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Chapter 1

1.1 Catalysis
1.1.1 Catalysis: past and present
For many people in the world catalysis is a well-known
phenomenon. For the majority of these, the concept of catalysis is
associated primarily with the process that occurs under their car to clean
the exhaust gases. However, catalysis has a much larger impact than that in
daily life since over 85-90% of our chemical products are generated by
catalytic processes [1]. Production of food, clothes, pharmaceuticals,
polymers, fuels and petroleum refining all depend on catalysis. According
to the Global Refinery Catalyst Market’s report, the worldwide catalyst
manufacturing industry alone was valued at $19.2 billion USD in 2012 and
is forecasted to grow to 24 billion USD in 2018 [2]. Although this number
may seem relatively small, it is estimated that the total impact of catalysis
and catalysis related processes is up to 10 trillion USD per year,
contributing to almost 20% of the world’s GDP [3].
The term ‘catalysis’ was first defined by the Swedish chemist Jöns
Jakob Berzelius in 1835 [4, 5]. In his report published in 1836 [5], he
summarized his ideas on catalysis and wrote: “ it is, then, proved that several
simple or compound bodies, soluble and insoluble, have the property of exercising
on other bodies an action very different from chemical affinity. By means of this
action they produce, in these bodies, decompositions of their elements and different
recombinations of these same elements to which they remain indifferent”. Next, he
proposed the existence of a new force, which he called the ‘catalytic force’
and he referred to ‘catalysis’ as the decomposition of bodies by this force.
In fact, the word catalysis originates from the Greek verb ‘kata-luein’ which
means ‘to dissolve’ or ‘loosen’. Several years later, Faraday discovered that
surfaces provide the reaction sites during heterogeneous catalysis. In 1895,
the first proper definition of a catalyst was coined by Ostwald: “A catalyst is
a substance that influences the rate of a chemical reaction, without itself appearing
into the products, but does not influence the equilibrium”.
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1.1.2 Principles of catalysis
Nowadays, a more popular description of a catalyst is: “a substance
that accelerates the rate of a chemical reaction by offering different
pathways lower in energy than the respective uncatalyzed (gas-phase)
reaction without being consumed itself”. Reactant molecules first bind to
the catalyst, where they react, after which the product detaches from the
catalyst’s surface, leaving the catalyst unaltered and ready for the next
cycle, which is depicted in Figure 1.1.
In general, catalysis can be subdivided into three major classes:
homogeneous, heterogeneous and biocatalysis. In homogeneous catalysis,
the catalyst is usually an organometallic complex that is dissolved in a
solvent along with the reactants. Biocatalysis is an area of homogeneous
catalysis, where natural products (enzymes) are used as a catalyst for the
chemical reactions. In heterogeneous catalysis, the catalyst is a solid, which
catalyzes the reaction of reactants present in either gas or liquid phase.
Because these catalytic reactions take place solely on the surface, the
majority of catalysts are nanometer-sized particles, supported on an inert
porous material with high surface area, such as alumina, silica and carbon.
Although heterogeneous catalysts are mostly less active than homogenous
catalysts, separation of the catalyst from the reaction system is relatively
easy; thus, the catalyst can be recycled more often, which lowers the costs
significantly. The easy separation of the catalyst from the reaction mixture
also provides the possibility of continuous catalytic processes. In this thesis;
all work presented, is regarded as heterogeneous catalysis.
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Figure 1.1. Schematic representation of a catalytic cycle with its
sequence of elementary reaction steps: bonding of the molecules to the
catalyst surface, reaction of the molecules, and detachment of the
products from the catalyst surface, freeing the surface for the next
cycle (adapted from [6]).
The role of a catalyst in a heterogeneous reaction (A2+B2→2AB), is
illustrated in Figure 1.2. In this potential energy diagram, the higher the
potential energy barrier is, the more energy it costs to overcome this
barrier. This figure compares the non-catalytic, gas-phase reaction with the
catalytic reaction of molecules A2 and B2 reacting towards two AB
molecules. The first step is the adsorption of the reactants A2 and B2. This is
always an exothermic process, leading to a lower energy in the potential
energy diagram. Next, the catalyst breaks the A-A and B-B bonds of the
molecule. If atoms A and B are in proximity of each other due to their
respective diffusion on the surface, they can create a new bond between A
and B to produce the molecule AB. The activation barrier required for this
catalyzed reaction to occur is noticeably lower than the non-catalyzed
reaction; therefore, leading to a much higher reaction rate at a given
temperature and enabling much milder conditions (lower temperature and
pressure). Finally, AB is desorbed from the surface, and the reaction starts
all over again. Both reaction pathways end at the same energy level, thus,
4
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the overall potential energy is not changed when the reaction is catalyzed.
Hence, a catalyst solely affects the kinetics of the reaction, but not its
thermodynamics.

Figure 1.2. Potential energy diagram of a reaction (A2+B2→2AB) in
catalytic and non-catalytic pathways. Note that the uncatalyzed
reaction has to overcome a substantial energy barrier, whereas the
barriers in the catalytic route are much lower (adapted from [6]).

1.2.1 Fischer-Tropsch synthesis
Fischer–Tropsch synthesis (FTS) is of profound interest because it
provides a route for production of a great variety of products, such as
short-chain alkenes, diesel fuel, and oxygenates from syngas. Syngas is a
mixture of H2 and CO that can have different H2/CO ratios. The most
straight forward overall reaction yields straight chain alkane products. It
produces as main by-products water and/or carbon dioxide and heat,
partly due to the water gas shift reaction (WGS). Being a highly exothermic
reaction, it generates large amounts of heat. The process is illustrated by the
simplified reaction equations:
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In July 1922 the German scientists Franz Fischer and Hans Tropsch,
patented a process for the catalytic conversion of carbon monoxide and
hydrogen to heavier hydrocarbons [7, 8]. They found that these fuels could
be produced over iron and cobalt catalysts at relatively low temperatures
and pressures [9]. Historically, commercial interests and research efforts in
alternative production route have often paralleled crises in the oil feedstock
supply chain. A clear cut example is the production of FTS transportation
fuels from coal in WWII Germany, which was cut off from oil supplies by
allied forces but had large coal reserves. A few decades later, already
having some experience with FTS technology, South Africa invested
significant research in the FT process during its 1970s–1980s oil sanctions.
During that same decade, the 1973 and 1979 energy crises initiated new
worldwide initiatives for developing techniques to produce transportation
fuels and chemicals from alternative feedstock, including FTS.
The first FTS plants were first commercialized in 1936 in Germany
and followed through 1940 to 1960 in Japan and China, which utilized
mainly Co catalysts [10]. Toward the 1950s, the U.S constructed a few
relatively small plants that were later shut down [11]. South Africa was in
need of its own supply of liquid fuel and this led to large-scale operation of
FTS around 1955 [12]. Therefore, in the late 1950’s Sasol commercialized a
circulating fluidized bed reactor as well as ARGE fixed bed reactors at their
Sasolburg facilities. For the former, fused iron catalyst was fluidized at high
temperatures to provide lighter hydrocarbons which are ideally suited for
producing fuel and chemical feedstock. For the latter, a precipitated iron
catalyst was applied, targeting wax and diesel production. In the late
seventies and early eighties, Sasol used the fluidized bed reactors on their
Sasol II and III plants in Secunda, South Africa. Synfuels China has recently
joined the club as an important player in the Fischer-Tropsch industry [13].
Their development, the so called “high temperature slurry phase
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technology” (HTSFTPTM) and associated iron based catalyst is novel to the
industry.
As shown in Table 1.1, nowadays there are a number of operating
FTS plants across the world [14]. Sasol is involved in large-scale
applications of FTS, including two FTS plants in South Africa (Secunda,
(Fig. 1.2), Sasolburg which have a combined capacity of ~187000 barrels per
day (1 barrel petroleum is ~159 liters). They are also involved in the ORYX
GTL plant in Qatar which is a joint venture with Qatar Petroleum, as well
as in Nigeria, the escravos GTL plant, together with Chervon. The ORYX
GTL and the EGTL plant both have a capacity of ~34000 barrels per day.
Shell is also involved in large-scale FTS plants, one located in Qatar with a
capacity of ~140000 barrels per day and another located in Malaysia
producing ~14500 barrels per day [14]. Synfuels China has demonstrated a
4000 barrel per day, semi commercial CTL facility owned by the YiTai Coal
Liquefaction Company in XueJiaWan, Erdos, Inner Mongolia. They plan to
increase their production capacity to ~247000 barrels per day by end of
2016 using Shenhua CTL, Erdos CTL, Luan CTL and Yufu CTL plants.

7
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Table 1.1. Fischer-Tropsch synthesis large-scale commercial plants.

*EGTL is collaboration between Chevron, the Nigerian National Petroleum
Corporation and Sasol.
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Figure 1.2. Sasol II and III, Secunda plant in South Africa. source: Sasol [15].
FTS plants are expensive to build start-up and maintain. However,
they can also be very profitable. ORYX GTL was built at a cost of $1 billion,
while a yearly profit can be around $500 million [16]. The Shell FTS plant in
Qatar cost $20 billion to build and yearly profit can reach $4 billion [17].
The first half of Secunda CTL, completed in 1980, cost U.S. $3.2 billion in
dollars of the day. Sasol 3 (the mirror-image of Sasol 2), completed 1984,
cost $2.5 billion in dollars of the day and its yearly profit reported about $2
billion annually [18].
The feedstock for FTS is synthesis gas, a gaseous mixture of H2 and
CO. the overall process from original carbon source for the syngas to the
FTS product is named after the feedstock employed; hence the technology
related to the conversion of syngas produced from these feedstock is
referred to as ‘gas-to-liquid’ (GTL), ‘coal-to-liquid’ (CTL) and ‘biomass-toliquid’ (BTL), respectively.

1.2.2 Fischer-Tropsch catalysts and modes of operation
Cobalt, iron, nickel and ruthenium are metals known to catalyze the
FT reaction. However, methane selectivity in case of nickel is high, whereas
ruthenium is a scarce and expensive metal; consequently, both elements are
not often used. As a result, for many years only iron and cobalt have been
used industrially [19-21]. In comparison with cobalt, iron generally
produces more oxygenates and olefins, which could be due to the lower
hydrogenating ability of iron. While cobalt is active in the metallic state
9
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[18], iron catalysts change under Fischer-Tropsch conditions to a complex
mixture of iron carbides and oxides [21-22].

