation; from the top: pH
7, fast titrant addition, RT, pH 7, slow titrant addition, RT; pH 7, fast titrant addition, 60 °C.
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4.4.3.1 XPS of the Rb (3d) core-level spectrum for iron oxide samples

prepared in different conditions with Rb promoter, after activation

The Rb (3d) XPS spectrum for the samples with Rb promoter after reduction under
H,/He in 400 °C in the region between 110.2 ¢V and 111.3 eV was observed. The peaks
are presented in Figure 4.4.3.1 a. For all the samples reduced at 400 °C spin-orbit split
doublet (3ds, and 3d;;,) was evident, which was not visible for the non-reduced
samples. The peaks in doublet have a characteristic for the rubidium oxides 1.5 eV split
and ratio of the area under the doublet peaks is 0.67 3746 The intensity of the Rb (3d)
peak of the samples after reduction was much higher than for the non-reduced samples.
Results suggest, similarly like for the Na, the possible migration of Rb to the surface
and its enrichment with the alkali metal. Higher concentration of the alkali metals

affects the intensity of the signal, thus, making the doublet more visible.
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Fig.4.4.3.1.a XPS Rb(3d) spectra of samples with Rb promoter before and after reduction; From
the top: pH 7, fast titrant addition, RT, reduced at 400 °C; pH 7, slow titrant addition, RT,
reduced at 400 °C; pH 7, fast titrant addition, 60 °C, reduced at 400 °C; pH 7, fast titrant
addition, RT; pH 7, slow titrant addition, RT; pH 7, fast titrant addition, 60 °C.

148



Chapter 4

The characteristic 1.5 eV split (separation), occurred due the spin-orbit coupling energy
difference between the two j states for the samples reduced in 450 °C. A doublet for the
samples with Rb promoter synthesised in different conditions analysed after reduction
under H,/He at 450 °C was observed in the region between 111.2 eV and 110 eV
(see Figure 4.4.3.1 b, c. As it was observed before for the samples reduced at 400 °C,
the 3d split doublet areas ratio is 2/3. The 3ds,, and 3ds/; areas under the peak ratios are
presented in Table 4.4.3.1. The intensity of the 3ds, peak for the samples reduced at
450 °C is slightly higher in comparison with the sample reduced at 400 °C. The
exception was the sample synthesised at pH 7, fast, RT, reduced at 400 °C, which has

the highest intensity among the reduced samples. Samples reduced in both temperatures

have much higher intensity than non-reduced samples.
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Fig. 4.4.3.1 b) XPS Rb (3d) spectra of samples with Rb promoter before and after reduction;
From the top: pH 7, fast titrant addition, RT, reduced at 450 °C; pH 7, slow titrant addition, RT,
reduced at 450 °C; pH 7, fast titrant addition, 60 °C, RT reduced at 450 °C; pH 7, fast titrant
addition, RT; pH 7, slow titrant addition, RT; pH 7, fast titrant addition, 60 °C, ¢) comparison

with the samples reduced at 400 °C; right side top corner.
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Tab. 4.4.3.1 The XPS measurement of the area under the Rb 3ds, and Rb 3ds,peaks for the

reduced samples.

Area under the peaks:|The ratio of the Rb 3d;,,
Conditions Rb 3d;, and Rb 3ds, | and Rb 3ds, peaks
pH 7, fast, RT, 400 °C 39.1; 60.1 0.65
pH 7, fast, 60 °C, 400 °C 39.7; 60.3 0.66
pH 7, slow, RT, 400 °C 40.6; 59.4 0.68
pH 7, fast, RT, 450 °C 40.2; 59.8 0.67
pH 7, fast, 60 °C, 450 °C 41.9; 58.1 0.72
pH 7, slow, RT, 450 °C 41.0; 60.0 0.68

4.4.4 XPS of the Rb (3p) core-level spectrum for iron oxide samples

prepared in different conditions with Rb promoter, before activation

There were two different intensity peaks separated by approximately 9 eV for all the
samples. The maximum of the higher energy Rb 3p;, peak for the samples synthesised
in various conditions was observed in the range between 247.3 eV and 247.1 eV and the
lower energy peak 3ps;, between 239.3 eV and 238 eV, Figure 4.4.4. The intensities for
all the samples were comparable. Slightly higher intensity was observed for the sample

synthesised at pH 7, fast titrant addition rate, room temperature.
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Fig.4.4.4 XPS Rb (3p) spectra of samples with Rb promoter before activation; from the top: pH
7, fast titrant addition, RT; pH 7, slow titrant addition, RT; pH 7, fast titrant addition, 60 °C.

4.4.4.1 XPS of the Rb (3p) core-level spectrum for iron oxides samples

prepared in different conditions with a Rb promoter, after activation

The characteristic Rb 3p spectrum doublet separated by 9 eV energy, as for non-reduced
samples, was observed. The 3p;, peak was observed in the range 247.5 eV to 247 eV,
and the 3ps,, peak between 238.5 eV and 238.2 eV, Figure 4.4.4.1 a. Only a minor shift
towards lower energies was noticed for all reduced samples in comparison to the non-

reduced ones. The binding energy values are presented Table 4.4.2.1.b.

The higher intensity of the Rb (3p) peaks after reduction is consistent with migration of

Rb to the surface as was observed for the samples with a Na promoter.
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Fig. 4.4.4.1 a XPS Rb (3p) spectra of samples with a Rb promoter before and after reduction;
From the top: pH 7, fast titrant addition, RT, reduced at 400 °C; pH 7, slow titrant addition, RT,
reduced at 400 °C; pH 7, fast titrant addition, 60 °C, RT reduced at 400 °C; pH 7, fast titrant
addition, RT; pH 7, slow titrant addition, RT; pH 7, fast titrant addition, 60 °C.

For the samples reduced at 450 °C the 3p;, and 3ps, doublet was observed in the same
binding energy area as for samples reduced at 400 °C. The difference between two of
the peaks in the doublet was also (like previously) around 9 eV for the samples
synthesised in different conditions. All of the samples activated in the higher
temperature have the same energy shift like those synthesised in 400 °C. The difference
in intensity for non-reduced samples and samples reduced at 450 °C are shown in Figure
4.44.1 b, c. The peaks of the samples reduced at 450 °C had a slightly higher intensity
than those reduced at 400 °C. The exception, as it also was for Rb (3d), was the sample
synthesised in pH 7, fast, RT, and reduced in 400 °C, Figure 4.4.4.1 b, c. The peak
positions for all the samples are tabulated in Table 4.4.2.1 a and 4.4.2.1 b.
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Fig.4.4.4.1 b XPS Rb(3p) spectra of samples with Rb promoter before and after reduction;
From the top: pH 7, slow titrant addition, RT, reduced at 450 °C; pH 7, fast titrant addition, RT,
reduced at 450 °C; pH 7, fast titrant addition, 60 °C, reduced at 450 °C; pH 7, fast titrant
addition, RT; pH 7, slow titrant addition, RT; pH 7, fast titrant addition, 60 °C, ¢) comparison

with the samples reduced at 400 °C; top corner.

The comparison of the surface elemental analysis XPS and bulk techniques like EDX
and XRF confirmed the possibility of migration of alkali metals to the surface as the
reduction temperature was increased. The elemental composition of the alkali metals on
the surface and in the bulk will be presented later in the chapter. The XPS elemental
analysis results for all the samples are tabulated in Table 4.4.2.1.a and 4.4.2.1.b. Such a
migration of alkali metals to the surface and increased concentration on the surface with
increasing reduction temperature may have influence on the effective reduction
temperature depending on the alkali metal used as promoter. Different reduction
temperatures required for change of the iron oxide phase were observed for different

alkali promoters used (PXRD experiment 4.3.3).
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4.5 Alkali XANES for iron oxide samples prepared in

different conditions before and after activation

4.5.1 Na K-edge XANES for iron oxide samples prepared in different

conditions

The energy of the K-edge spectrum at 1070.8 eV for sodium is relatively low. The
incident photons have low energy, necessary to observe the K-edge of these elements,
consequently the X-ray photons do not penetrate deeply into the sample (100-1000 A
maximum)®. Therefore, the different shapes for all of the XAFS spectra will be
decidedly dependent on the structure of the catalyst surface. Moreover, the interaction
with atmosphere (H,O, CO,) may create precipitates such as hydroxides, carbonates

etc., which influence the shape of the spectra49.

The Na K-edge XANES spectra for the reference compounds (Na,SO4, Na,;SOj3,
Na;COs3) and for the iron oxide catalyst sample synthesized in pH 7, fast titrant
addition, room temperature, are presented in Figures 4.5.1 and 4.5.2. For all of the
presented reference samples Na,SO4, Na,SO3; and Na,CO; there were small pre-edge
and two good developed peaks visible. The higher peak from the doublet in the lower
energy area for the Na,SO; sample was split in two, i.e. a lower intensity peak at
1074.4 eV and a more developed peak at 1074.8 eV. The second higher energy peak in
the doublet at 1080.7 eV was observed. The small pre-edge peak at 1071.0 eV may
indicate that

s — p transition is partially allowed.

For the Na,COj; reference, the split for the first peak in the doublet was difficult to
notice. The first, lower energy peak was not developed like that in Na,SO;. However,
the distortion in the same area as in lower energy peak of Na,SOs, at 1074.4 eV, was
observed. The second higher energy peak of the doublet has the same characteristic as
the previous sample. It was slightly shifted to a higher energy (around 0.2 eV). The split
for the lower energy peak in the doublet with the maximum at 1074.5 eV for Na,SO4
was not observed. The maximum of the second higher energy peak for that sample was

observed at 1080.6 eV. The peak has very similar energy shift, but higher intensity in
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comparison to the second peak of Na,SO3 sample. The edge position at 1074.1 eV for

all the references was observed.

In a similar to manner to the reference samples, the Na K-edge XANES spectrum for
the experimental iron oxide catalyst sample was also recorded. The position of the lower
energy peak was approximately between 1074.6 and 1075.4 eV. The characteristic
shape of Na K-edge XANES spectrum is in the same energy range like the fingerprint

30-33 which suggests presence of the Na®, see Figure

samples and literature references
4.5.2. The noisy data did not allow resolution of the doublet splitting in the catalyst
sample. The quality of the Na K-edge XANES signal could not be improved by longer
acquisition due to the degradation of the beryl monochromator used in the experiment
by the X-ray beam. Therefore, it was also difficult to determine the environment of the
sodium ion. The peak positions for the references and iron catalyst sample compounds

are listed in Table 4.5.1.
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Fig. 4.5.1 Na K-edge XANES spectra of references Na,SO,4, Na,SO;, Na,COj;.
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Fig. 4.5.2 Na K-edge XANES spectra of sample synthesized at room temperature, pH 7, fast
titrant addition, compared with references Na,SO,4, Na,SO;, Na,COj;.

Table 4.5.1 Sodium K-edge XANES spectra peak positions for sample synthesized at room
temperature, pH 7, fast titrant addition and for reference samples Na,SO,4, Na,SO;, Na,CO;.

Standard Chemical Peak
/Sample Formula Position, eV
1074.2
Sodium Na»SO
sulfate 2 4 10808
1084

1074.1, 1074.5

Sodium sulfite Na,SO;

1080.7
1085.2
Sodium Na,CO 176
carbonate e 1081.6
Iron catalyst unknown ~1075

sample
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4.5.2 Potassium K-edge XANES for iron oxide samples prepared in

different conditions

Spectral changes and the shape of the absorption edge depend on changes in the
oxidation state and the local geometry of the absorbing metal atom. However, for
potassium, which is present as K', changes may be caused by variations of the local

structural environment of K and the number and kind of atoms in its vicinity>*.

Due to the higher binding energy as compared to Na, (Chapter 2), giving a higher
penetration depth and thus a stronger signal of the XANES region, the K K-edge

samples were easier to record and analyse than the Na K-edge spectra.

4.5.2.1 Potassium K-edge XANES for iron oxide samples prepared at

room temperature

The K-edge spectra for potassium for the samples before activation synthesised in
various conditions have a broad peak between 3615.4 eV and 3617.7 eV. For the sample
synthesised at pHS, fast titrant addition rate, room temperature, the K-edge peak
3616 eV was narrower than for the rest of the samples. All of the samples were
compared with the reference K,CO3, which was used as a “fingerprint”. For all of the
samples the main peak was in the same energy region as for the reference K-edge
55-57

spectrum. The spectrum of the reference, as given in the literature

closely spaced peaks at 3614.3 eV and 3620.7 eV (Table 4.5.2).

, was split in two

The structure, of potassium carbonate can be described as a slightly distorted hexagonal
close packed array of carbonate ions, where potassium ions occupy both octahedral and
trigonal bipyramidal sites®®. The octahedral site (K2) has K-O interatomic distances
between 2.62 and 2.80 A (average 2.68 A) and the trigonal site (K1), has a very
disordered structure with 6 K-O distances between 2.82 and 2.94 A and a further three
in the range 3.1 - 3.2 A (average 2.98 A).

The K-O distances for the samples and references used in the experiment will be

presented below, in Table 4.5.2.2. The overall average of 2.85 A is much longer than
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the experimental value of 2.70 A. However, after the very long distances were excluded
the average drops to 2.77 A. The complexity of the K-O distances makes K,COj3
a difficult reference e.g. problems with the coordination number due to a wide

distribution of distances.

The changes of multiple-scattering (MS) region and single-scattering (SS) of KCIl and
micas references found in the literature are described here.The changes of the intensities
of maxima of the first two peaks of K K-edge in KCI with different number of atomic
shells in the cluster were reported by Lavrentyev et al. In their simulations, the main
features of the XANES arise for clusters with only two atomic shells (19 atoms in the
cluster) (Figure 4.5.2.1 a). Increasing in the numbers of atomic shells up to six (81
atoms) did not change the energy positions of the spectra, however, it led to the increase
of the intensities of the maxima. The XANES features did not change for the samples

with number of atomic shells beyond six.
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Fig. 4.5.2.1 a K K-edge for KCl, calculated with different numbers of atomic shells in the
cluster. a-g spectra of the compounds with 1-7 atomic shells respectively) single scattering

approximation, 7 atomic shells in the cluster.
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In the report by Cibin et al., changes in K K-edges for the samples with different
coordination number (CN) were observed. A linear trend was observed between the CN
of K and the changes in energy between the high-energy peak E; from the single-
scattering region of EXAFS and the absorption edge energy Eo, (E;- Ey), for anhydrous
silicates (leucite, with CN = 6, microcline with CN = 7, sanidine with CN = 9 and
silivite (HCI) with CN = 6. The (E- E) energy difference decreased with increasing
CN. Only silivite deviated from the trend with very small energy differences, due to
significant differences in the ligand anion. However, the mica samples presented further
in the experiment by Cibin et al. , have threshold absorption edge energies much higher
than references presented above and did not fit the observed trend due to small E-E
differences, which gave unrealistic coordination numbers (CN = 14 to 16). Moreover,
there were similarities in the MS region between 3630 — 3650 eV for all the samples
presented in Cibin et al. the local structure around the K was the same in all mica

interlayers.

The shape of the maxima of the K K-edge XANES spectrum, as explained by Parratt

5960 is due to the

and Jossem (in their experiment potassium chloride was used),
transitions of the K-electron into the exited states. The first peak may be as the result of
s — 4p transition in the ion K, and the following into Sp. However, according to
Yang™ this interpretation of the spectral changes may be complicated due to the fact
that it is not appropriate to assign separate spectral features to particular transitions for
K spectra, as for other low Z atoms like C or O. It was observed in Figure 4.5.2.1 b that
the splitting was not developed for the samples before reduction, which may be caused

by the mixture of sites with overlapping spectra. The peak positions for all the samples

and reference are in Table 4.5.2.
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Fig. 4.5.2.1 b K K-edge XANES spectra of iron oxide catalyst sample before reduction; From
the top: pH 35, fast titrant addition, RT; pH 7, fast titrant addition, 60 °C; pH 7, fast titrant
addition, RT; pH 7, slow titrant addition, RT; K,COj; reference

4.5.2.2 Potassium K-edge XANES for iron oxide samples after

reduction

The potassium K-edge for the samples synthesised in different conditions after
reduction in 450 °C were split into a characteristic doublet. Two closely spaced peaks
between 3614.4 eV and 3618.3 eV were observed (Table 4.5.2), similar to K,COs3
(Figure 4.5.2.2 a). The same was observed for the samples with K promoter synthesised
in different conditions after reduction at 500 °C, Figure, 4.5.2.2 b. The K K-edge
spectrum was also split for the fingerprint. However, the peaks after reduction at the

higher temperature were more distinct than those for samples reduced at 450 °C,
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Normalised Absorption
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Fig. 4.5.2.2 a K K-edge XANES spectra of iron oxide catalyst sample after reduction at 450 °C;

From the top: pH 5, fast titrant addition, RT; pH 7, fast titrant addition, RT; pH 7, fast titrant

addition, 60 °C; pH 7, slow fast titrant addition, RT; K,COj; reference
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Fig. 4.5.2.2 b K K-edge XANES spectra of iron oxide catalyst sample after reduction at 500
°C; From the top: pH 7, fast titrant addition, 60 °C; pH 7, fast titrant addition, RT; pH 7, slow
titrant addition, RT; pH 5, fast titrant addition, RT, K,COj; reference

The coordination numbers of K and K-O distances were measured using the Athena
software, for chosen samples synthesised in pH 7, fast titrant addition in room
temperature, prior to activation, reduced under H,/He at 450 °C and H,/He at 500 °C

and for the K,COj; reference sample. The results are presented in Table 4.5.2.3.
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Table 4.5.2.2 The coordination numbers, K - O distance with estimated standard deviations and
E, — E, difference for the iron oxide samples synthesised at pH = 7, fast titrant addition at room
temperature, before and after reduction at two different temperatures, and for the reference

sample K,COs.

Sample Coordination number | K — O distance (A) | Energies differences
between E; —Eg
of K
RT, 0-Fe,0; 6( 2) 2.72(2) -
450 °C, Fe304 6 (1) 2.72(3) 315
500 °C, Fe;04/F¢’ 6 (5) 2.70(1) 315
K>CO; 8 (6) 2.70(1) 29.0

It was not possible to observe a similar trend as was evident for references in Cibin
et al., experiment (above, 4.5.2.1) due to the high standard deviation of the coordination
number. The E-E, difference was similar for all the samples reduced at 450 and 500
°C. The energy difference for the reference K,CO; sample was significantly lower than

rest of the samples.

Prior to reduction, the XANES region of the spectra showed one single peak which may
indicate that a K' ion is embedded in the structure, either on or in the iron oxide (a-
Fe,05), which octahedrally coordinates Fe’™ ions. After the samples were activated, the
second feature of the double white line started to be visible. It was found after P-XRD
experiment, that the a-Fe,O3; form of non-reduced catalysts, at 400 °C is reduced to
Fe;04, where % of cations are coordinated octahedrally and Y4 tetrahedrally; and in 500
°C to the mixture of Fe;04 and metallic iron. Thus, the more extended structure may

give the rise to multiple scattering, showing double features.

The K—O distances calculated from the EXAFS data for all the samples were nearly the
same around 2.7 A (Table. 4.5.2.2. According to Gatehouse, references and data
calculated in the experiment, similar K-O distances, large Debye-Waller factor for all
the samples, it may be concluded that the K ions retain an O environment and do not
migrate to Fe’, prior to and after reduction in higher temperature, where metallic iron

appeared in the catalyst.
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Both of the promoters (Na and K) have many differences like different radii, first
ionisation energy etc. (chapter 1, Table 1.4.1) However, the promoters used in the
experiment also have some similarities like for example the same charge which
distinguishes them as a group from different promoters. Thus, the study of potassium,
which is the easier to analyse, may facilitate understanding the properties of the sodium.
The information about changes in the local structural environment of K™ may be similar
to the changes for the samples with Na but it was not possible to observe them due to

the noisy spectrum of the Na K-edge.

Tab. 4.5.2.3 Potassium K-edge XANES spectra peak positions for sample synthesized at

different conditions and for K,CO; used as a reference

Iron catalyst with K Peak position, eV

promoter samples condition

Reference: K,CO;3 3614.3, 3620.7
pH 7, fast, RT, 3616

pH 7, slow, RT 3615.4,3617.7
pH 7, fast, 60 °C 3615.4,3617.7
pH 5, fast, RT, 3615.4,3617.7
pH 7, fast, RT, 450 °C 3614.6, 3618.1
pH 7, slow, RT, 450 °C 3614.4,3618.3

pH 7, fast, 60 °C, 450 °C 3614.6, 3618

pH 5, fast, RT, 450 °C 3614.6,3618.1
pH 7, fast, RT, 500 °C 3614.3,3619.5
pH 7, slow, RT, 500°C 3614.3,3619.5
pH 7, fast, 60 °C, 500°C 3614.3,3619.5
pH 5, fast, RT, 500 °C 3614.3,3619.5
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4.6. Elemental analysis of the FT catalyst with alkali

metal promoters

Bulk analysis and surface elemental analysis for examination of the alkali promoters in
iron oxide catalyst was performed. The bulk elemental analysis: XRF, SEM-EDX and
surface analysis XPS have been used in the experiment.