1.3 Iron-based Fischer-Tropsch synthesis catalysts
In the field of heterogeneous catalysis, the iron catalyzed FTS process
is, along with ammonia synthesis, one of the most studied systems. The
reason for that is possibly due to the fact that the application of the process
is so versatile. Iron FTS is able to produce both light hydrocarbon product
stream, which is ideal for the fuel and chemical industry as well as heavier
hydrocarbons (C35+) well suited for the wax market. Iron is widespread
and abundantly found in nature. The element iron is the fourth most
abundant element in the earth’s crust and most of it is found in the form of
oxides. As a result, compared to its cobalt counterpart, iron is cheap (cobalt
is on average 250 times more expensive than iron raw materials). There are
sixteen iron oxides [22] along with different iron hydroxide and iron oxide
hydroxide (as seen in Table 1.2.). The iron oxides that are often reported to
be important as FTS precursors and during FTS itself, are Hematite (αFe2O3), Maghemite (γ-Fe2O3), Magnetite (Fe3O4), Goethite (χ-FeOOH) and
Wüstite (FeO).
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Table 1.2. Iron oxides (adapted from [22].

All iron oxides consist of close packed arrays of anions (O2- or OHusually hexagonal hcp or cubic ccp close packing) in which the iron cations,
which are generally in the trivalent state, occupy the octahedral and
sometimes tetrahedral spaces. Below, we will discuss the oxides that are
important in FTS in more detail.
Hematite: α-Fe2O3, is widespread in nature in solids and rocks. When
finely divided it has a bright red color, while it appears grey or black when
very crystalline. It is isostructural with corundum and thus based on
hexagonal packing (hcp) of oxygen ions. This iron oxide is (and has been
for thousands of years) an important pigment and valuable ore.
Magnetite: Fe3O4, is a black ferromagnetic material containing both
and Fe3+ in a ratio of 1:2. It has an inverse spinel crystal structure with
the Fe2+ ions occupying the octahedral sites. It is the most stable form of
iron oxide under standard conditions and is commonly found in
deactivated catalysts.
Fe2+
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Maghemite: γ-Fe2O3, is a ferrimagnetic material with the same crystal
structure as magnetite but without the Fe2+ cations. Maghemite is an
important magnetic pigment and is sometimes found in deactivated FTS
catalysts.
Wüstite: FeO, is a black iron oxide with iron cations in the Fe2+ state.
Its structure resembles the rock salt structure and is based on a ccp anion
array. In practice ‘‘pure’’ FeO does not exist as the crystal lattice always
contains defects. Although it is not stable in air, wüstite is an important
intermediate during the reduction of more oxidic iron ores to iron and it is
therefore always formed during the reduction of FTS catalysts precursors.
Goethite: χ-FeOOH, like hematite is very commonly found in the
earth’s crust. Its structure is based on a hexagonal (hcp) packing of anions.
At room temperature and standard pressure, goethite (along with hematite
and magnetite) is one of the most stable oxides. In larger crystals, goethite
is dark brown. Very small crystals, however, have a distinct yellow color.
Goethite is a very important industrial pigment. In FTS it is commonly
found, along with hematite, in the catalyst precursor.
Compared to cobalt, iron is less sensitive to poisons e.g. sulfur in the
synthesis gas. Iron is also believed to be responsive, not only to selectivity
manipulation by the addition of different promoters, but also to a variation
of typical process parameters such as pressure, temperature and H2/CO
ratio. However, quick deactivation (activity or selectivity loss) of iron FTS
catalysts is the disadvantage of using them which will be discussed later in
this section. The FTS reaction can be used to produce a range of carbon
number distributions, with the composition of the final product stream
depending mainly on the temperature applied during the process. At low
temperature Fischer-Tropsch (LTFT) i.e. 200-250ºC, the chain growth
probability (α) of iron catalyst is around 0.94, which indicates that the bulk
of the products will consist of hydrocarbons longer than C21. In the case of
high temperature Fischer-Tropsch (HTFT) i.e. 320-350ºC, the chain growth
probability decreases to 0.7 or lower with the main products being light
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hydrocarbons utilized for the production of transportation fuel and
chemical feedstock.
Although using iron as catalyst for FTS process has many advantages,
phase transformations of the iron catalyst during activation and FTS are
complex and still not fully understood. It is known that during the
activation process with either H2, CO or syngas, iron oxide [hematite (αFe2O3) or maghemite (γ-Fe2O3)] transforms quickly to magnetite (Fe3O4),
which then converts to either α-Fe or iron-carbides depending on the
activation environment [23].

1.4 Improving iron
catalysts by promoters

Fischer-Tropsch

synthesis

In Fischer-Tropsch processes, unmodified and unpromoted iron
catalysts suffer from low activity, poor selectivity and sintering. However,
by addition of chemical and structural promoters most of these issues can
be addressed. In general, a “promoter is a substance that increases a
catalyst’s performance in terms of activity, selectivity and stability”.
Commercial-grade iron catalysts for FTS typically consist of bulk iron oxide
with K (chemical promoter), Cu (reduction promoter) and SiO2 (structural
promoter).
The addition of structural promoters, e.g. Si, Al and Mg, helps
stabilizing the active phase, improve its attrition resistance and suppress
sintering. The addition of alumina and silica typically increase the stability
of iron catalyst under FTS conditions [24]. It is found that in the presence of
a structural promoter such as silica, the surface area of the iron oxide
remains high even after calcination at relatively high temperatures.
However, a potential disadvantage of using a structural promoter is that
the activation e.g. reduction of the iron oxide becomes more difficult as a
result of the formation of iron-silicates or aluminates. To solve this
problem, reduction promoters such as Cu or Ag are added during the
catalyst synthesis to increase the rate of reduction, most likely through
13
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hydrogen spillover from the reduction promoter surface to the iron oxide
surface, which facilitates the reduction of Fe2O3 to Fe3O4 or metallic Fe [2529]. Along with increasing the rate of reduction, promoters are known to
enhance nucleation of iron intermediates which leads to higher surface
area, increase the type/number of CO adsorption sites, stabilized selected
phases and influence the rate of secondary reactions [30]. Longer-chain
hydrocarbons products, better olefin selectivities and diminishing methane
formation could be achieved by addition of alkali metals (e.g. K) to LTFT
iron oxide catalyst precursors [26, 31].
It has been shown that the addition of some transition metal
promoters improves activity and selectivity of iron-based catalysts.
Increase in chain growth probability and catalyst activity from the addition
of Cr to a precipitated iron catalyst has been reported [32]. Goodwin and
coworkers observed the positive affect of other transition metals, such as
Mo, Ta, V, Zr and Mn on the catalyst activity for both CO hydrogenation
and WGS activity [33], while the addition of W, led to lower activity. They
also found that the dispersion of iron is enhanced by the addition of all
metals studied with the exception of W. Cr, Mn and Zr appeared to be the
best to enhance the activity of iron-based catalysts. WGS activities of FeCr,
FeMn and FeZr were shown to be superior; therefore, they should be able
to catalyze FTS from syngas with a lower H2/CO ratio, like that derived
from biomass or coal. They believed that high activity observed for ironbased catalyst Mo, Ta, Cr and V addition is likely due to better iron
dispersions, while the high catalytic activity for Zn- and Mn-promoted iron
catalysts, on the other hand, may have been the result of higher intrinsic
site activities, as estimated by TOF based on CO chemisorptions. The
effects of Na and S on iron catalysts supported on α-alumina at HTFT
conditions were studied by De Jong and coworkers [34-36]. They found that
Na promotion of iron catalysts results in decreased methane selectivity and
higher chain growth probability at atmospheric pressure as well as at 20
bar, while an excessive amount of Na has a negative effect on catalytic
activity. The latter may be due to an enhanced extent of carbon deposition
as observed from thermal gravimetric analysis (TGA) and tapered element
14
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oscillating microbalance (TEOM) experiments. Modification of α-aluminasupported iron catalysts by the addition of a low loading of sulfur had a
positive impact on catalytic performance increasing lower olefin selectivity
and catalytic activity while decreasing methane selectivity. The
combination of an appropriate amount of Na and S for α-aluminasupported iron catalysts is effective to further increase lower olefins
selectivity, decrease methane production and enhance catalytic activity.
Manganese is widely used as the promoter of choice for iron FTS
catalysts, particularly when used for producing lower olefins [37-39].
Several studies have revealed that a moderate amount of manganese
incorporated in an iron-based catalyst can improve the FTS activity and the
selectivity toward light olefins [37, 39, 40]. It has also been reported that
manganese acts, not only as a chemical promoter, to alter the
chemisorption of the reactants on the catalyst, but also as a structural
promoter to enhance dispersion of active iron and to stabilize the catalyst
during the FTS process [41-43]. Addition of manganese to a typical
RuhrChemie catalyst increased the selectivity toward alpha-olefins at low
temperature FTS conditions (~230ºC and 20 bar total pressure) [44].
However, the literature contains some conflicting reports on, the role of
manganese as a promoter and the composition of the active site on ironmanganese catalysts is unclear. Moreover, stabilizing the catalysts in the
most active state for a longer time still remains a vast challenge.

1.5 Iron carbide phase
It is generally believed that iron-carbides, such as Hägg carbide (χFe5C2) or cementite (θ-Fe3C) are the active phase for FTS [45-50], although
the role of the specific carbide species has been the subject of debate [51].
Iron carbides with different structures can be classified according to
the sites occupied by carbon atoms: structures with carbon atoms in
trigonal prismatic (TP) interstices and structures with carbon atoms in
octahedral interstices. (Pseudo-) cementite (θ-Fe3C) [52], Hägg carbide (χFe5C2) [53, 54] and Fe7C3 [55, 56] are carbides of the former class that has
15
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been recognized under FTS conditions since the first characterization
studies. These carbides usually have stable and clearly established
structures. This is not always the case for the metastable carbides, such as
ε-Fe2C [57] and έ-Fe2.2C [58, 59] which have carbon atoms in the octahedral
interstices. For these carbides, a complete characterization is difficult
mainly due to the small particle sizes involved. Since the early work on the
iron carbides, identification was largely depending on ex-situ, XRD
characterization. Therefore, these metastable phases were not found until
more recent studies. In a critical paper, Le Caer et. al. [60] used Mössbauer
spectroscopy (MES), metastable iron carbides in FTS catalysts. Because
MES is able to detect less crystalline phases as compared to the XRD
technique, many other iron carbide phases have ben identified since the
first application of this technique as a research tool on iron-based FT
catalysts. Table 1.3. shows a summary of some characteristics of the iron
carbide phases found in FTS catalysts.
The stability of different bulk iron carbides has been reported to be in
decreasing order έ-Fe2.2C> ε-Fe2C> χ-Fe5C2> θ-Fe3C [45]. Different types of
iron carbide were found, according to the type of catalyst preparation (e.g.
fused or precipitated). However, this is still disputed by others, who
believe that metallic iron is the active phase in FTS [22]. It is known that
during the activation process, regardless of the activation gas nature, the
hematite (α-Fe2O3) or maghemite (γ-Fe2O3) is converted to magnetite
(Fe3O4). However, after this phase transformation, depending on the
activation gas the final iron phase is different e.g. wüstite (FeO) by using
hydrogen or Hägg carbide (χ-Fe5C2) in the case where CO or syngas is
used. Herranz et al. found that the activation of (γ-Fe2O3) with CO resulted
in mainly θ-Fe3C while activation by syngas yielded χ-Fe5C2 [61]. Yang and
his coworkers [62] studied the effect of reducing agents on catalytic
performance of precipitated iron-manganese catalyst for Fischer-Tropsch
synthesis and observed that reduction in H2 mainly caused the formation of
magnetite, which slowly converted to χ-Fe5C2 and ε′-Fe2.2C after exposure
to syngas. Pretreatment in syngas resulted in the formation of large
amounts of magnetite and small amounts of iron carbides while an
16
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opposite trend of phase compositions was observed for the CO-reduced
catalyst, and there was no formation of magnetite on the surface layers.
Table 1.3. Iron carbide phase characteristics (adapted from [22]).

1.6 Catalyst
deactivation

stability

during

FTS

&

catalyst

Stability is one of the key characteristic for having a successful
catalyst. The activity and selectivity of an ideal catalyst during time on
stream should maintain constant. Commercial reactors and work-up
sections are designed for a very narrow set of optimum process conditions.
Therefore, the catalyst must perform within these design constraints for as
long as possible. This determines the useful catalyst life. Unfortunately
iron-based FTS catalysts can lose their activity over time (deactivate) due to
several different reasons:
i.
ii.

Activity loss due to transformation of the active phase, e.g. via
oxidation.
The loss of active surface area due to deposition of carbonaceous
species (“fouling”).
17
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iii.
iv.

The loss of active surface area because of crystallite growth
(sintering).
The chemical poisoning of the catalyst surface (e.g. by sulfur).

1.6.1 Activity loss due to transformation of the phase
This mechanism is based on phase transformation from the active
iron phases (χ-carbide, ε-carbide, έ-carbide, more generally FexC or metallic
α-Fe) to inactive or catalytically less active phases. Many groups have
reported that the active phase gradually reoxidized to magnetite (Fe3O4),
which is inactive in FTS [63-73]. Some other groups believe that
interconversion of one type of iron carbide species to another one is the
reason for deactivation of iron catalyst. In the latter case, the intrinsic
activity of different iron carbide phases is considered to be fundamentally
different [74-77].

1.6.2 The loss of active surface area due to deposition of
carbonaceous species (“fouling”)
Formation of carbonaceous species on the catalyst during FischerTropsch synthesis can negatively influence the activity over an extended
reaction time. In this mechanism, it is believed that deactivation is due to
deposition of inactive carbonaceous compounds (e.g. graphitic carbon,
amorphous carbon, coke) on the surface of iron catalyst, which leads to a
limited contact between reactant gases and the catalytically active phase.

1.6.3 The loss of active surface area because of crystallite
growth (sintering)
In the context of heterogeneous catalysis, sintering is typically
referred to as (thermally induced) catalyst deactivation caused by ‘the loss
of catalytic surface area due to ripening or migration and coalescence. For
iron catalyst, this is a main reason for the loss of activity [63, 65, 69, 75].
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1.6.4 The chemical poisoning of the catalyst surface
Poisoning is believed to be an issue for FTS catalysts, especially in
reactions using coal as a feedstock [78]. Poisons can block the metal sites
active for FTS and consequently contribute to catalyst deactivation. Some
groups report that iron-based catalysts can be poisoned by sulfur, which is
present in most industrial syngas feeds [63, 65, 68, 69, 79, 80, 81].
Although some research groups proposed that a single mechanism is
responsible for the deactivation of the catalyst, most groups believe that the
catalysts deactivate due to contributions from more than one mechanism.
During recent years the focus of research has been shifted from improving
catalyst activity to increasing the life time of the catalyst.

1.7 Regeneration of spent catalyst
Due to sintering of the particles during FTS, regeneration of “spent”
iron FTS catalysts is difficult. A successful regeneration requires
redispersion of the sintered phase, and this cannot easily be achieved.
Reactivation by re-reduction is possible, but because original surface area
cannot be recovered the activity of the reactivated catalyst is lower.
Therefore, multiple reactivation steps are not viable. Since iron is a
relatively cheap material, there is little economic motivation for recovering
it. Therefore, spent iron catalysts have normally been disposed of as
landfill. Nowadays, understanding of the environmental impact of such
procedures is increasing, and reclamation of metal, even iron, from spent
catalyst e.g. by acid dissolution is more and more seen as a social
responsibility of the industry to reduce the impact of commercial processes
on the environment.
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1.8 Research in catalysis
1.8.1 Ultimate goal of catalysis research
For the past decades, research in the catalysis field have evolved from
the description of catalysis to understanding reaction mechanisms and
kinetics at a molecular level and to be able to relate it to the structure and
exact composition of the catalyst. The evolution of catalysis research will –
hopefully- ultimately lead to the prediction of an industrial catalyst that
can produce the desired products under the ideal reaction conditions,
which moreover are rather eco-friendly.
In the industry, optimizing a catalyst, rather than understanding it, is
the key word in most of the research. Generally, development and
optimization of catalysts are based on empirical knowledge about the effect
of preparation methods, additives, and different carriers on the reaction.
The heterogeneous catalysts developed in this way are usually very
complex mixtures with a broad diversity of compounds. In spite of
continuous research, knowledge of the active site and/or reaction
mechanism remains unclear. Therefore, better fundamental understanding
is demanded, which requires the application of spectroscopic and
microscopic techniques to characterize the active catalyst, coupled with
catalyst testing, preferably simultaneously in in-situ techniques.

1.8.2 The flat model approach
The development of model catalysts can be a partial solution to the
challenges in catalysis research. A model catalyst is a much simplified
version of the industrial catalyst, where the support is removed or replaced
by a simpler surface and where the promoting agents may be missing.
Overall, the design of a model catalyst is a compromise between achieving
a simple well definable and controllable catalyst and resembling the
original industrial catalyst to maintain relevance [82].
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Single crystals are a well-known class of model catalyst, which
possess known geometry of surface atoms, dependent on the direction of
the cleavage and the crystal structure; for instance, Rh(100), Rh(111),
TiO2(110) or MgO(100). Single crystals have been used to understand the
intrinsic kinetics of catalytic reactions by studying adsorption, and surface
coverage and lateral interaction of co-adsorbates [83, 84]. Interactions
between the near to perfect single crystal and adsorbates are compared
with the interaction of adsorbates on the ‘perfect’/defect–free surfaces
modeled, e.g. by Density Functional Theory (DFT), and vice versa [85].
Utilization of a flat and inexpensive silicon disc covered with a thin
film of SiO2 is an alternative way to design the model catalyst [86]. These
SiO2/Si(100) systems are convenient and realistic models of a silica support
[87-94]. In addition, it is relatively straightforward to apply TiO2 or Al2O3
by wet chemical reactions using titanium alkoxide, or evaporating or
sputtering aluminum onto the surface, respectively [93].
The schematic drawings in Figure 1.3. show the differences between
an industrial catalyst, a model catalyst on a flat support and an
unsupported single crystal model catalyst.

Figure 1.3. Schematic representation of (left) industrial catalyst with a porous
support, (middle) the planar model catalyst and (right) a single crystal surface.
Adapted from Ref [12].
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Using the planar geometry of supported model catalysts provides a
number of advantages [93].
 All catalytically active particles in the system are exposed, and not
hidden in pores. The surface that is probed by spectroscopy
techniques is therefore identical to the active surface. This makes it
is easier to achieve a correlation between catalyst activity and
surface characterization.
 The conductivity of the model support helps to minimize the effects
of charging upon applying techniques like X-ray photoelectron
spectroscopy (XPS) and scanning electron microscopy (SEM).
 For mechanistic studies, the absence of pores results in the absence
of diffusion limitations, with the attractive advantage that a wider
temperature range can be accessed for studying the kinetics.
 The extremely flat surface facilitates the application of scanning
probe techniques like Atomic Force Microscopy (AFM), which
makes it possible to visualize the catalytic surface with atomic
resolution.
 Quantification of particle size and interparticle distance is
significantly easier and more precise. This is especially
advantageous for sintering studies.
On the other hand, the flat-model catalyst approach has also some
characteristic disadvantages; especially in terms of activity measurement
and its interpretation.
 Since the active phase is distributed on a very small area
(dimensions on order of centimeters), the amount of active material
is extremely small. Therefore, the catalyst is very sensitive to the
presence of impurities, and extreme care should be taken in
interpreting the activity data. Reproducible activities similar to the
conventional systems are indispensable in proving similarity with
industrial catalysts.

22

Introduction and scope

 The small amount of active materials results in small yields in
absolute terms. This can cause trouble for the catalytic testing and
analysis of reaction products.
In our group, the flat-model approach has been successfully applied to iron
and cobalt oxide nanoparticles in Fischer-Tropsch catalysts [95-98] and to
study the Philips catalyst for ethylene polymerization [87-92, 99-102],
immobilized homogenous catalysts for ethylene polymerization [103-106]
and Ziegler-Natta catalyst for ethylene and propylene polymerization [94,
107-109].

1.8.3 The 3D model approach
Flat model catalyst studies have been performed, by ourselves and
others, to clarify the importance of a multitude of catalyst properties such
as, particle size and distribution, oxidation state, active sites, binding
energies and self-poisoning, alloying and faceting to name a few [97, 99].
However, flat model catalysts expose a very small active catalyst area. This
makes them unsuitable for activity measurements, especially for catalysts
and reactions with a low turnover frequency under realistic flow
conditions. A non-porous powder model catalyst can play a role as a link
between the high surface area, porous, industrial catalyst and the planar
model catalyst. Properly designed, such a model catalyst should be able to
maintain the accessibility and high precision of a flat model catalyst while
simultaneously allowing investigation of the catalytic activity under
minimum gas diffusion limitations. In addition, the non-porous, powder
model catalyst should allow for characterization studies where significant
amounts of material are needed, like XRD or temperature programmed
reduction or oxidation (TPR/TPO).