The atomic percentages of the alkali metals for the iron oxide samples, before and after
activation, were measured. The elemental analysis results are compared and presented

in Tables 4.6.1 and 4.6.2.

The bulk EDX analysis for the iron oxide samples before reduction indicated the
presence of Na in a range between 0.1 and 0.3 at%. The same analysis indicated
between 0.1 at% and 0.2 atomic % of K promoter. For the samples with Rb between
0.4 at% and 0.5 at% of promoter was found, which was slightly higher than theoretical
(0.3 at %).

The XRF experiment indicated the presence of alkali promoters in the bulk of the iron
oxide samples before reduction. For the samples with Na and K promoters between 0.2
at% and 0.3 at% of alkali metals was found; and 0.2 at% for the samples with a Rb
promoter. The XRF elemental characterization results were similar to the EDX and may
confirm the results obtained by that technique. The results for both EDX and XRF

techniques are presented in Table 4.6.1.

The surface XPS characterization for non-reduced iron oxide samples indicated the
presence of Na in a range between 0.5 and 2.0 at% at the surface, which was higher than
the theoretical data for bulk and the surface (0.3 at%). The XPS for samples with K
promoter, synthesized in various conditions showed the presence of promoter for all the
samples between 1.6 and 2.6 at%. The XPS for samples with Rb promoter, synthesized
in various conditions proved the presence between 0.8 at% and 1 at%, which was also

higher than the theoretical concentration.

The highest concentration (0.5 at%) of the alkali promoters in the bulk before activation

was observed for the sample prepared at pH 7, fast titrant addition, 60 °C and for sample
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synthesized at pH 7, fast titrant addition in room temperature with a Rb. The highest
concentration of the alkali promoters on the surface (2.6 at %) was observed for the

samples prepared in pH 7, slow titrant addition at room temperature with K.

The bulk and a surface elemental analysis for reduced samples were also carried out.
The results for the samples reduced at different temperatures with Rb and Na promoter
are listed in a Table 4.6.2. The XRF characterisation indicated similar to the theoretical
concentration of the alkali metals in an iron oxide catalyst in a range between 0.2 and
0.4 at%. The highest concentration was noticed for the samples synthesised at pH 7,

slow titrant addition in a room temperature after reduction in 400 °C.

The XPS analysis for reduced samples showed a visible increase in the concentration of
alkalis in comparison to the non-reduced. The increase or the same concentration of
alkalis with increase of the reduction temperatures was also observed. The atomic % for
samples with Na and Rb reduced under hydrogen at 400 °C was between 3.5 and 4.6
at%. The iron oxide samples with Na and Rb reduced at 450 °C presented a higher
concentration of alkali metals, between 3.6 at% and 5.0 at %. The exception was the
sample synthesised at pH 7, fast titrant addition in room temperature with a Rb, which
has slightly higher concentration of the Rb (3.8 at%) on reduction at 400 °C in
comparison to the samples reduced at 450 °C with the same promoter, (maximum 3.7

at%).
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Tab. 4.6.1 The EDX, XPS, XRF elemental analysis (at %) for non-reduced iron oxide samples

synthesized in various conditions with different promoters

Atomic % of
Atomic % of alkali| Atomic % of
Conditions alkali metal,
metal, XRF alkali metal, XPS
EDX

at% theoretical 0.3 0.3 0.3
pH 7, fast, RT, Na 0.1' 0.2’ 0.8°
pH 7, slow, RT, Na 0.3 0.3 2.0
pH 7, fast, 60 °C, Na 0.2 0.3 0.5
pH 7, fast, RT, K 0.2 0.2 1.6
pH 7, slow, RT, K 0.1 0.2 2.6
pH 7, fast, 60 °C, K 0.1 0.3 1.8
pH 7, fast, RT, Rb 0.5 0.2 1.0
pH 7, slow, RT, Rb 04 0.2 0.8
pH 7, fast, 60 °C, Rb 0.5 0.2 0.8

1. EDX Standard deviation (S.D.) for Na, K and Rb promoters: (0.1 - 0.3)
2. XRF S.D for Na, K and Rb: (0.03 - 0.1)
3. XPS S.D for Na, K and Rb: (0.05 - 1.3)
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Tab. 4.6.2 The EDX, XPS, XRF elemental analysis for alkali promoters in iron oxide samples
synthesized in different conditions with Rb and Na promoter after reduction in 400 °C and

450 °C

Conditions Atomic %, XRF | Atomic %, XPS

pH 7, fast, RT, Na, 400 °C 0.2 4.6
pH 7, fast, RT, Na, 450 °C 0.2 5

pH 7, fast, RT, Rb, 400 °C 0.3 3.8
pH 7, fast, 60 °C, Rb,400 °C 0.3 35
pH 7, slow, RT,Rb,400 °C 0.4 3.6
pH 7, fast, RT, Rb, 450 °C 0.2 3.7
pH 7, fast, 60 °C, Rb,450 °C 0.2 3.6
pH 7, slow, RT,Rb,450 °C 0.3 3.7

In general, using bulk and surface sensitive quantitative analysis the surface enrichment
of promoter depending on conditions and kind of promoter added was observed. The
highest increase of the promoter on the surface was observed for the samples
synthesised at pH 7, slow titrant addition in room temperature. The highest increase was
observed for the samples with K promoter. There is a further enhancement of the
promoter species on the surface due to the reduction process. The discrepancies which
depend on conditions and kind of promoter were not as noticeable as for the

non-reduced samples.
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4.7 Conclusions

In this chapter, it was seen that the type of alkali metal used, the synthesis conditions,
and methods of preparation of the iron oxide catalyst have a significant influence on the
catalyst species. It was also discovered that reduction of iron oxide under hydrogen
results in the development of different iron oxide species, (Chapter 4.2) and the
migration of alkali metals to the surface. The alkali promoters influenced the activation
process and especially the change of the reduction temperature of the FT catalysts.
Two of them, K and Rb, cause a lowering, in comparison to Na, in the effective
reduction temperature. For the iron oxide samples with Na promoter reduced at 400 °C
for 20 h the Fe;O4 cubic phase was observed. For the samples with the same promoter
transformation from Fe;O4 to Fe occurred at 450 °C. For the samples with K and Rb
promoters the mixture of Fe;O4 and metallic iron after reduction at 400 °C was found.
After further reduction at 450 °C, negligible Fe;04 and predominant Fe were observed.
The reduction process at 500 °C resulted in the further reduction of Fe;O4 to metallic

iron and no presence of Fe;O4 was indicated.

After the reduction carried out at elevated temperatures (600 °C, 700 °C, and 800 °C)
under 5% H,/He for shorter time (1 hour), the FeO and/or FeO(;.x) phase were observed.
The occurrence of other iron oxide species during the experiment carried out in higher
reduction temperature for shorter periods in that part of the experiment was also
discovered. The PXRD characterisation of the samples reduced for 1 hour at 600 °C
yielded a mixture of cubic Fe;04, FeO and Fe; at 700 °C showed cubic magnetite
Fe;04 and FeO; and at 800 °C only reflections characteristic for the metallic form of
iron were observed, (Chapter 4.2). The alkali metals influence on the reduction
temperature is significant not only on the iron oxide phase but also on the sulfur phase

(behaviour of the sulfide promoters) as it is presented in Chapter 5.

The discrepancies in concentration of the alkali promoters due to the different
conditions and synthesis methods prior to reduction were not significant. The largest
alkali metal surface concentration was observed for the samples synthesised at pH 7,
fast titrant addition at room temperature. However, the differences in intensity of the
XPS spectra between non-activated samples prepared in different conditions with the

same promoter were minor, (Chapters 4.3, 4.4).
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The significant differences in XPS spectra intensity between non-reduced and reduced
samples with different alkali promoters synthesized in different conditions were
observed. The concentration of the promoters on the surface was substantially higher
after reduction. The largest differences in surface concentrations were observed
between non- reduced and reduced samples with the Na promoter. In general, the

concentration of the alkalis at the surface increased with the reduction temperature.

The possibility of migration of the promoters to the surface during reduction was further
confirmed using other bulk sensitive elemental analysis techniques like EDX and XRF
and comparison with XPS. The EDX analysis for all the samples indicated amounts of
alkali promoters close to the theoretical concentration (0.3 atomic %). The XPS analysis
indicated higher concentration than theoretical by up to 2.8 atomic %. The bulk
sensitive XRF analysis carried out for the non-reduced samples indicated between
0.2 and 0.3 atomic %, very similar to the theoretical concentration. The XRF analysis
for all reduced samples similar concentration of alkali metals to these non-reduced

indicated (between 0.2 and 0.4 atomic %).

The XANES technique was used to analyse properties of Na and K promoters (~0.3%)
in the non-activated and activated iron oxide catalysts. The Na K-edge signal was
difficult to analyse, because of the low energy, low concentration of sodium, and
relatively short acquisition time (due to the degradation of the beryl monochromator).
The amount of the K promoter was exactly the same as in the sample with Na promoter,
but higher energy and longer acquisition facilitated the XANES experiment. The shape
of the K K-edge XANES spectra was different prior to reduction and after, and changed
with the increase of the reduction temperature. The splitting of K K-edge spectra was
observed only for the activated catalyst and was more pronounced for the catalyst
samples reduced at 450 °C than those activated at 400 °C. This indicates possible
changes in the local environment during the increase of reduction temperature, like for
example changes in the oxygen coordination number around the K during the reduction

process.
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The SEM technique was employed to observe the influence of different alkali promoters
and synthesis conditions on the surface morphology of the catalyst samples. The
agglomerates for the samples with K were larger than those with Rb and Na promoters.
The samples with Rb were had the most smooth surfaces. All catalyst samples had
particles attached to the surface of larger agglomerates. The smallest particles were

observed for the catalyst synthesized with the K promoter at 60 °C.
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5.1 Sulfur in FT iron-based catalysts

The study of the role of different sulfur species and their transformations is very
important in industry, especially in the field of catalysis. As was mentioned above in the
introduction chapter, sulfur containing compounds are well known to exert an inhibiting
or poisoning effect in catalysts. Sulfur structures may decrease or even suppress the

reactivity of the metal catalyst.