1.9 Scope of the thesis
In this work we adopted the thermal decomposition of iron and
manganese oleate complexes for the synthesis of uniform iron oxide,
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manganese oxide and mixed iron-manganese oxide model catalysts with
diameters in the range relevant for catalysis research. These nanoparticles
were then deposited on planar silica substrates by applying a polymer
carrier material method. The aim was to clarify the possible role of
manganese in iron Fischer-Tropsch catalysts. Colloidal synthesis methods
enable one to obtain particles of uniform size and composition [110]. A
combination of advanced surface characterization techniques, such as X-ray
photoelectron spectroscopy (XPS), transmission electron microscopy (TEM)
and energy-dispersive X-ray (EDX) analysis were applied. We particularly
focused on changes in morphology and surface composition of silicasupported iron and mixed iron-manganese nanoparticles that occur during
calcination in air, reduction in H2 and subsequent syngas H2/CO treatment.
Furthermore, in order to facilitate simultaneous activity tests and careful
catalyst definition and characterization, we developed a model catalyst
based on silica microspheres and the same monodisperse Fe nanoparticles,
with and without manganese promoter as was used for the flat model
systems. The iron nanoparticles were anchored to the surface of the nonporous silica spheres and these model catalysts were then used in CO and
H2 oxidation experiments to demonstrate their performance in catalyst
activity measurements. The same catalysts were then used in a high
pressure Fischer-Trospch synthesis experiment. The model catalysts were
characterized by scanning and transmission electron microscopy (SEM and
TEM), X-ray photoelectron spectroscopy (XPS) and X-ray diffraction (XRD)
both during the synthesis process and after the catalytic testing. The spent
catalysts were also characterized by Attenuated total reflection–infrared
(ATR-IR).

1.10 Outline of the thesis
 Chapter 1 (present chapter) gives a literature review on the current
understanding of the iron and iron promoted Fischer-Tropsch
catalysts. We provide the project aim and the methodology to
achieve the aim.
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 Chapter 2 is the experimental chapter which encompasses the
experimental details and techniques applied in this thesis.
Additionally, the most important spectroscopy and microscopy
techniques are described in greater detail.
 Chapter 3 reports the synthesis of well-defined monodisperse iron
oxide, manganese oxide and bimetallic iron-manganese oxide
nanoparticles by applying thermal decomposition of metal-oleate
complexes. Variations in ratio of metal precursor to surfactant were
investigated for the synthesis of nanoparticles over a range of sizes
and compositions.
 Chapter 4 presents the response of monodisperse, supported iron
and iron-manganese nanoparticles from chapter 3 to treatments in
O2, H2 and H2/CO, respectively, at temperatures between 270 and
400°C. In particular, the role of manganese as a promoter on
stability of iron nanoparticles against morphological change and
agglomeration during reduction and Fischer-Tropsch synthesis
conditions was studied.
 Chapter 5 describes the preparation of a high surface area model
catalyst, involving uniform, colloidal iron and mixed ironmanganese nanoparticles supported on non-porous micro spheres.
These comprise model catalysts with relatively large amounts of
active material. It is demonstrated how these samples can be used to
study catalyst activity and that they are suitable for characterization
with both electron microscopy and XPS on one hand and with XRD
and other bulk characterization techniques on the other hand.
 Chapter 6 reports a systematic study of model catalysts under
industrially relevant conditions for Fischer-Tropsch synthesis in
order to investigate the effect of manganese as a promoter on
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activity, selectivity toward lower olefins and stability of iron
catalysts.
 Chapter 7 deals with a study to determine the dominant sintering
mechanism during iron-catalyzed FTS. This is achieved using a
model catalyst approach whereby a planar Fe/SiO2 catalyst is
exposed to realistic FTS conditions and characterized using
transmission electron microscopy (TEM).
 Chapter 8 summarizes briefly results and conclusions obtained for
the individual chapters, along with perspectives for future research.
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Experimental and analytical details
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Abstract
This chapter contains, a short summary of the experimental techniques used
for the characterization of iron and mixed iron manganese nanoparticles, and the
synthesized stober spheres supports. The experimental techniques employed are Xray photoelectron spectroscopy (XPS), transmission electron microscopy (TEM),
scanning electron microscopy (SEM), and X-ray diffraction (XRD). In addition, a
detailed description of deposition techniques for the nanoparticles and the principal
and physical background of each technique used to investigate the surface
chemistry and morphology of the synthesized samples is presented.
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2.1 The planar model catalyst approach
In a heterogeneous catalyst, crystallites of the active metal are
commonly nano-sized, pointing to that ‘atomic level’ structural,
morphological and compositional details of a catalyst are essential for the
performance of the outcome of a catalytic process. Providing such
information from a complex industrial catalyst is difficult (Figure 2.1.)
Thus, well-defined, convenient and controllable representations of
catalysts, i.e. model catalysts, are needed in order to achieve atomic level
understanding of the correlation between a catalyst structure and its
performance. A planar support with thin electron-transparent windows
through them onto which performed, well-defined nanoparticles can be
deposited by “interfacial self-assembly” (described in the chapter 3)
suitable for surface science and transmission electron microscopy.
Model catalyst approaches have successfully been applied in a wide
range of studies including olefin polymerization [1], hydrogenation [2] and
hydrodesulfurization [3-5]. A model catalyst approach is used in the
present study (results discussed in Chapters 3 and 4).

Figure 1.1. Schematic representation of (left) industrial catalyst with a porous
support, (middle) the planar model catalyst and (right) a single crystal surface.
Adapted from Ref [6].
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2.2 Planar model support
For X-ray photoelectron spectroscopy (XPS) studies, wafers with
typical dimensions of 10 x 10 mm2 were employed. Silicon wafers, which
consist of a semi-conducting silicon single crystal, provide a convenient,
well defined and reasonably conducting model support. The preparation of
the SiO2/Si(100) surface has been previously investigated and explained in
the research conducted in our group [7-10]. The silicon disc is initially cut
into 20 x 20 mm2 size wafers from a silicon single disk of 10 cm diameter
with (100) surface termination and subsequently calcined in air, at 750°C
for 24 hours to produce a thin SiO2 surface layer (up to 90 nm), i.e.
SiO2/Si(100), with only nanoscale variations in height) [11]. After cooling
down, nanoparticle solutions were deposited on top of the wafers.
For transmission electron microscopy (TEM) studies, the
nanoparticles were deposited onto custom-made TEM substrates [11]. A
schematic representation of these TEM-windows is shown schematically in
Figure 2.2. These substrates consist of a silicon wafer with a thin silicon
nitride (SiNx) layer on top. Part of the silicon wafer underneath the SiNx
layer is etched away to create a 100 x 100 µm2 wide, 15-20 nm thick
‘membrane window’ through which an electron beam can pass (Fig. 2.2). A
3nm thick surface layer of silicon oxide was formed on top of the SiNx after
calcination at 750ºC for 24h in dry air [11].
Both Si/SiO2 and TEM membranes were used as a support for presynthesized iron and mixed iron-manganese nanoparticles since they can
withstand both high reaction temperatures and gas flows and since the
terminating, inert SiO2-layer mimics a frequently used catalysts support.
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Figure 1.2. (a) Schematic representation of custom-made TEM wafer, consisting of
36 TEM windows; (b) Cross sectional view of the individual TEM window with
the electron transparent membrane suspended on the silicon frame. Figure adapted
from Thüne et al [11].

2.3 X-Ray photoelectron spectroscopy (XPS)
XPS is a powerful surface science technique that can be used on a
variety of sample types to (i) identify what elements are present at the
surface, (ii) determine their relative abundance and (iii) differentiate
between chemical states (e.g. oxidation state) of these surface atoms.
XPS is based on the photoelectric effect which was first discovered by
Thomson [12] in the 1880s and later explained by Einstein [13]. Electron
Spectroscopy for Chemical Analysis (ESCA) was the initial name for XPS
and it was developed from the late 1960s on by professor Kai Sieghbahn
and coworkers at the Uppsala University in Sweden. In 1981 professor
Sieghbahn won the Nobel Prize in Physics for his efforts on development of
high-resolution electron spectroscopy.
The basic principle of XPS is illustrated in Figure. 2.3. When a bundle
of X-ray photons is directed towards the surface of a sample, the photon
energy can be absorbed by the core electron of an atom. If the photon
energy is large enough to overcome the binding energy, the core electron
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can then escape the atom, diffuse to the surface and emit out to the
surrounding vacuum. The emitted electron, with the kinetic energy of Ek, is
referred to as a photoelectron. The kinetic energy of the emitted electron
depends on the frequency (and hence the energy) of the radiation in
accordance with the following Equation 2.1. [14, 15].
Eq (2.1)
where
h

is Plank’s constant.

ν

is the frequency of the absorbed radiation.

Eb

is the binding energy of the photoelectron w. r. t. the Fermi
level of the sample.

φ

is the work function of the spectrometer.

Ek

is the kinetic energy of the electron.

If we rewrite equation 2.1 we get:
Eq (2.2)
Equation 2.2 can be used to calculate the binding energy Eb, if the
frequency ν of the X-ray photons and the kinetic energy Ek of the
photoelectrons are known.
As XPS set-ups are equipped with X-ray sources emitting radiation of
known energies wavelengths – Al Kα (1486.6 eV) and/or Mg Kα (1253.6
eV) – binding energies can be plotted against the amount of counts per
energy step and labelled according to the quantum numbers of the level
from which electron originates. The photons from these sources have a
limited penetration depth of approximately 1 to 10 micrometers. Therefore,
the photons interact with atoms quite far below the surface region of the
sample. In contrast, the distance that emitted electrons travel through a
surface depends on the electron mean free path, which in turn, depends on
the electron kinetic energy [16]. Kinetic energies in the region of 15-1000 eV,
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limit the mean free path of electrons to 1-2 nm. Thus, electrons which leave
the sample without energy loss originate from up to only a few nanometers
below the surface, making XPS a surface-sensitive technique.
There is a unique set of binding energies for each element,
corresponding to the various core- electrons with binding energies lower
than the energy of the X-ray source. Therefore XPS can identify the
elements present at surface of a compound. In addition, core-electron
binding energies can vary because of differences in chemical potential and
polarizability of the atom. These variations are measured as chemical shifts
in the XPS spectrum enabling a differentiation between the chemical states
(e.g. oxidation state) of elements.
Spin-orbit splitting in the p, d and f orbital levels gives rise to two
components, where the peak intensity ratio is 1:2 for p levels, 2:3 for d
levels and 3:4 for f levels. The convention is to label the spin-orbit
components as follows: p1/2, p3/2, d3/2, d5/2, f5/2 and f7/2.
In parallel with the direct emission of the photoelectrons, an
additional phenomenon occurs. After photoemission, the atoms remain as
unstable ions with a vacancy in the core level. The ion in the excited state
will undergo a subsequent relaxation process, either via emission of an
X-ray photon or emission of another core-electron. In the later case, the core
hole created by the ejected photo electron is filled with an electron from a
higher shell as the atom relaxes from the excited state. The energy released
from this step is taken up by another electron, termed Auger electron,
which is emitted, again with an element specific kinetic energy. [14, 15, 17].
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Figure 2.3. The photoelectric effect forms the principle behind XPS. Atoms are
excited with X-rays (hν), a photoelectron is emitted with the kinetic energy (Ek)
equal to hν minus the binding energy (Eb) and the work function (φ). The empty
core created by the photoelectron is filled by an electron from a higher energy level
(L1→K), and the relaxation energy emits an auger electron (L23→Auger). Adapted
from [14].
The binding energy of an ejected photoelectron is an element specific
property, but it also influenced by the oxidation state and the chemical
environment of the specific atoms. For instance, compare to Fe3+ in Fe2O3,
the Fe 2p peak appears at a lower binding energy for metallic iron (see Fig.
2.4). In the former oxidation state, the electron has a 4eV higher binding
energy. The reason is that the 26 electrons in the metallic iron feel a lower
attractive force to the nucleus, having a charge of 26+, than the 23 electrons
of Fe2O3. Besides, chemical environment of atoms could be affected by
applying the electronegative ligands. By removing electron from the atom,
the local electron density decreases and thereby increasing the binding
energy these electrons will experience.
Since XPS is surface sensitive, it can provide an indication of the
dispersion of particles over a support [14]. For instance, when the small
particles expose to the surface, almost all atoms are at the surface and cover
the support to a large extent, therefore XPS will measure a high intensity
from the particles ( ) and a low intensity for the support ( ). Thus, the XPS
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intensity ratio (

will be high for well size-dispersed particles. On the

other hand, when more of the support is covered with poorly dispersed
particles, the XPS intensity ratio (
will be low.
In conclusion, XPS can offer semi-quantitative information about (i)
what elements are present on the surface, (ii) the relative amounts of
elements on the surface (iii) chemical states of those surface elements.

Figure 2.4. Fe 2p Spectra of (a) Fe2O3 at higher binding energy and (b) metallic Fe
at lower binding energy.

2.3.1 XPS as used in this thesis
For our XPS studies, we used a K-alpha (Thermo Instruments) and a
Kratos AXIS Ultra spectrometer, equipped with a monochromated Al Kα
source (1486.6 eV) and a delay-line detector (DLD). The spectra were
obtained with the X-ray source operating at 10 mA, 15 kV, 40 eV pass
energy and 0.1 eV step size (for region scans) was used. The background
pressure in the analysis chamber during measurements was typically
1 10-8 mbar. Casa XPS software, Version 2.3.16 Pre-rel 1.4 was used.
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Binding energies were calibrated with the standard Si 2s = 154.6 eV peak in
SiO2. For quantitative analysis the Si 2s, C1s, Fe 2p, Mn 2p, and O 1s and
the Wagner relative sensitivity factors peaks were used.

Figure 2.5. XPS wide scan of planer SiO2/Si(100) support which has been
deposited with an iron-manganese nanoparticle solution.
Figure 2.5. shows the wide scan XPS spectrum of iron-manganese
model nanoparticles on a SiO2/Si(100) support after calcination at 350°C for
30 min in Ar/O2. The intensity of detected photoelectrons is plotted as a
function of their binding energy. The zero binding energy belongs to the
sample’s Fermi level. From this spectra, all elements present on the surface
of the catalyst can be identified through their own characteristic
photoelectron peak binding energies. The presence of a silica support
results in an intensive peaks for Si and O while Fe and Mn peak are due to
the deposited of catalyst solution. Apart from the peaks originating from
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the elements present in catalyst and the support, a peak originating from
the carbon at 284.6 eV can be observed. This is due to a small amount of
remaining carbon from the sample preparation process, in spite of the
calcination procedure.

2.4 Transmission electron microscopy (TEM)
Electron microscopy has developed into an obligatory tool for
analysis of materials on a micrometer and nanometer scale. This technique
is extensively applied to study the size and shape of supported
nanoparticles as well as content and phase compositions. Using electron
microscopy, direct local information of particles can be extracted, with
atomic resolution, and samples are measured in a contaminant-free
environment under high-vacuum conditions.
Since we are able to depict particles at atomic resolution it is a very
interesting choice of characterization. The principle of electron microscopy
is comparable with that of a light microscope with the differences that the
light source is replaced by an electron beam source and the optical lenses
by electro-magnetic ones. Electrons in the electron beam have a typical
wavelength of λ = 5 – 10 pm, which is small enough to image nanometersized structures. These wavelengths are considerably shorter that those of
visible light (λ = 400 – 800 nm) [14, 15, 18]. Figure 2.6a shows the range of
signals which are generated when the primary electron beam is pointed
towards a sample. These response signals can be used for all kinds of
characterization techniques.
In a transmission electron microscope, an electron beam is
transmitted through a thin electron transparent sample. Ernst Ruska and
Max Knoll developed the first electron microscope in 1931, later Ruska was
awarded the Nobel prize in 1986 for his efforts in the field. The TEM
microscope and its schematic are shown in Figures 2.6b and 2.7a. At the top
of the TEM column a high voltage electron emitter produces a beam of
electrons possessing a high energy (100-300 keV) and intensity. These
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electrons have such a high kinetic energy that samples thinner than 50 nm
become partly electron transparent and the so-called transmission electrons
will travel through a condenser aperture to create parallel rays which
impinge on the sample (less than 100 nm in thickness) and generating a
shadow-image. This shadow-image gives detailed information about the
internal structure of the materials (crystal lattices, stacking faults, etc.).
Since the attenuation of the beam depends on the thickness and density of
the sample, the transmitted electron from a two-dimensional projection of
the sample mass, which is subsequently magnified by the electron optics to
produce a so-called bright-field image. When one diffracted electron beam
is selected it is called the dark field method (and a dark field image). The
contrast in these images is attributed to the change of the amplitude of
either the transmitted beam or diffracted beam due to absorption and
dynamic scattering in the specimens. Thus the image contrast is called the
absorption-diffraction, or the amplitude contrast. Amplitude-contrast
images are suitable to study mesoscopic microstructures, e.g., precipitates,
lattice defects, interfaces, and domains [19].
A complete column is under vacuum (10-6 – 10-8 mbar) to minimize
interactions of the electron beam and the gas molecules. Apertures placed
along the column can be used to change the contrast and resolution of the
image. Contrast in transmission is not only affected by the attenuation of
the electrons by thickness and density variations on the sample, but also by
diffraction and interference. For example similar particles can have a
different contrast due to beam alignment, although their atomic
composition, density and size are the same, which may result in a
misinterpretation of the TEM image [20]. Hence, care is needed when
interpreting TEM images [14, 18].
The benefit of using TEM to characterize supported particles is the
distinctive contrast between particles and the support. This difference in
contrast arises due to density and thickness variation over the sample
which influences electron scattering. Dense regions or those with heavier
elements can scatter the electron beam stronger, resulting in darker features

44

Experimental

in the TEM image. Also, less dense regions or those with lighter elements
show as brighter features.
The most common method to get electron transparent samples is cutting
out a cross-section of the material using a focused ion beam [18], However,
since this method is labour-intensive, custom made TEM-windows were
used as supports in these studies (in Section 2.2).
A typical sample holder is shown in Figure 2.7b.

Figure 2.6. (a) Signals used for transmission electron microscopy; (b) schematic

setup of TEM.

Figure 2.7. (a)FEI Tecnai G2 Sphera microscope; (b) sample holder.
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2.4.1 TEM as used in this thesis
The TEM studies were carried out using a FEI Tecnai G2 Sphera
microscope operating with a 200 kV LaB6 filament and a bottom mounted
1024 x 1024 Gatan CCD camera. All images were measured using the TEM
in bright field mode. Electron diffraction patterns of species were obtained
to determine the related crystalline phases present in the samples. Scanning
transmission electron microscopy (S/TEM) characterization was carried out
by Dr Mauro Porcu using a FEI Talos F200X equipped with a high
brightness Schottky FEG and the SuperX EDS system which includes 4
SDD detectors EDS symmetrically placed around the sample and a 16MP
CMOS camera, the FEI Ceta 16M. The mapping experiments were
performed with different beam currents, optimized to minimize beam
damage, and with a dwell time of 10 ms to further protect the specimen.

2.5 Scanning electron microscopy (SEM)
Scanning electron microscopy (SEM) spectroscopy is one of the
common characterization techniques in catalysis. It is carried out by
rastering a narrow electron beam over the surface, and detecting the yield
of either secondary or back-scattered electrons as a function of the position
of the primary beam [21] and provides information about surface
topography, structure and morphology (Figure 2.8). The secondary
electrons have mostly low energies (5-50 eV), and originate from the
surface region of the sample. Back-scattered electrons come from deeper
and carry information on the composition of the sample, because heavy
elements are more efficient scattered and appear brighter in the image.

2.5.1 SEM as used in this thesis
SEM was performed using a Philips environmental scanning electron
microscope (XL-30 ESEM FEG; Philips, The Netherlands, now FEI Co.) in
high vacuum mode with an accelerating voltage of 10 kV.
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Figure 2.8. Schematic representation of scanning electron microscope. Adapted
from Niemantsverdriet [14].
The main differences between SEM and TEM are that SEM is based
on secondary or back-scattered electrons while TEM is based on
transmitted electrons. SEM focuses on topology and composition of a
surface whereas TEM provides the details about internal composition,
therefore TEM can show many characteristics of the sample, such as
particle size and morphology, crystallization and even magnetic domains.
On the other hand, SEM allows for large amount of sample to be analysed
at a time whereas with TEM only small amount of sample can be analysed
at a time. SEM also provides a 3-dimensional image while TEM provides a
high resolution 2-dimensional picture.
Charging of insulating samples under the electron beam may be a problem
in SEM, although coating the sample with a thin film of gold or carbon
reduces the problem [21]. In order to avoid scattering of the electrons,
electron microscopes work under high vacuum while ESEM operates with
the sample under less-stringent vacuum conditions. The much higher
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resolution of TEM compared to SEM is the main reason why TEM is more
often used in catalysis.

2.6 X-ray diffraction
X-ray diffraction (XRD) is the most frequently used technique in
catalyst characterization [14, 22]. The advantage of X-rays is that they are
energetic enough to penetrate solids and the diffracted x-rays can then
provide information about the internal structure of the material on unit cell
dimensions.
Figure 2.9. shows the schematic representation of XRD. The X-ray
source emit photons which are scattered elastically by atoms in lattice.
When the lattice is ordered, as it is crystalline material, the scattered X-rays
can interfere. In order to have constructive interference, the difference in
distance that the radiation travels (dashed part in the insert in Fig. 2.9)
should be an integer times its wavelength. When the conditions for
constructive are fulfilled, the diffracted X-rays are in phase.
The intensity of these diffracted X-rays is recorded by a detector, and
the 2θ angle is determined as well. The distance between two lattice planes
can be calculated from the angels where diffraction peaks are observed in
the XRD diffractograms using Bragg’s law:
2d. sin (θ) = n.λ

with n= 1, 2, ….