Bromfield and Coville' suggested that reduction to metallic iron in the presence of
sulfur led to the formation of poisonous sulfide species. Higher temperatures affected
the conversion of sulfate (SO4%) to sulfide. Catalysts with sulfide species at the surface
showed effects of poisoning, while catalysts with the sulfates exhibited an enhancement
in activity. The catalysts with higher sulfide concentration will be most likely
poisoned' . However, it has been proven that catalysts with very low amount of sulfide
(up to 500 ppm) can be more active in the Fischer—Tropsch reaction than a sulfur-free
catalyst4'7. Baoshan et al. (2004) also reported6 that a small amount of sulfate species
may promote the catalyst by increasing activity and improving the heavier hydrocarbon
selectivity. Thus that is also very important the strict control of sulfur levels in the
feedstock gases. The amount of allowable sulfur in the FTS is in the order of a few ppb
(less than 5 ppb)’. Thus, examination of the concentration and oxidation state of sulfur
can be a very important source of information in a study of the nature of the catalyst
used in FTS. Moreover, it helps distinguish different molecular species of the element
and understand electron transfers during reaction progressions®. Most of these
transformations of S effect changes in oxidation states in the range from -2 to +6. The
determination of the oxidation state of sulfur in the catalyst should help indicate the

possibility of a poisoning effect or promoting properties of the sulfur additive.

The synthesis conditions, the methods of preparation of the iron oxide catalysts, and the
amount of sulfur added in the pre-treatment’,'® may have a significant influence on the
sulfur and iron oxide species existing in the catalyst''. The nature of these species may

affect the catalyst behaviour™'*".
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The main aim of this stage of the study was to investigate the existence and the
proportion of sulfur ions and their specific nature in an iron oxide catalyst. The sulfate
was added during the precipitation step in catalyst preparation. The precipitation was
conducted in different conditions: different temperatures, slow and fast titrant addition
rates and different pH values. The sulfur species in the iron oxide catalysts were

determined by the use of XPS, XANES, SEM-EDX, XRF, before and after activation.

5.2 X-Ray photoelectron spectroscopy examination
(XPS) of the S (2p) core-level spectrum for iron oxide

samples

PXRD analysis of iron oxide samples with alkali promoters before activation was
carried out previously and indicated haematite, an iron III oxide structure (Fig.2, chapter
4). The small concentration of sulfur (0.05 ppm), which was co-precipitated with the
catalyst as a promoter, was examined by XPS. The aim of this part of the experiment
was to show how different synthesis methods and conditions significantly affected the

nature and concentration of the sulfur species present before and after reduction.

5.2.1 XPS results of the S (2p) core-level spectrum for iron oxide

samples with Na promoter, before activation

The sulfur bonding states have been summarized from published references and are
listed in Table 5.2.1. The S 2p 3, binding energies presented covered an energy range
from 160.8 to 170.7 eV. The peak observed in the range 160.8-162.9 eV was assigned to
sulfides (S* monomers or S>> dimers)'* ?* and that in the range 163.8 - 164.35 eV to

elemental sulfur®'">. The reported peak of sulfites'***

is centred within the range of
166.4 - 167 eV. The binding energies of sulfates'****>*" was centred within the range
of 168.0 - 168.8 eV and these of thiosulfates in the range 167.0 - 168.8 eV. Reference
samples (FeSO4, Rb,SO4 and FeS) were also analyzed, the binding energies of which
are noted in the table below (5.2.1).
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Tab. 5.2.1. Binding energies of the S 2p 3, eV core level in relation to the sulfur bonding

Material Species BE S 2p 3, ¢V | Reference no.
Iron (II) sulfide (FeS) S* 160.8 — 161.4 [14-16]
Iron (II) sulfide (FeS,) S*, S,” 162.4-162.9 [17-20]
Sulfur Sg s° 163.8 — 164.35 [21-23]
Sodium sulfite (Na,SO3) SO5™ 166.4 - 167 [14, 24-26]
Sodium Thiosulfate S,05” 167.0 — 168.8 [14, 24, 25]
(Na,S,03)
Iron (II) sulfate (FeSO4) SO,™ 168.6 — 168.8 27
Sodium Sulfate (Na,SO,) SO,” 168.6 — 168.8 [14, 24, 25]
Ammonium Sulfate SO42' 168.0 — 168.2 14
(NH4)2(S04)
FeSO4 S04~ 168.8 this study
Rb,S0, SO~ 168.7 this study
FeS S* 162.1 this study

The XPS for all the samples with Na promoter were synthesized in different conditions
are presented in Fig.5.2.1. The S (2p) binding energies for all Na promoted samples are
observed between 169.0 eV and 169.3 eV, the region typical for sulfates'*?’. The
sample synthesized at pH 7, fast titrant addition at 60°C, and pH 7, fast titrant addition
in room temperature has the highest binding energy. Quantification of the amount of
sulfur present for the different samples shows the smallest amount of 0.1 at% S for the
sample with slow titrant addition rate and the highest amount of 0.3 at% for the sample
synthesized at pH 9, fast titrant addition rate in RT. The sulfur concentration for all the

samples was higher than the expected theoretical value of 0.05 at%. All results are

summarised in Table 5.2.3.
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—pH?9, fast, RT,
pH7, fast, 60 °C,

—pH7, fast, RT,
PH7, slow, RT

Intensity a.u.

175 170 165 160
Binding Energy (eV)

Fig.5.2.1. The S(2p) XPS spectra of samples with Na promoter before activation; from the top:
pH 9, fast titrant addition, RT (blue line, experiment and fit), pH 7, fast titrant addition, 60 °C
(green), pH 7, fast titrant addition, RT (red), pH 7, slow titrant addition, RT (orange).

5.2.2 The S (2p) XPS characterization for iron oxide samples with K

promoter, before activation

The S (2p) spectra signal was also noisy like for the samples with Na promoter.
However it can be observed in Figure 5.2.2 that the binding energies of S (2p) for iron
oxide samples with K promoter before activation are between 168.7 eV and 168.8 eV,
indicating sulfates. There was also observed small peak in BE 163.5 eV, which may
indicate presence of elemental sulfur. A small shift to a higher energy was observed for
the samples synthesised at pH 7, prepared with slow and fast titrant addition rate in

room temperature.
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The area under the S (2p) peak for the sample with slow titrant addition, was smaller in
comparison to the rest of the samples, i.e. the atomic percentage of the sulfur observed

was 0.1 at%, whereas for the rest an amount of 0.2 at% was determined.

— pH9, fast, RT

pH7, fast, 60°C
—pH7, fast, RT

pH7, slow, RT

Intensity a.u.

e
.............

175 170 165 160
Binding Energy (eV)

Fig. 5.2.2 XPS S(2p) spectra of samples with K promoter before activation; from the top: pH 9,
fast titrant addition, RT (blue), pH 7, fast titrant addition, 60 °C (green), pH 7, fast titrant
addition, RT (red), pH 7, slow titrant addition, RT (orange).

5.2.3 The S (2p) XPS characterization for iron oxide samples with Rb

promoter, before activation

The binding energies of S (2p) for the samples with a Rb promoter before activation
prepared under various conditions are between 168.7 eV and 168.8 eV, i.e. sulfates
region, as can be seen in Fig. 5.2.3. The area under the S (2p) peak for the sample
synthesised at pH 7, co-precipitation temperature 60 °C, was smaller than for the rest of
the samples synthesized with the same promoter. The atomic percent for that sample

was less than 0.1 %. The differences between binding energies of S (2p) for the iron
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oxide samples with Rb promoter, prepared in different conditions are difficult to

determine owing to the small signals with noise, (S.D.=0.08 — 0.15).

—pH9, fast, RT
——pH7,fast, 60°C

—pH7, fast, RT

——pH7, slow, RT

Intensity a.u.

Binding Energy (eV)

Fig. 5.2.3 XPS S(2p) spectra of samples with a Rb promoter before activation; from the top:
pH 9, fast titrant addition, RT (blue), pH 7, fast titrant addition, 60 °C (green), pH 7, fast titrant
addition, RT (red), pH 7, slow titrant addition, RT (orange).
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Tab. 5.2.3. The XPS peak positions for iron oxide catalyst non-reduced samples with

different promoters, prepared in different conditions

Conditions Peak Position, eV | Atomic %, XPS

pH 9, fast, RT, Na 169.1 0.3'
pH 7, fast, 60C, Na 169.2 0.2
pH 7, fast, RT, Na 169.0 0.2
pH 7, slow, RT, Na 169.1 0.1

pH 9, fast, RT, K 168.8 0.2
pH 7, fast, 60C, K 168.8 0.2
pH 7, fast, RT, K 163.5, 168.7 0.05,0.2
pH 7, slow, RT, K 168.7 0.1
pH 9, fast, RT, Rb 168.8 0.1
pH 7, fast, 60C, Rb 168.8 0.05
pH 7, fast, RT, Rb 168.8 0.1
pH 7, slow, RT, Rb 168.7 0.1

1. XPS S.D. for the Na, K: (0.08 — 0.15)

All of the samples were loaded with an amount of 0.05 at% sulfur. The XPS analysis of
Na promoted samples before activation revealed the presence of that element in a range
between 0.1 and 0.3 at% of sulfur. For samples promoted with K the presence of the
sulfate in the range 0.1 - 0.2 at% was derived for all the samples. Rb promoted samples
showed 0.1at% of sulfur for most of the samples with exception for the sample

synthesised at pH 7, fast titrant addition at 60 °C where sulfate was not detected.
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For all the samples prepared with K and Rb promoters there is a small shift of the range
0.1 -0.6 eV to a lower binding energy in comparison to the iron oxide samples prepared
with Na promoter. The same shift between samples with K and Rb promoter was not
observed which may be explained by smaller differences in ionic radius between K and
Rb, than between Na and K. It could be observed that the binding energies of S 2p for
sulfate (SO4%) ion decreased down the alkali group as influenced by the inter-atomic

effect (the ionicity of M" SO4%)%*.

5.2.4.1 The S (2p) XPS characterization for iron oxide samples with Rb
and Na promoter, after reduction in 400 °C (H,/He)

In the next stage of the experiment the changes in the sulfur speciation during the
activation process were examined with XPS. The characterisation of the S (2p) for the
iron oxide catalysts with Rb promoter activated under 5% H,/He at 400 °C and 450 °C
were performed. As for non-reduced samples, as can be seen in Fig.5.2.4.1, the binding
energies of S (2p) were observed between 168.0 eV and 168.7 eV, in the region typical

for sulfates'***?7

. Moreover, for all the samples except that prepared at pH 7,
co-precipitated at 60 °C, a significant second peak at 162.2-162.3 eV was observed. The
peak position suggested that for samples reduced at 400 °C sulfides'**" species are also

present on the surface, which were not observed before for non-reduced samples.

The amount of sulfur and sulphate differs between samples from different synthesis
procedures. As a comparison to the samples with Rb, a Na promoted sample synthesised
in pH 7, fast titrant addition rate, room temperature reduced at the same temperature is
also shown in Figure 5.2.4.1 For the sample prepared with Na promoter both a sulfate
peak (168.3eV), and a sulfide one (162.5 eV) were also observed. The area under the
sulfide peak for that sample was slightly larger than for the samples with Rb promoter,
1.e. a lower sulfate/sulfide ratio. The peak positions and sulfate/sulfide ratios for all

activated samples are presented in Table 5.2.4.
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400 °C

—pH7, fast, RT, Na
——pH7, fast, 60 °C
—pH7, fast, RT

——pH7, slow, RT

Intensity a.u.

175 170 165 160
Binding Energy (eV)

Fig. 5.2.4.1 XPS S(2p) spectra of samples with Rb promoter after activation in 400 °C; from the
top: Na, pH 7, fast titrant addition, RT (blue); Rb, pH 7, fast titrant addition, 60 °C (green); Rb,
pH 7, fast titrant addition, RT, (red), Rb, pH 7, slow titrant addition, RT(orange).
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5.2.4.2 The S (2p) XPS characterization for iron oxide samples with Rb
promoter, after reduction in 450 °C (H,/He)

For the samples prepared under various conditions with Rb promoter, reduced at 450
°C, sulfate peaks between 168.1 and 168.8 eV were still observed, Figure 5.2.4.2 but
also all the samples showed a sulfide peak at 162.0-162.5 eV. The lowest area under the
sulfate peak was observed for the sample prepared at pH 7, fast titrant addition rate,
room temperature as was the case for the samples prepared in the same conditions and
reduced at 400 °C. For the same sample the highest amount of sulfide was observed. For
the sample with Na promoter reduced at 450 °C, a broad sulfate peak and even bigger
area under the sulfide peak compared to the samples with Rb was observed. The sulfate
peak for the samples with Na was not shifted in comparison to the samples with Rb,

Figure 5.2.4.2.

450 °C ’(

Wl b —pH7, fast, RT, Na
pH7, fast, 60 °C

—pH7, fast, RT

Intensity a.u.

N pH7, slow, RT

175 170 165 160
Binding Energy (eV)

Fig. 5.2.4.2. XPS S(2p) spectra of samples with Rb promoter after activation in 450 °C; from
the top: Na, pH 7, fast titrant addition, RT (blue); Rb, pH 7, fast titrant addition, 60 °C (green);
Rb, pH 7, fast titrant addition, RT, (red), Rb, pH 7, slow titrant addition, RT(orange).
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There was a bigger sulfate/sulfide area ratio for samples prepared in different conditions
and reduced at 400 °C with Rb in comparison with the samples reduced at 450 °C. For
all the samples with Rb promoter reduced at 400 °C the average ratio of areas under the

sulfate/sulfide peaks was 1.6, and for those reduced at 450 °C it was 1.2.

The XPS analysis for reduced samples showed an increase in the concentration of sulfur
in comparison to these non-reduced. There were no observed discrepancies in atomic
percent for the samples activated in two different temperatures. The atomic % for
samples reduced under hydrogen at 400 °C was between 0.1 and 0.4 at% and in the
same range for the samples reduced in 450 °C was observed. A slightly smaller overall
concentration of sulfur species was observed for the sample with slow titrant addition at
the room temperature reduced in higher temperature than for the rest of the samples

with Rb. The atomic percentages of sulfur species are presented in the Table 5.2.4.2.

Tab. 5.2.4.2. The XPS elemental analysis of S (overall sulfate and sulfide) in iron oxide
samples synthesized in different conditions with Rb promoter after reduction in 400 °C and 450

°C

Atomic %, XPS, after] Atomic %, XPS, after
Conditions
reduction in 400 °C | reduction in 450 °C
pH 7, fast, RT, Na 0.4 04
pH 7, fast, 60 °C, Rb 0.1 0.1
pH 9, fast, RT, Rb 0.4 0.4
pH 7, slow, RT, Rb 0.4 0.3

1. XPS S.D for the Na, K and Rb (reduced samples): (0.08 — 0.15)
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In general, this part of the experiment showed that two main phenomena may occur.
The full transformation for the samples synthesised at pH7, fast titrant addition in room
temperature with Na and Rb, reduced at 450 °C or partial transformation of sulfate
species into sulfides upon in H,/He for two another samples was observed. Only small
decrease of sulfide species for the samples precipitated with slow titrant addition was
noticed which can be explained by a partial release of sulfur as gaseous H,S. However,
a further changes of sulfide species concentration for samples reduced at 450 °C
compared to 400 °C was not noticed. The ratios for all the samples are tabulated in

below in the Table 5.2.4.3.

Tab.5.2.4.3 The peak positions, area under the peak sulfate/sulfide ratio and oxidation state for

samples with Na and Rb promoters reduced at 400 °C and 450 °C.

Peak Area u;ier the Formal
Conditions Position, pear Oxidation
sulfate/sulfide
eV ) State
ratio
168.3 0.6
(6) > + _
pH 7, fast, RT, 400 °C, Na 162.5 6, -2
168. -
pH 7, fast, 60 °C, 400 °C, Rb 68.0 +6
168.6 0.5
o 2 + _
pH 7, fast, RT, 400 °C, Rb 1622 6, -2
168.7 2.9
o ’ + _
pH 7, slow, RT, 400 °C, Rb 1623 6, -2
0 - - +6. -
pH 7, fast, RT, 450 °C, Na 162.0 6, -2
o o 168.2 2.0
pH 7, fast, 60 °C, 450 °C, Rb 162.2 -2
168.8 0.2
0o 2 + _
pH 7, fast, RT, 450 °C, Rb 162.0 6, -2
168.1 2.1
0o > + _
pH 7,slow, RT, 450 °C, Rb 162.5 6, -2

187



Sulfur in FT iron-based catalysts

5.3. Sulfur X-ray absorption near-edge structure

(XANES) spectroscopy

X-ray absorption near-edge structure (XANES) spectroscopy provides a significant non-
destructive tool for the investigation of oxidation states and chemical speciation. In this
part of experiment, the sulfur oxidation states in different iron-oxide catalysts were
derived from S K-edge XANES. The near-edge region of the S K-edge spectrum is
dominated by dipole-allowed bound-state transitions of the 1s electron to vacant
molecular p-orbitals. The near-edge spectrum thus provides a sensitive probe of

electronic structure and hence of chemical form?’.

For the S K-edge of the sulfur species in the analysed catalysts there is a clearly visible
shift of the absorption edge to the higher energy with increasing oxidation state***'. For

these studies the samples were reduced up to 400°C.

XANES spectra were measured at the LUCIA beamline, Swiss Light Source (SLS),
Villigen, Switzerland and 118 at the Diamond Light Source in Oxfordshire, England.

5.3.1 Sulfur XANES for samples with Na promoter before and after

activation

5.3.1.1 The iron oxide phase determination by P-XRD before XANES

experiment

The powder X-Ray diffraction method was used to determine the crystallinity of the
samples as well as the structure of the iron oxides containing low concentrations of
sodium and sulfur. The reflections in all samples, before reduction, correspond to those
of the haematite structure of iron oxide (Fe,O3), Fig.5.3.1.1. After reduction at 100 °C
for 12 h, no structural changes in the sample were found (it remained as Fe,03). After

subsequent reduction from 300 °C, the structure of iron oxide changed to Fe;O4. After
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the reduction at 350 and 400 °C the crystallinity of Fe3O4 was higher and at 450 °C the
iron oxide catalyst was transformed to the metallic iron. The changes during activation

of the catalyst are shown in Figure 5.3.1.1.

pH 7, fast, RT, r¢duced at450 °C

pH 7, fast, RT, reduced at400 °C

L pH 7, fast, RT, reduced at350 °C
i JL . . \ pH 7, fast, RT, reduced at 300 °C

pH 7, fast, RT, reduced at100 °C

reentneren I st e N BT 2 R mONTEdICEd

20 30 40 50 60 70 80 90
26 (°)

Fig. 5.3.1.1. Powder X-ray diffraction of iron catalysts with Na promoter, prepared with the use

of different methods, after and before reduction.

189



Sulfur in FT iron-based catalysts

5.3.1.2 The S K-edge XANES

Sulfur exhibits particularly rich XANES spectra, due to the relatively sharp line widths
(good experimental resolution) and the large chemical shift range (of some 13 eV) over
its range of oxidation states (—2 to +6)°**. The S K-edge XANES spectra enabled
empirical determination of the sulfur oxidation state by comparison of the analyzed
iron-oxide catalyst samples with model compounds. The fingerprint reference
compounds used were: Na;SO4, FeSO4, NaySOs, FeS, and Sg. All XANES spectra of
reference samples are presented in Figure 5.3.1.2. The peak positions and oxidation

state for reference samples are tabulated in Table 5.3.1.2.

Na,SOy4 has a characteristic main peak at 2483.4 eV (indicative of S%%)?%3% The FeSO4
reference sample has its main peak in the same region as Na, SOy as expected since this
is also S®". A small feature at 2480.5 eV was also observed, which suggest amount of
reduced S being present (S*). Na,SO5 had characteristic peaks at 2479.2 eV and 2482.8
and a small peak between at 2480.8 eV. The peaks at 2479.2 eV and 2482.8 eV
correspond to the 8032' and SO42' ions respectively, i.e. S* and S*?°. The Sg and FeS
have S K-edge spectra at 2473.2 eV and 2472.0 eV, characteristic for S* and S°, as was
confirmed in the literature sources” . The differences in the shape and the position of
S K-edge references used in a experiment was observed, prooving that the technique is

sensitive for different oxidation states of sulfur’*>>.

The shift in binding energies of the spectrum is determined by effective nuclear charge
Z. of the ions of analysed catalyst with the sulfur additives. The oxidation state
changes are directly related with Z.¢ thus an increase in edge energy with to increasing
oxidation state from S* for FeS, S° (Sg) up to SO4* (S°") is observed. There is a
different intensity and the shape of the S K-edge XANES differs for the different
references samples, which is related to dipole allowed core-valence transitions 1s — 3p.
The occupation of the p orbital varies for Na,SO4, FeSO4, Na,SOj3, FeS, and Sg. There
is a different number of p orbital holes for sulfur compounds presented above: S*
3s%3p%,(0 holes); S° 3s?3p*, (2 holes); S* 3s?3p’,(6 holes); S® 3s°3p’(6 holes), Figure
53.1.2.
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4

g6+ 3so3p0

—sS.s

—S_Na2s04
S _FeSO4
S_Na2S03

—S FeS

2460 2465 2470 2475 2480 2485

Energy (eV)

2490

2495

2500 2505

2510

Fig.5.3.1.2. The S K-edge XANES spectra for reference compounds (FeS, Sg, Na,SOs;,

N32 SO4, FCSO4)
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Tab. 5.3.1.2 Sulfur containing reference compounds, their peak positions and oxidation state.