Where d is the spacing between diffracting planes, θ is the angle of
reflection, n is an integer called the order of the reflection, and λ is the
wavelength of the X-rays. The wavelength of the X-rays depends on the
type of target material that is used inside the cathode X-ray tube. The most
common X-ray source used for XRD uses a cupper target, which emits Cu
Kα X-rays with energy of 8.04 keV and a wavelength of 0.154nm.
The set of diffraction peaks and corresponding d-spacings are
characteristic for each crystallographic phase and are extensively
documented in databases, such as the powder Diffraction Files (PDF) from
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the International Centre for Diffraction Data (ICDD) [23]. Therefore, using
these reference spectra, it is possible to identify crystalline material in a
catalyst, such as metal nanoparticles or oxides support.
Along with identification of the phases present in a compound or a
catalyst, XRD can also provide information about the size of the crystallites
in the sample. The theoretically very sharp diffraction lines broaden in XRD
due to inhomogeneous strain and lattice imperfections or a lack of
coherence between the X-rays because the crystallites are small.

Figure 2.9. Schematic representation of XRD, the inset shows constructive
interference.
The Scherer equation relates the average crystallite particle size to the
width of a corresponding diffraction lines.
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In this formula, K is the Scherrer constant (usually taken as unity, when
exact particle shape is unknown), λ is the wavelength of the incident Xrays, B is the full width at half maximum (FWHM) of the reflection and θ is
the angle of diffraction.

2.7 Attenuated total reflection Fourier transform
infrared spectroscopy (ATR-FTIR)
Infrared spectroscopy (IR) is one of the oldest characterization
techniques and widely applied in the catalysis field [24]. This technique is
based on the vibrations of the atoms of a molecule. These molecular
vibrations can be excited by the absorption of photons. Each molecule
exhibits a characteristic set of vibrations that can be used to identify
molecules and binding properties by matching measured spectra with
reference spectra. Infrared radiation includes near, far and mid-IR
radiation, but it is the latter with wavelengths of the order of 2-50 µm, that
is most common for the detection of molecular vibrations [14].
Absorption of photons with frequencies in the mid-IR region results
in transitions between the discrete levels of vibrational energy in molecules.
Atoms undergoing periodic small deviations from their equilibrium
position have potential and kinetic energy, which can be approximated by
the harmonic oscillator. The corresponding vibrational energy levels can be
described according to equation 2.3, which indicates that increasing bond
strength and decreasing mass of the vibrating atom results in an increase in
vibrational frequency.
(Equation 2.3)
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Where:
En

is the energy of the nth vibrational level

n

is an integer

h

is Planck’s constant

ν

is the vibrational frequency

k

is the bond force constant

µ

is the reduced mass

mi

is the mass of the ith atoms in the vibrating molecule.

The selection rule for the absorption of photons implies that not all
vibrations can be observed. Thus, photon absorption only occurs when a
molecule possesses a permanent dipole moment, which changes during a
vibration. Moreover, the total numbers of vibrations that a molecule can
exhibit depend on the translation and rotational degrees of freedom. Linear
molecules exhibit 3N-6 (where N is the no. of atoms), while non-linear
molecules exhibit 3N-5 fundamental vibrations. These include stretching,
bending (in and out of plane) as well as torsion vibrations. In addition,
vibrations can also be divided into symmetric and asymmetric vibrations.
Infrared vibrational frequencies are characteristic for different functional
groups in molecules, due to the varying bond strengths and mass of atoms
in molecules. Therefore, IR can be used to fingerprint regions and a number
of correlation charts can be used to assign measured functional groups [25,
26]. Attenuated total reflectance (ATR) refers to the process of internal
reflectance of light off the internal surface of an ATR crystal [27].
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Figure 2.10. Schematic representation of the set-up for infrared measurements in
attenuated total reflection mode. The IR beam undergoes reflections off the internal
surface of the ATR crystal before the attenuated signal reaches the detector.
Total internal reflection occurs when the angle of the incoming beam
with respect to the surface normal is greater than the critical angle. This
critical angle depends on the refractive indices of the ATR crystal and the
sample used in measurement. At the point of internal reflectance, light
penetrates through the reflecting surface into the sample. This penetrating
light is also referred to as an evanescent wave. Using a diamond ATR
crystal and typical organic materials, the penetration depth of the
evanescent wave can reach between 1-2 µm into the sample [28].
Fourier-transform infrared (FTIR) spectroscopy is based on the idea
of the interference of radiation between two beams to yield an
interferogram. The latter is a signal produced as a function of the change of
pathlength between the two beams. The two domains of distance and
frequency are interconvertible by the mathematical method of Fouriertransformation [29].
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Synthesis of monodisperse iron, manganese and
mixed iron-manganese nanoparticles
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Abstract
The development of uniform nanometer sized iron oxide nanoparticles has
been intensively pursued in catalysis, not only for their fundamental scientific
interest, but also for many technological applications. A well defined nanoparticle
system could help to find a way to correlate between reactivity, selectivity and
activity of a catalyst with the fundamental properties of the particles such as size
and composition. However, such well defined systems could enable the rational
design of the next generation of highly active, selective, and stable nanosized
catalysts for industrial applications. To date there exist plenty of approaches to
synthesize well defined nanoparticles. An elegant method for the synthesis of
monodisperse iron and mixed iron-manganese oxide nanoparticles involves the
high temperature thermal decomposition of oxygen ligand containing metal
compounds such as acetylacetonates, acetates and oleates in surfactant containing
solutions. In this chapter, iron-oleate and manganese-oleate complexes were used
for the synthesis of iron, manganese and mixed iron-manganese nanoparticles.
Variations in ratio of metal precursor to surfactant investigated for the synthesis of
a range of particle sizes and compositions.
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3.1 Introduction
Monodisperse nanoparticles have been paid significant attention due
to their technological and fundamental scientific importance [1-3]. These
nanoparticulate materials often exhibit very interesting electrical, optical,
magnetic and chemical properties, which cannot be achieved by their bulk
counterparts [4, 5]. In the catalysis field, for understanding the potential
novel chemical properties of nanostructured materials, significant attempts
have been made in the years to come towards the synthesis of structurally
well defined systems. Different methods have been applied in the past for
the synthesis of nanoparticles, such as thermal evaporation in vacuum
[6-10], atomic layer deposition [11-14], nanosphere lithography [15-17], solgel or colloidal techniques [18-20] or impregnation methods [21-23]. In this
chapter the thermal decomposition of metal oleate towards the synthesis of
monodisperse iron and iron/manganese oxide nanoparticle is described.
The iron and manganese oleates used for nanoparticles synthesis can be
synthesized either by dissolution of various iron and manganese oxides or
hydroxides in oleic acid [24] or by reaction between iron (III) chloride and
sodium oleate.

3.2 Experimental
The iron oxides and mixed iron-manganese oxide nanoparticles,
investigated in this study were prepared by thermal decomposition of iron
oleate and manganese oleate complexes using 1-octadecene as a high
boiling point solvent, as described by Park et al. [25]. The advantage of the
procedures based on metal-oleate decomposition is that metal oxide
nanoparticles can be prepared in a wide range of sizes (from 6 to 30 nm)
[26] by altering the reactions conditions. It is noteworthy that even
relatively large particles can be obtained in one step without a separate
seeding procedure with this method [27].
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3.2.1 Synthesis of the Fe-Oleate Precursor
The iron-oleate complex was prepared by dissolving 10.8 g of iron
chloride (FeCl3.6H2O, Aldrich, 98%) and 36.5 g of sodium oleate (TCI, 95%)
in a solvent mixture consisting of 80 mL ethanol, 60 mL distilled water and
140 mL heptane . The reactants were contained in a vessel equipped with a
condenser and a mechanic overheated stirrer (see Figure 3.1.) while
undesired side reactions such as oxidation of oleic acid were avoided by
continuously flowing N2 throughout the entire synthesis process. A heating
mantle with a temperature range from ambient to 450°C was used. A
special aluminum casing supported the reaction vessel within the heating
mantle. A thermocouple was suspended within the aluminum casing,
probing the reaction temperature without contacting the reaction mixture.
The temperature difference within the aluminum block and the reaction
mixture was heated at a heating rate of 5°C /min. The solution was heated
to 70°C and maintained at this temperature for four hours. When the
reaction was completed, the upper organic layer containing the iron-oleate
complex was washed three times with 30 ml of distilled water in a
separatory funnel. After washing, the solvents were evaporated off using a
rotary evaporator (1 10-2 mbar) at 100-150°C for 2h resulting in iron-oleate
complex in a waxy solid form.

3.2.2 Synthesis of the Mn-Oleate Precursor
The manganese-oleate was prepared according to the procedure
reported in [28], with some modifications: 7.94 g of manganese chloride
tetrahydrate (MnCl2.4H2O, Aldrich, 98%) and 22.60 g oleic acid (C18H34O2,
Aldrich, 90%) were dissolved in 200 mL methanol. A solution of 3.2 g (80
mmol) sodium hydroxide in 200 mL of methanol was added dropwise to
the stirred MnCl2/-oleic acid solution over a period of 1h. The initially clear
colorless mixture turned pink, and a deep red oily substance precipitated.
After being stirred for another hour, the solvent was removed and the
product washed with acetone, ethanol and water. After evaporating the
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solvent, using the rotary evaporator (1 10-2 mbar) at 100-150°C for 1h, a
deep red waxy solid manganese-oleate was formed.

3.2.3 Synthesis of Fe oxide, Mn oxide and FeMn nanoparticles
The thermal decomposition of the iron and manganese oleate
complexes resulted in a monodisperse iron and manganese nanoparticles.
The mixture of iron-oleate and manganese oleate complexes with different
portion (see Table 3.1.) and 1 mmol oleic acid dissolved in 16 mL
1-octadecene (Aldrich, 90%) at room temperature [21]. The reaction mixture
was heated to 320°C with a constant heating rate of 3.3°C min–1, and then
kept at that temperature for 30 min. When the reaction temperature
reached 320°C, a severe reaction occurred and the initial transparent
solution became turbid and brownish black. The resulting solution,
containing the nanocrystals, was then cooled to room temperature, and 28
ml of ethanol was added to the solution to precipitate the nanocrystals. The
nanoparticles were separated by centrifugation at 8000 rmp for 12 min to
remove agglomerated particles and the remaining particles were
re-dispersed in toluene. In order to synthesize mixed iron-manganese oxide
nanoparticles, iron-oleate and manganese-oleate were mixed in the desired
molar ratios following the same procedure as for making iron oxide
nanoparticles.
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Table 3.1. Catalysts fabrication.