Chemical Formal Oxidation
Standard| Compound Peak Position, eV
Formula State
Troilite | Iron sulfide FeS 2472.0 -2
Elemental
Sulfur Sg 2473.2 0
Sulfur
2479.2
Sulfite | Sodium sulfite Na,S0; +4
2482.8
Sulfate |Sodium sulfate Na,SO4 2483.4 +6
2479.4
Sulfate |Iron (II) sulfate FeSOy4 +4, +6
2483.6

Bold — main peak

5.3.1.3 The S K-edge XANES analysis for non-reduced samples with

Na promoter

The first S K-edge XANES experiment was carried out at the Lucia of Swiss Light
Source station. The samples synthesized in various conditions were examined to study
the S oxidation state as a function of method of preparation. Figure 5.3.1.3 a displays

the S K-edge XANES spectra for all the samples prepared under different conditions.

The main, high intensity peak position for all the synthesized samples, before reduction,
was registered in the range between 2483.3 eV and 2483.5 eV, Fig.5.3.1.3 a,
corresponding to that of the SO4*, Table 5.3.1. There was also a smaller peak at 2473.5
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eV which corresponded to that of sulfur in the “0” oxidation state, observed. In the
spectra of the sample synthesized at pH 7, fast titrant addition rate, room temperature,
was most pronounced. A small hump was also observed for all the samples at 2480.5
eV, which indicates a small amount of reduced sulfur species in the “+4” oxidation
state. The peak positions of samples synthesized at different conditions for non-reduced

samples are in the Table 5.3.1.5 a.

—pH9, fast, RT,
C
.g —pH7, fast, RT
‘g pH7, slow, RT
3 pH7, fast,60 °C
<
©
(o]
K%
©
£
o
Z
o) AAPT ’ W
2470 2480 2490 2500
Energy (eV)

Fig.5.3.1.3 a Comparison of S K-edge XANES spectra for samples prepared with Na promoter,

before reduction, in different conditions.

In Figures 5.3.1.3 b and ¢ samples synthesised at pH 7 and pH 9 with fast titrant
addition in room temperature are compared to FeSO4, Na,SO4 and S references. The

main peak at 2483.4 eV and a broad peak between 2489 eV and 2505 eV characteristic
for sulfates
were observed for both iron catalyst samples. There is also a clearly visible small hump

at 2480.5 eV (typical for S*) and a peak at 2473.5 eV characteristic for sulfur “0” for
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the sample synthesized at pH 9, fast titrant addition rate, room temperature. There was
a slight reduction observed in the beam (experiment done in time in the beam) of the
FeSO4, which was not observed for the Na,SO4 reference. The same was noticed for
the experimental samples. This might be an indication that S is associated directly to Fe.

The XANES is the only technique with which this phenomenon was noticed.

—pH7, fast, RT

C
jel
2 —pH9, fast, RT
o
S —S S
o]
2
©
c €
Rel S
= =2
o
o
3 2464 2484 2504
< Energy (eV)
Re)
@
= c)
g ——pH7, fast, RT
o) —pH9, fast, RT ‘
> ‘
Na2504 \

FeSO4

2464 2474 2484 2494 2504 2514
Energy (eV)

Fig. 5.3.1.3 b Comparison of S K-edge XANES spectra for samples with Na, before reduction
and prepared in different conditions with b) Na,SO, reference, FeSO, reference, ¢) Sulfur

reference (upper right corner)
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5.3.1.4. The S K-edge XANES analysis for samples with Na promoter
reduced at 100 °C

The S K-edge XANES spectra for the samples synthesized at pH 7 and pH 9, fast titrant
addition rate in room temperature with Na promoter reduced at 100 °C have similar
characteristics, like those of non-reduced samples. The samples were compared with
FeSO4 and Na,SO,4 and are presented in Fig.5.3.1.4. For both of the samples there was
a visible main peak at 2483.4 ¢V indicating mainly S°" and a small hump observed at
2480.2 (small amount of reduced S**) at the base of the peak as was noted before for the
non-reduced samples. For the sample synthesized at pH 9 the S K-edge of the S° peak is

not visible, while it was present before activation.

C
.©
a
5 —pH7, fast, RT
[%]
0 —
2 pH9, fast, RT
g Fe2504
= Na2S04
£
O |
< ‘\
| W WS\
\ " \“3;;‘-.; sl
2464 2474 2484 2494 2504 2514

Energy (eV)

Fig. 5.3.1.4. Comparison of XANES S K-edge spectra for samples with Na, after reduction in

100 °C, synthesised in various conditions with the Na,SO, and FeSO, references.
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5.3.1.5 The S-K-edge XANES analysis for samples with Na promoter
reduced at 300 °C

In the spectra of the samples reduced at 300 °C two main peaks of high intensity were
observed, Fig.5.3.1.5 a. The first at 2479.6 eV and the second at 2482.0 eV for the
sample synthesized at pH 9, and at 2479.4 and 2482.0 eV for the sample synthesized at
pH 7, fast titrant addition rate, room temperature. The peaks positions and oxidation
states for samples reduced at 100 °C and 300 °C are listed in Table 5.3.1.5 b. At lower
binding energies two convoluted low intensity peaks at 2473.2 and 2470.6 eV for both
samples, were observed. The references FeS and S were used as a fingerprint for both of
the peaks, Fig.5.3.1.5 b. The low intensity peaks are at the same positions as those
recorded for S* and S and the two high intensity peaks are at positions corresponding
to those for SO3% and SO4%. To show the mixture, the FeSO4 and Na,SOj; references
were used. The spectra suggest that sulfur is present in the samples mainly as a mixture
of sulfur in the oxidation states +4 and +6 with small amounts of

0 and -2.

c
.g —pH9, fast, RT
(@)
o) ——pH7, fast, RT
(%)
2 Na2503
2 FeSO4
2
£
o
zZ
\»;\,‘_‘,‘4*"‘% "\5‘;_".‘
k- T T T T T

2464 2474 2484 2494 2504 2514
Energy (eV)

Fig.5.3.1.5a Comparison of S K-edge XANES spectra for the samples prepared in different

conditions, with Na, after reduction at 300 °C, with Na,SO; and FeSO, reference.
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Fig.5.3.1.5 b Comparison of S K-edge XANES spectres for the samples prepared in two

different conditions, with Na promoter, after reduction in 300 °C, with S and FeS reference.

Tab. 5.3.1.5 a The XANES S K-edge peak positions and oxidation state of samples with Na

synthesized at different conditions.

Reduction Peak position, ‘Oxidation
conditions eV State’
2480.5 446
+4,+
pH 9, fast, RT, 2483 .4
2473.5,
pH 7, fast, RT, 2480.0 0, +4, +6,
2483.4,
2480.5
pH 7, slow, RT +4,+6
2483.5,
2480.5 446
0 +4,+
pH 7, fast, 60 °C 2483 3
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Tab. 5.3.1.5 b Sulfur K-edge XANES spectra peak positions for iron oxide catalyst with Na,
reduced at 100 °C and 300 °C .

Reduction Sample Peak
‘Oxidation State’
conditions position, eV
pH 7, fast, RT 2483 .4 +6
As synthesized
pH 9, fast, RT 2483.4 +6
pH 7, fast, RT 2483.6 +6
Reduced at 100 °C
pH 9, fast, RT 2483 .4 +6
2482.0
+4, +6
2479.6
pH 7, fast, RT
2473.2 0
2470.6 (-2)
Reduced at 300 °C
2482.0
+4, +6
2479 .4
pH 9, fast, RT 776 0
2470.4 (-2)

5.3.2. Sulfur K-edge XANES for samples with K promoter

5.3.2.1. Sulfur K-edge XANES for samples with K promoter before

activation

The X-Ray absorption spectra of the S K-edges of iron oxide samples with K promoter
were studied on 118 at the Diamond Light Source in Oxford.

In the previous experiment when the S K-edge for the samples with Na promoter were
measured, a significant high intensity peak characteristic for S°* %= for non-reduced
synthesized in different conditions samples was noticed. The same S K-edge position
during XANES measurement for the samples with K promoter was observed,

Fig.5.3.2.1.
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In the experiment the Fe,SO4 reference sample was used as a fingerprint. The S K-
edges for all the samples with K promoter after comparison with FeSO,4 suggest

presence of the sulfate SO4> species, below Fig.5.3.2.1.

{\ —pH9, fast, RT
| pH7, fast, 60 °C
|
S f —pH7, fast, RT
g. ‘\ pH7, slow, RT
3 \
< |
3 |
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\ ’/‘w,’y‘\ ‘”M“V-"A‘(‘
| \\ g
) e ”
4 o
/,/'I/
2465 2475 2485 2495 2505 2515
Energy (eV)
Fig.5.3.2.1. Comparison of S K-edge XANES spectra for iron catalyst samples with K

promoter, before reduction, prepared in different conditions.

5.3.2.2 Sulfur XANES for samples with K promoter after activation

In comparison with samples reduced at 100 °C and 300 °C with Na promoter, iron oxide
samples with K reduced at the higher temperature of 400 °C did not show a significant
amount of sulfur and its speciation was therefore impossible to derive, Fig.5.3.2.2.
A very low intensity peak for two of the samples in the S K-edge area was visible. This
can indicate that the sulfates were present on the surface. The weak signal may be due
to a lower level of sulfur after reduction at high temperature. However, any other sulfur

species (like e.g. sulfides) were not detected.
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Previous examinations using powder XRD analysis verified the presence of the iron
oxide speciation after reduction at different temperatures. The synthesized iron oxide
catalyst with Na promoter changed from Fe;Oy4 to Fe after reduction at 450 °C. For the
iron oxide catalyst with K promoter transformation from Fe;O4 to Fe started to be
visible after reduction at 400 °C. Changes both in the speciation of sulfur and in the
structure of the iron oxide, take place during activation at different temperatures'*°.
When the catalyst is reduced under H, in high temperatures, the sulfate species may be

transformed into sulfides and eventually H,S is released as a gas phase.
M"'80, +4H, — M™O + H,S + 3H,0

The total decomposition of M*'SOy is only possible in high temperatures35~">* due to
the large thermal stability of SO4* on metal-oxides. Thus, the transformation of the
SO, to the S¥on the surface may be observed at rising reduction temperatures lower

than the temperature of thermal decomposition.

— pH9, fast, RT
pH7, fast, 60 °C
—pH7, fast, RT

pH7, slow, RT

Normalised Absorption

2465 2470 2475 2480 2485 2490
Energy (eV)

Fig.5.3.2.2. Comparison of XANES S K-edge spectra for the catalysts with K promoter

prepared in different conditions after reduction in 400 °C.
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5.4 Elemental analysis of sulfur species in the bulk and
on the surface of catalyst using, SEM-EDX, XRF and
XPS techniques

The elemental analysis of the sulfur species using various techniques was carried out.
The surface analysis and bulk elemental analysis like XPS, SEM-EDX, like XRF have
been used in the project.

Sulfur containing catalyst samples were impregnated in epoxy resin prior to SEM/EDX

analysis. Hence, the analyzed surfaces had a low roughness, Figure.5.4.

15k s 3=-=ZZ-E-_IE1_13; Z B 17 S8-SEIL

Fig.5.4. The example of the SEM image for sample with prepared at pH 7, fast titrant addition,

room temperature, with S and Na promoters.

5.4.1. The SEM-EDX elemental analysis of sulfur in iron oxide catalyst

The SEM-EDX analyses were performed on a JSM 5910 SEM at the Electron
Microscopy Centre, University of Southampton. The EDX with comparison to XPS and
XRF elemental analysis for the iron oxide samples with different promoters are listed in
Table 5.4.3. The EDX analysis for samples with Na promoter, synthesized in various
conditions indicated the presence of approximately 0.1 at%. All of the samples were

loaded with an amount of 0.05 at% sulfur. The lower detection limit of the EDX
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technique is 0.1 at%, (S.D. = 0.07), so any content below this value is not observable in
the data. The atomic percent of sulfur in non-reduced samples using XPS technique was

slightly higher in a range 0.1 — 0.3 at%. The S.D. for XPS was between 0.08 and 0.15.

The EDX for samples with K promoter, synthesized in different conditions showed the
presence of sulfur for all the samples between 0.1 and 0.2 at%, higher than the loaded
amount. Samples synthesised in pH 7, slow titrant addition in the room temperature and
pH 9, fast titrant addition in room temperature, have lower amounts of sulfur in
comparison to the rest of the samples with Na promoter. The amount of sulfur for the
non-reduced samples with K was in the same range 0.1 — 0.2 at%. The elemental
analysis for the samples with Rb promoter indicated 0.1 at% of sulfur. The exception is
the sample synthesized in pH 7, fast titrant addition, and temperature 60 °C during
precipitation, where nu sulfur was detected. Presented before atomic percent of sulfur

for the samples with Rb promoter noticed by XPS indicated the same amount of sulfur.

5.4.2. The XRF analyses of sulfur in iron oxide catalyst

The XRF elemental analyses were performed on a Philips MagiX-Pro WD-XRF
spectrometer, National Oceanography Centre, Southampton. The XRF experiment
indicated presence of sulfur in the bulk of all the iron oxide samples with different
promoters. The maximum of the observed S was 0.1 at%. For the iron oxide sample
with Na and K promoters synthesized at pH 9 no sulfur was indicated. There was also
no sulfur in the iron oxide sample with Rb promoter precipitated at 60 °C. The same for
this sample was noticed using EDX analysis. The accuracy of XRF technique was

higher in comparison to presented above EDX and XPS techniques, S.D. =0.05 - 0.08.
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5.4.3. The elemental analysis of the sulfur species in the catalyst after

activation

The XRF elemental analysis of the reduced iron oxide samples was also carried out. The
analysis indicated the absence of sulfur for most of the samples. Only for the sample
with slow titrant addition rate, reduced at 400 °C the same amount of sulfur 0.1at% as

before reduction was noted.

Presented before the XPS elemental analysis of the reduced samples with Rb indicated
0.1 — 0.4 at% for the samples reduced at 400 °C and 450 °C. However the experimental
error related mainly with highly noise signal was high S.D =0.08 - 0.15.

The comparison of the bulk elemental analysis (XRF and EDX) of sulfur with the
surface sensitive technique (XPS) shows discrepancies in concentration of the element
before and after activation in the bulk and surface of the catalyst. There was a lower
amount of sulfur species in the non-reduced catalyst observed in the bulk (up to 0.1 at%,
XRF and EDX technique) than on the surface (maximum 0.3 at%, XPS technique). As
for non-reduced samples, concentration of sulfur for activated samples in the bulk was
lower than on the surface. The surface XPS analysis for the activated samples revealed
concentrations up to 0.4 at%. The results for the samples reduced in increased

temperatures (400 °C and 450 °C), are noticed in a subchapter 5.2.4.2, Table 5.2.4.2.

There are many factors that may influence on the quantitative characterization of the
non-activated and activated catalysts. All of the presented techniques may reveal
different accuracy, precision, sensitivity, resolution, and detection limit. The
discrepancies caused by some of these factors may have influence on the observed
results. The example may different detection limit for XPS and XRF technique. The
detection limit can be related to for example the instrument (instrumental detection
limit) or the method of analysis (method detection limit), calibration error, or noise
contribution. It was observed that the S.D. calculated for XPS technique is strongly
related (proportional) with the noise, (and higher than the S.D. of XRF).
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Tab. 5.4.3. The EDX, XPS, XRF elemental analysis (at %) for non-reduced iron oxide samples

synthesized in various conditions with different promoters

Conditions Atomic %, EDX| Atomic %, XPS | Atomic %, XRF
pH 9, fast, RT, Na 0.1 0.3 -
pH 7, fast, 60 °C, Na 0.1 0.2 0.1
pH 7, fast, RT, Na 0.1 0.2 0.1
pH 7, slow, RT, Na 0.1 0.1 0.1
pH 9, fast, RT, K 0.1 0.2 -
pH 7, fast, 60 °C, K 0.2 0.2 0.1

pH 7, fast, RT, K 0.1 0.2 0.1
pH 7, slow, RT, K 0.2 0.1 0.1
pH 9, fast, RT, Rb 0.1 0.1 0.1
pH 7, fast, 60 °C, Rb - - i
pH 7, fast, RT, Rb 0.1 0.1 0.1
pH 7, slow, RT, Rb 0.1 0.1 0.1

1. EDX Standard deviation (S.D.) for Na, K and Rb promoters: (0.07 — 0.18)
2. XRF S.D for Na, K and Rb: (0.05 - 0.08)
3. XPS S.D for Na, K and Rb: (0.08 — 0.15)

S at% theoretical : 0.05
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5.5 Conclusions

In this chapter the sulfur speciation in iron oxide catalyst before and after activation was
studied. There were differences in the sulfur structure and concentration in the catalysts
related to the synthesis conditions and activation temperature. The examined samples
were reduced under H,/He at 100 °C, 300 °C, 400 °C and 450 °C. The nature of sulfur in
the iron oxide was determined by XPS, XANES, SEM-EDX, and XRF. Firstly, the
oxidation state, electronic and molecular structure using XPS and XANES techniques
were studied. Then SEM-EDX, XRF surface and bulk sensitive techniques were applied

for examination of sulfur species concentration in the catalyst.

The binding energy measured by XPS technique for all the samples synthesised in
various conditions, with different alkali metals Na, K, Rb before activation shows
mainly the presence of the sulfate (SO4>) form of sulfur species in the catalyst. For all
the samples examined by XPS before activation around 0.3 eV shift in binding energy

was observed between samples with Na promoter and those with K, Rb promoters.

The peak positions for S (2p) for most of the samples with Rb and Na promoter after
activation under H,/He at 400 °C were in the BE ranges which indicate a mixture of
sulfate and sulfide species. For the sample precipitated at 60 °C, with Rb, only the
sulfate peak was observed. The presence of both sulfate and sulfide ions after activation
under H,/He at 450 °C, was also observed. However the sulfate/sulfide ratio was higher
for the samples reduced at 400 °C in comparison to the samples reduced at 450 °C,
which may prove the partial conversion of sulfate to sulfide with the increase of
reduction temperature. The small decrease of the overall sulfur species concentration for
the samples with slow titrant addition, with Rb promoter in comparison to those reduced
at 400°C may suggest the partial release of sulfur as gaseous H,S at the highest

experimental reduction temperatures.

The XANES analysis which notices differences in 1s — 3p bound state transitions, also
proved that before reduction sulfur was present in all iron catalyst samples in the form

of sulfate ions with sulfur in the +6 oxidation state. Minute amounts of sulfur ‘0’ were
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also discovered in the sample synthesized at pH 9. The samples reduced at 100 °C
reveal the presence of the sulfur at the oxidation state +6 like non-reduced samples.
After reduction at 300 °C there was a mixture of sulfur in the +6 and +4 oxidation states
and smaller amounts of sulfur in the 0 and -2 oxidation states. The XANES analysis for
the iron catalyst samples with K promoter reduced under H,/He in -elevated

temperatures of 400 °C and 450 °C showed absence of sulfur.

The bulk quantitative analysis XRF and EDX for the catalyst before activation indicated
lower or the same amount (0.1at% for Na, Rb and 0.1 - 0.2at% for K) of sulfur species
than the concentration of sulfur species indicated by surface sensitive XPS

(0.1- 0.3at% for Na, 0.2at% and 0.1at% or less for Rb).

The comparison of the XPS analysis of the sulfur species for the samples with Rb and
Na promoter before and after activation prove the increase of the sulfite species on the
surface. The concentration of sulfur in the activated catalyst examined by bulk sensitive
techniques indicated lower amount of sulfur or even absence of sulfur species (sample
precipitated at 60 °C) in comparison to those non-reduced. The surface sensitive XPS

showed the same or higher concentration of sulfur on the surface (0.1-0.4 at %).

It was shown that the relative proportions of S species can be controlled by
manipulation of the method and conditions of the catalyst synthesis. The higher
reduction temperatures promoted the transformation of SO42' into a mixture of SO42'
and S*. The reduction carried in elevated temperatures caused migration of sulfate
species to the surface and in the highest temperature sulfur may have been released as
gaseous H,S from the surface of the catalyst. These observations prove that using small
amounts of sulfate as a promoter is only possible in a certain range of activation

temperatures.
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6.1 Conclusions

In this work, the influence of different types of alkali metals and sulfur on the structural
properties of the FT catalyst was investigated. It was also a study of the influence of
synthesis parameters and preparation method on the catalyst properties. After the iron
oxide catalyst was synthesised, information was collected about the catalytically-active
material, i.e. iron oxide and dopants (alkali metals and sulfur). The information was
collected in many different stages of the process of creation of the catalyst, Figure 6.1,
beginning with the visual observation of the texture and colour of the iron slurry during
the precipitation process to the characterisation by highly developed analytical

techniques like XPS or XAFS.

The complete information about synthesis, before and after calcinations, before and
after the reduction process gives a description that may be used in the next stage of
catalyst design (Future work). It is very important to deliver the catalyst with the
information package before checking its ability to convert feedstock to various products
(activity), the ability to provide the desire product out of all possible products

(selectivity)' and its life time (which will be a subject of future work).

At the beginning, the changes of the catalytically-active material influenced by different
conditions, method of synthesis and activation process were investigated. Information
about the iron oxide structure, particle size, morphology, pore size, oxidation state and
stoichiometry was collected using techniques like: P-XRD, SEM, EDX, XPS, XANES,
XRF.