Figure 3.1. Schematic representation of the reactor that was used for the
preparation of the iron, manganese, and mixed iron/manganese nanoparticles.
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3.2.3.1 Varying nanoparticle diameter [25, 29]
To control the iron particle size within 7 to 13 nm by modifying the
precursor-to-capping ligand ratio in a systematic fashion, the 2:0.2 , 2:1, and
2:3 iron:surfactant ratios were investigated by reacting the iron-oleate
complex and 1-octadecene as a solvent. The mixture was heated to 320°C
and kept at this temperature for 30 min. precipitation was the same as in
section 3.2.3.
To investigate how the particle growth is influenced by reaction
temperature, experiments with a solvent with higher boiling point was
conducted. For the synthesis of the 20 nm iron particles, the iron oleate
complex (from section 3.2.1) and oleic acid were dissolved in olylamine at
room temperature and then reacted for 30 minutes at approximately 370°C.

3.2.4 Uniform colloidal particles on planar supports
The colloidal nanoparticles, described in the previous chapter can be
deposited onto flat model supports by a range of techniques, such as
spincoating and interfacial self-assembly methods. Spincoating is a method
that mimics the industrial practice of wet chemical impregnation [30]. In
spin-coating, a solution containing the desired material is deposited onto a
disk (i.e. a holder containing the SiO2/Si (100) or SiO2/SiNx substrate) and
accelerated (a spinning speed, typically of a few thousand rpm) (see Figure
3.2. left). During the spin-coating, solution is ejected from the spinning disk
by radial flow, but a thin film remains on the substrate. Centrifugal and
shear forces maintain the uniformity of the coating film while the solvent
evaporates and is removed by flowing gas (N2) [31]. The amount of
material deposited varies depending on the concentration and viscosity of
the spin-coating solution, the spinning speed and the evaporation time.
Van Hardeveld et al. showed that spincoating of dilute solutions of
inorganic salts produces a predictable quantity of deposited material on the
flat model substrate [30]. In their study, calculated amounts of deposited
material varied by a maximum of 20% from values measured using
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Rutherford backscattering spectrometry (RBS) and inductively coupled
plasma optical emission spectrometry (ICP-OES).
The technique employed in the present study is a technique called
“interfacial self-assembly” as described by Brinker and coworkers [32]. A
mixture of 40μl of toluene with 2mmol nanoparticles and 15mg
polystyrene/ml were first sonicated using a horn sonicator (SonicVibracell
VC750) with a cylindrical tip (6mm end cap diameter) delivering 3000
J/min, and then deposited onto flat silica supports. As schematically
shown in (Figure 3.2. right) a mixture of toluene, nanoparticles and
polystyrene is added to a distilled water bath. As soon as the mixture hits
the water, a thin film is formed on the water surface. After a few minutes,
the toluene evaporates and a stable polymer/nanoparticle film is left
floating on the water. After draining the water via a -valve at the bottom of
the water bath, the film is then deposited onto the surface of the sample,
located at the bottom of the water bath. Compared to the spincoating, this
method gets a more homogeneous surface coverage of nanoparticles,
especially on large scale surfaces.

Figure 3.2. (left) Schematic representation of the spin-coating process. Adapted
from Hardeveld et al. [30]; (right) Schematic representation of deposition method
(a) Adding the nanoparticle/polymer solution onto the distilled water solution (b)
toluene evaporation, (c) formation of the stable nanoparticles containing polymer
film and (d) deposition of the polymer film on the flat support.
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3.2.5 X-ray Photoelectron Spectroscopy (XPS)
XPS measurements were performed with a Kratos AXIS Ultra
spectrometer using a standard aluminium anode (Al Kα 1486.3 eV)
operating at 300 W. The coated Si wafer was transferred (using the XPS
transfer vessel) under nitrogen atmosphere into the XPS-antechamber and
then under high vacuum conditions into the measurement chamber.
Spectra were recorded at a background pressure of 1 x 10-8 mbar. Casa XPS
software, Version 2.3.16 Pre-rel 1.4 was used. Binding energies were
calibrated to a Si 2p peak at 103.3 eV.

3.2.6 Transmission Electron Microscopy (TEM)
The TEM studies were carried out using a FEI Tecnai G2 Sphera
microscope operating with a 200 kV LaB6 filament. Digital images were
collected using a Gatan CCD system in the Gatan Digitial Micrograph
program. Typically, several images of the same area on the support are
taken at varying level of focus to ensure that all particles are identified and
counted.

3.2.7 Particle size determination
Particle size statistics was achieved from at least 80 particles for each
size range using the software ImageJ1.45p [33], a software for nano and
micro scale image processing, available from Image Metrology. Particle size
and size distribution data can be represented in either a tabular or
graphical form.

3.3 Results
The fabricated nanoparticles were deposited onto SI-wafers or TEMwindows and characterized with TEM and XPS. The nanoparticles
distribution on the surface, the achieved size distributions as well as the
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phase composition of the nanoparticles are described in the following
chapter.

3.3.1 TEM results

Figure 3.3. (a) TEM image of calcined 8.5 nm iron particles (b) the corresponding
histogram showing the diameter distribution (c) TEM image of calcined 6 nm
manganese particles (d) the corresponding histogram showing the diameter
distribution.
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Figure 3.4. (a) TEM images and corresponding distributions of Fe-Mn particles
on a SiO2/SiNx membrane after calcinations.
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Figures 3.3a and c show the supported iron and manganese
nanoparticles prepared by thermal decomposition of metal oleate, after
calcination at 350°C in Ar/O2 (20% O2 in Ar) for 30 min. The TEM images
confirm the stability of these nanoparticles against sintering upon
calcination. Figs. 3.4a, c and e show iron-manganese oxide nanoparticles.
For all of them, uniform size and well-defined crystallite phases were
observed, as well as particle distribution over the surface. Besides, it was
observed that the addition of manganese influences the size of particles, i.e.
mixed iron-manganese particles have smaller diameters than iron particles
grown under identical conditions. Figure 3.3a shows well distributed iron
nanoparticles with average diameters of 8.5 nm diameters while Figs. 3.4a,
3.4c and 3.4e present the iron nanoparticles promoted with 10, 20 and 50
molar-% manganese, respectively. The addition of manganese decreases
the crystallite size of nanoparticles [34]. The diameter of 8.5 nm, seen for
the iron particles in Fig. 3.3a decreases to 7.5nm in Fig. 3.4a for the Fe9Mn1,
6.5nm for Fe8Mn2 (Fig. 3.4c) and 5nm in Fig. 3.4.e for the Fe5Mn5
nanoparticles.

Figure 2.5. TEM micrographs (a) pure Fe; (b) Fe9Mn1; and (c) Fe5Mn5
nanoparticles dispersed on a SiO2/SiNx membrane after calcination. EDX spectra
are added as insets to show the relative Fe/Mn contents.
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Figure 3.5. shows calcined iron and mixed iron-manganese
nanoparticles that are homogeneously distributed over the silica support.
The insets in Figs. 3.5a, b and c, show the Energy-dispersive X-ray
spectroscopy (EDX) graphs, demonstrating the composition of iron and
manganese. Analysis of these spectra show that the composition
corresponds well to the expected numbers based on the relative contents of
metal oleates during the fabrication (i.e. 89:11 for the Fe9Mn1 and 49.5:50.5
for the Fe5Mn5 sample).

3.3.2 Reaction temperature influence on particle diameter
The synthesis of colloidal nanoparticles involves classically two main
steps: (i) the formation of nuclei, and (ii) the growth of these nuclei [35].
Both the nucleation and growth steps take place at different temperatures:
Nucleation occurs at 200-240°C triggered by the dissociation of one oleate
ligand from the oleate precursor and the major growth happens at around
300°C [25, 36, 37]. The nucleation rate is more sensitive to temperature
variations and for solvents with boiling points close to the beginning of the
nucleation, as in the case of di-n-hexyl ether (boiling point 228°C), the
nucleation is favored whereas the growth is slow. Therefore nanoparticles
with an average size of 3 nm and a polydispersity of 6% are obtained.
However, under these heating conditions, the thermal decomposition rate
is low and the reaction yield is low: only a part of the precursors is
decomposed and then converted into nanoparticles. On the other hand, in
solvent with boiling points higher than the onset of the nucleation step, the
growth is strongly activated. Thus, the size of nanoparticles increases with
the solvent boiling points [25, 36, 38].
Figure 3.6. shows that the diameter of the iron oxide nanoparticles
appears bigger as the boiling point of the solvent increases. This result can
be due to the higher reactivity of the iron-oleate complex in the solvent
with a higher boiling point.
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Figure 3.6. (a) TEM image of synthesised 8.5 nm iron particles using octadecene
as solvent and a reaction temperature of 320°C (b) TEM image of synthesised 20
nm iron particles using trioctylamine as solvent and a reaction temperature of
370°C.

3.3.3 Particle size due to variation in iron precursor to
surfactant ratio
Figure 3.7. clearly shows that iron particles experienced an increase in
diameter with an increase in surfactant to iron precursor ratio. The
mechanism behind this is that the increase in the ligand concentration
slows down the nucleation step, the size is mainly controlled by the growth
step [36]. The higher the amount of ligand, the smaller the number of nuclei
leading to the growth of fewer, but larger particles. The oleic acid
molecules react with the precursor and induce the formation of more stable
complexes than the initial molecule precursor (Fe(oleate)3) which slows
down the nucleation step. Such a behavior has already been observed for
CoPt nanoparticles upon the addition of 1-adamantanecarboxylic acid
molecules, which increase the thermal stability of cobalt carbonyl [39], or as
reported for the synthesis of γ-Fe2O3 from iron carbonyl with
trioctylphosphine oxide [40].
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Figure 3.7. TEM images where the (a) ratio of iron precursor to surfactant= 2:0.2,
(c) 2:1 and (e) 2:3 and (b), (d) and (f) the corresponding histogram showing
diameter distribution.
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3.3.4 XPS results
Measurements were performed on the supported iron, manganese
and mixed iron-manganese nanoparticles in order to determine the iron
oxide and manganese oxide phase. Since the Fe 2p3/2 binding energy values
of Fe2O3 and Fe3O4 are close (710.85 eV for Fe2O3 and 710.6 eV for Fe3O4),
we need to consider additional features in the XPS spectra in order to
observe the distinction between species, as shown in Fig. 3.8.