X-ray diffractograms of all samples before activation showed data characteristic of the
haematite structure of iron oxide (a-Fe,Os). The highest crystallinity (the highest
particle size) was observed for the sample synthesised at pH 7, fast titrant addition at
room temperature, then with slow titrant addition, followed by samples which were

impregnated and at the and those synthesised at 60 °C.
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Fig. 6.1 Scheme of investigating the influence of the dopants on properties of iron oxide
catalysts for the Fischer-Tropsch process. Catalyst before analysis — white. Samples after first
characterization — light gray. Catalyst after second characterization, and selection — dark gray.
Selected iron oxide FT catalyst — rust.
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After the activation process in 5% H,/He, different species of iron oxide were observed,
depending on reduction temperature and type of alkali metal used. It was discovered
that alkali metals influenced the activation process by changing the reduction
temperature of the iron oxide catalyst. The transformation of haematite (a-Fe,O3) to
magnetite (Fe;O4) and Fe;O4 to Fe’ occurred at different temperatures for the iron
oxide catalyst doped with Na as compared with K and Rb. For the samples with Na and
reduced at 400 °C the Fe;04 cubic phase was observed, whilst at 450 °C transformation
from magnetite Fe;O4 to metallic iron Fe occurred. For the samples with K and Rb the
mixture of magnetite and metallic iron was found at 400 °C and predominantly metallic

Fe at 450 °C.

The a-Fe, O3 form of iron oxide for non-reduced samples was also confirmed using the
XPS technique. The binding energies, shape of the peak and presence of the satellite
were the same as those of examined references and o-Fe, O3 from the literature sources.
The characteristic width for the Fe 2ps/, spectrum of the samples reduced at 400 °C and
absence of Fe 2ps, peak’s satellite were observed. The differences between Fe;O4 and
v-Fe, O3 are subtle, when the P-XRD technique is used, thus further XPS study, which
could show the absence of the satellite for Fe;O4 or the presence of the Fe 2ps,; satellite
of y-Fe,O3 was needed to help distinguish between the two forms of iron oxide. The
most visible difference between the samples reduced at 400 °C and at 450 °C was the
presence of the Fe 2ps, peak’s satellite for the samples reduced in the higher
temperature which suggests the presence of y-Fe, O3 and/or a-FeOOH. The presence of
a peak in the lower energy arm of the Fe 2ps, spectrum proved the occurrence of the
Fe’ in the sample reduced in higher temperature. The XPS technique was also used to
measure O 1s spectra. The presence of small amount of OH™ and H,O species was

detected on the surface of all the samples.

The XPS, EDX and XRF quantitative analysis and study of the stoichiometry of the iron
oxides additionally proved previous observations. The Fe : O ratio at the surface and in
the bulk of all of the non-reduced samples was close to the theoretical ratio for Fe, O3
(0.67) and was not influenced by the kind of the alkali promoter used. The higher
amount of oxygen discovered for some of the samples could be due to the presence of

H,O and hydroxides. The elemental analysis of the activated samples also confirmed
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what was presented previously, i.e. the characteristic Fe : O ratio for the mixture of Fe**
and Fe®" oxides for the samples reduced at 400 °C and the mixture of oxide and metallic
iron for those reduced at 450 °C. For the samples with Na and Rb promoters the Fe : O

ratio increased with the rising reduction temperature.

A comparison of the samples synthesised with different procedures by SEM showed
that there are two different types of surface: the irregularly shaped agglomerates with
smaller round edged particles attached to their surface and homogenous agglomerates
surfaces with sharp edges. The samples with Rb were the most homogenous, i.e. their
surface was flat and had a more faceted morphology. The agglomerates for the samples
with K were in general bigger than those with Rb and Na promoters. The catalysts’

surfaces did not vary with the different conditions of synthesis.

The physisorption isotherms for all the iron oxide samples with different promoters
exhibited type IV hysteresis loop, which is characteristic of materials with
a mesoporous structure. The hysteresis loops were of the H1 type, which is typical for
close packed agglomerates of homogeneous spheres with a narrow PSD. The majority
of the catalyst samples revealed a narrow PSD, which indicates a homogenous surface
structure. The TPV was higher for the samples synthesized at 60 °C than the rest of the
samples. The higher TPV and the lower PSD parameter for these samples may suggest
increasing volume of the cavities with the same pore entrance. The TPV increased with
PSD for the rest of the samples, which indicates that the entrance diameter increased
proportionally to the cavities sizes. The BET surface area for the same samples
synthesized at 60 °C was higher than the rest of the samples. The samples synthesised
at pH 7, fast titrant addition at room temperature had the lowest surface area and highest

crystallinity.

The differences in concentration of the alkali metals on the surface of non-reduced
samples synthesised in different conditions and by different methods of preparation
were not significant. However, noteworthy discrepancies between non-activated and
activated catalyst samples with different alkali promoters were discovered. A significant
enhancement of alkalis on the surface for the reduced samples was observed using the
XPS technique. The largest concentration of alkali promoter was observed for the

samples with Na. Moreover, the concentration of the alkali promoters on the surface
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increased with increasing reduction temperature. The migration of the alkalis to the
surface caused by reduction was also confirmed by quantitative EDX and XRF analysis.
The highest increase was noticed for the samples synthesised at pH 7, slow titrant
addition at room temperature. The transformation of the haematite (a-Fe,Os) to

magnetite (Fe;04) and Fe;Oy4 to Fe’, and the migration of the alkali metal (Rb") to the

}Surface

> Bulk

surface in iron oxide catalyst doped with Rb is presented in Figure 6.1.1.

Catalyst Non-
reduced

Reduced in lower
temperature, 450 °C

Reduced in higher
temperature, 500 °C

Fig. 6.1.1. Schematic view of the transformation of iron oxide, migration of Rb",
conversion of the sulfate to sulfide, and release of sulfur as a gaseous H,S, caused by

reduction of the iron oxide catalyst.

214



Chapter 6

The structural properties of K and Na promoters were also studied using the XANES
technique. The relatively short acquisition time (degradation of the beryl
monochromator), the low loading and low energy of sodium did not permit collection of
informative Na K-edge data. The higher absorption edge energy and longer possible
acquisition times facilitated the XANES measurement of potassium K-edge. The
changes (shape and splitting) in the K-edge spectrum indicated variations in the local
environment (e.g. alteration of the coordination number around K ") during the reduction
process, which may have occurred also during the reduction of the sample with Na but

could not be observed.

The alkali promoters may have influence not only on the iron oxide phase but also on
the local environment around sulfur. It was observed that the kind of alkali metal used
as a promoter and the inter-atomic effect (M'—SO4%) may have influenced the energy
shift in the XPS spectra. (The samples with Na was shifted 0.3 eV towards higher
energy). A slight reduction of sulfur in the X-ray beam was observed during XANES
experiment with the model compound FeSO4 and was not observed for the Na;SO4
reference. The same behaviour was also noticed for the experimental samples. This
might be an indication that SO4* is associated directly to Fe. The XANES is the only

technique with which this phenomenon was noticed.

The study of the oxidation state, electronic and molecular structure using XPS and
XANES techniques shows that all the samples synthesised in various conditions, with
different alkali promoters contained the sulfate (SO4%) form of sulfur. Most of the
samples activated under H,/He at 400 °C characterised using the XPS technique showed
S 2p peaks typical for the mixture of both sulfate and sulfide species. The same mixture
for the same samples after reduction in higher (450 °C) temperature was observed,
however the sulfate/sulfide ratio was lower, which showed a correlation between
increasing temperature and conversion of sulfate to sulfide. The decrease of the total of
sulfur species for the samples with Rb in higher reduction temperature may suggest the

release of sulfur as a gaseous H,S, (schematic view, Figure 6.1.1).

The characterization of sulfur species using the XANES technique for the samples
activated at 100 °C with Na promoter showed the environment of sulfur to be similar to

that in non-reduced samples (oxidation state +6). The analysis of S K-edge of the
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samples activated at 300 °C revealed differences in 1s — 3p bound state transitions
indicating a mixture of sulfur in the +6 and +4 oxidation states and smaller
concentrations of sulfur in the 0 and -2 oxidation states. The XANES technique
performed for S K-edge of the samples with K promoter reduced in Hp/He at 400 °C

and 450 °C did not reveal the presence of any sulfur species.

After quantitative surface XPS analysis and comparison of sulfur species concentration
for the non-reduced and reduced samples with Na and Rb showed an increase of the
sulfite species on the surface. The decrease of sulfur species in the bulk of activated
samples was also observed using (XRF and EDX) in comparison to the non-activated
ones. In general, it was proved that the reduction process at elevated temperatures

caused migration of sulfate species to surface.

6.2. Future work

In this work, non-activated and activated iron oxide catalysts were analyzed using
various techniques. Careful characterization in many different stages of catalyst
production provided information which could be compared with that obtained after
catalysis carried out under standard FTS conditions. The influence of the synthesis
conditions, i.e. the methods of preparation and the physical and chemical properties of
the catalyst e.g. crystallinity, size of the particles, surface area, pore size distribution,
distribution of sulfide/sulfate ions and alkali metals in the catalyst on the FTS catalyst
activity and higher hydrocarbons selectivity, could be examined. Moreover, the
influence of these structural factors on properties like the enhancement of CO and the
decrease of H, adsorption, favouring formation of unsaturated products, or suppressing
hydrogenation of olefins, should be studied. The WGS activity should also be examined
with catalysts synthesized in this work, due to the high demand of H; in a process where

syngas is obtained from coal or gasification of heavy oils (low H,/CO).

A suitable procedure for further examination of alkali promoters should be established,
which would include the XPS and quantification techniques such as EDX and XRF.
Observation of the changes of properties of chosen catalysts using in-situ XPS or XAFS

during the activation process will be valuable. The transformation of iron oxide, alkali
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metals and sulfur promoters simultaneously would be examined in such an experiment.
The in-situ XAFS gives more information on chemical speciation. The crystallinity and
structure of the iron oxide species should be examined using P-XRD or XPS and the
stoichiometry by the use of EDX or XRF. The nitrogen absorption BET analysis, could
be a good and simple way to check pore size distribution and surface area, after
catalysis, to check for life time of the catalyst. For further analysis of low concentration

of sulfur species XPS and XANES would be recommended.
After examination of the influence of the physico-chemical properties of the catalysts on

the properties of the final products and overall efficiency of FTS, the optimal catalyst

synthesis conditions, method of preparation and activation conditions will be chosen.

6.3 References

1. Catalyst handbook, edited M. Twigg, second edition, Manson Publishing,
London, 1998.

217