Figure 3.8. (a) 2p XPS spectrum of synthesized a Fe2O3 and (b) reference XPS
spectra of FeO, Fe2O3 and Fe3O4 single crystals adapted from reference [41].
The Fe 2p spectrum for Fe3+ species Fe2O3 (Fig. 3.8a) has a clear
characteristic satellite peak at ~ 8.5 eV higher binding energy of the Fe 2p3/2
main peak, the Fe2p spectrum for FeO indicates characteristic satellite peak
~ 4 eV above binding energy of the main peak (Fig. 3.8b) while the Fe 2p
spectrum for Fe2+/Fe3+ (i.e. Fe3O4, Fig. 3.8b) is characterized by the absence
of this satellite peak.
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Figure 3.9. (a) Fe2p spectra and (b) Mn2p spectra of Fe, mixed FeMn, and
Mn/SiO2 model nanoparticles after calcination at 350°C for 30 min.
Figure 3.9. shows the XPS spectra for the Fe 2p and Mn 2p regions for
calcined iron, manganese and iron particles promoted with 10, 20 and 50
percent manganese, respectively. From these spectra the oxidation state of
the outer few nm of the particles can be determined. For all the calcined
samples the Fe 2p3/2 peak (Fig. 3.9a) is located at 710.7 eV [42] and exhibits
a satellite peak at 719 eV, characteristic for Fe3+ species. However, in order
to distinguish between maghemite (γ-Fe2O3) and hematite (α-Fe2O3) extra
information is needed (will be shown in chapter 4).
The Mn 2p spectra of the Mn-promoted samples exhibit two peaks
at 641.6 and 653.4 eV, which can be attributed to the Mn 2p3/2 and Mn
2p1/2 with binding energies corresponding to MnO2 [43].
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3.4 Discussion
3.4.1 Decomposition of iron carboxylate complex
Different reaction mechanisms have been proposed for the
decomposition of metal carboxylates. However, the possible reaction route
for the metal oxide nanoparticles and the detailed stochiometric relations
are not clear [44]. As shown in Figure 3.10. four different types of
coordination modes can be anticipated for metal carboxylates which are
ionic, unidentate, bidentate and bridging.

Figure 3.10. Types of metal carboxylate coordination modes; for simplicity sake the
monovalent metal is shown instead of the trivalent state [45].
Bronstein et al. [46] investigated the nature of adsorbed calcium
carboxylates (oleate and stearate) by in situ/ex situ Fourier transform
infrared internal reflection spectroscopy (FTIR/IRS) and identified that the
iron oleate complex, fabricated in exactly the same way as in this study, is
co-ordinated in both a bidentate and bridging mode. According to
Bronstein et al. the differential scanning calorimetric (DSC) trace of the iron
oleate complex indicates a small endothermic peak at 132°C, which can be
assigned to the elimination of crystal hydrate water. The second
endothermic peak, which appeared at around 190°C was assigned to
removal of either free oleic acid or partially unidentate oleate ligand. This
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transition has also been associated with the nuclei formation [24]. The third
endothermic transition at about 300°C attributes to the removal of the
remaining oleate ligands and formation of iron oxide nanoparticles.
The greater the separation in temperature between the nucleation and
growth processes is, the higher is the probability of a monodisperse
nanoparticle formation. Bronstein et al. observed that the choice of solvent
has influence on the monodispersity of the particles. Decomposition of the
iron oleate complex in octadecane (b.p. 317°C) results in small
monodisperse spherical particles, while on the other hand decomposition
in docosane (C22 H46; b.p. 369°C) results in very polydisperse particles.
According to the small separation between nucleation and growth (10°C),
the increase in reaction temperature to the solvent boiling point in the case
of docosane creates some overlap between the nucleation and growth
process (even with a slow heating rate), thus resulting in a broader particle
size distribution.
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3.4.2 Proposed mechanism for the formation of iron
nanoparticles
We propose that by reacting iron chloride with sodium oleate, the
iron oleate complex forms as in Figure 3.11a.

Figure 3.11 a. Formation of iron oleate complex.

When the temperature increases to (＞ 270°C), oleic acid molecules
condense to form oleic acid anhydride and water.

Figure 3.11 b. Dehydration of oleic acid at high temperature (＞ 270°C).
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Park et al. [24] believe that the first oleate ligand dissociate by a CO2
elimination pathway and marks the start of nucleation.

Figure 3.11c. Dissociation of one oleate ligand from the Fe(oleate)3 precursor by
CO2 elimination.
The water formed during the dehydration of the oleic acid molecules,
reacts with the above complex to release the olefin. The first hydroxyl
group is then introduced into the complex.
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Figure 3.11d. Olefin formation.

Figure 3.11f. Association of the remaining two oleate ligands from the iron-oleate
species.
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The main growth happens at 300°C and is begun by the dissociation
of remaining two oleate ligands from the iron oleate complex. The other
two ligands leave the complex in the same way as the first oleate complex.

3.5 Conclusion
This chapter describes the synthesis of iron oxide (FeOx), manganese
oxide (MnOx) and mixed iron-manganese oxide (FexMnyOz) monodisperse
nanoparticles, prepared by the well-established method of thermal
decomposition of metal oleate complexes. The particle size can be varied by
altering the boiling point of the solvent. Larger particles are achieved at
higher temperatures as a result of higher reactivity of the metal oleate
complex. The particle size can also be altered by changes in the surfactant
quantity due to the decreased availability of iron precursor. The amount of
manganese present during the growth also influences the size of particles.
Mixed iron-manganese particles have smaller diameters than iron particles
grown under identical conditions. TEM results shows how the
nanoparticles can be homogenously distributed over the silica support,
using interfacial self-assembly of a nanoparticle solution mixed with a
polymer. The deposited nanoparticles generally show well-defined particle
diameters with a narrow particle size distribution. EDX analysis shows that
the catalyst particles have the expected composition of iron and
manganese, meaning that the Fe/Mn ratio in the particles can be precisely
controlled. According to the Fe 2p XPS spectra Fe3+ (Fe2O3) is the dominant
phase, both for the iron and for the mixed iron-manganese samples, while
manganese is present as Mn4+ (MnO2) after calcination Mn 2p spectra. The
nanoparticles synthesized using the thermal decomposition method have
been used in subsequent chapters to investigate the stability of iron and
mixed iron-manganese under conditions typical for Fischer-Tropsch
synthesis and hydrogen or syngas pre-treatments.
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Abstract
The stability and composition of the activated iron phase determines the
performance of the catalyst under Fischer-Tropsch conditions. Because of this, the
activation procedure has a profound effect on activity and selectivity of the catalyst.
According to uncertainly surrounding the nature of the active phase of the iron
Fischer-Tropsch catalyst, a large number of studies concerning both model as well
as industrial catalysts have been undertaken to determine the exact structural
composition of the active site. Gas pretreatment seems to have a dramatic impact
on catalyst behavior in terms of activity and selectivity. The results of the study are
described in this chapter present the response of monodisperse supported iron and
iron-manganese nanoparticles to treatments in O2, H2 and H2/CO, respectively, at
temperatures between 270 and 400°C. Well-defined crystallite phases (maghemite
(γ-Fe2O3), and mixed FeMn-spinel with maghemite) were observed after
calcination at 350°C in Ar/O2 using XPS and EDP analysis. Upon subsequent
treatments in H2 and H2/CO the crystal phases changed from maghemite (γ-Fe2O3)
to metallic iron, iron carbide and graphitic carbon respectively. Using manganese
as a promoter improves the stability of nanoparticles against morphological change
and agglomeration during reduction and Fischer-Tropsch synthesis conditions.
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4.1 Introduction
Fischer-Tropsch synthesis (FTS) is of profound interest since it
provides an alternative route for production of a great variety of products
such as short chain alkenes, diesel fuel, short chain alkenes and oxygenates
from syngas (CO+H2). In case the syngas is produced from coal, iron based
materials are used industrially to catalyze this process [2-7] according to its
higher FTS activity. Manganese is widely used as the promoter of choice for
iron FTS catalysts, particularly when used for producing lower olefins [810].
It has been reported that manganese acts, not only as a chemical promoter
to alter the chemisorption of the reactants on the catalyst, but also as a
structural promoter to enhance dispersion of active iron and to stabilize the
catalyst during the FTS process [11-13]. Stabilizing the catalysts in their
active state for a longer time is a challenging task, and understanding how
structural promoters enhance catalyst stability is of great importance.
The iron catalyst precursor is normally in the metal oxide form, which is
inactive for FTS reaction. Therefore the oxide must undergo to an activation
treatment to obtain the catalytic activity. The pretreatment conditions
applied for iron and mixed iron-manganese catalysts typically have a great
influence on the subsequent steady state catalyst activity, selectivity, life
time and for determining the structural integrity or attrition resistance of
the catalyst particles [14, 15]. In comparison with other FTS catalysts such
as cobalt, nickel and ruthenium, iron-based catalysts show the most
complicated phase changes during gas pretreatment [2, 16]. Previous
studies have shown that the formation of surface carbides is necessary
before the catalyst can exhibit high activity [17, 18]. Activation with H2, CO
or CO-H2 (syngas) generally results in the rapid formation of Fe3O4 [19].
With additional time, the magnetite is converted to metallic iron in the case
of H2 pretreatment or various iron carbides (usually χ-Fe5C2 or έ-Fe2.2C)
with CO or CO-H2 pretreatment [20].
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This is an exploratory chapter expressing the versatility of the
monodisperse iron oxide nanoparticles synthesized in chapter 3. The aim of
this study is to understand the behavior of iron and mixed iron-manganese
nanoparticles under model reduction and syngas treatment.
In this chapter we particularly focus on changes in morphology and
surface composition of silica- supported iron and mixed iron-manganese
nanoparticles that occur during calcination in air, reduction in H2, and
subsequent syngas CO/H2 treatment. As explained in chapter 1, the
promotion of iron FTS- catalysts with an appropriate amount of manganese
(typically 8 to 12 mol-%) is known to increase the catalyst performance in
terms of activity, selectivity to lower olefins (C2-C4) and stability, we
selected the Fe9Mn1 in comparison with the Fe sample for detailed
investigations. The results show that manganese promotion helps to
preserve the structural integrity of the catalysts, which show enhanced
stability against agglomeration during hydrogen reduction and FischerTropsch synthesis conditions.

4.2 Experimental
To get insight into the phase changes and the attrition stability during
a typical FT-catalyst pre-treatment process, we prepared model catalysts,
by dispersing our colloidal iron and mixed iron-manganese nanoparticles
onto silica wafers. These were then subjected to a series of subsequent
oxidation and reduction treatments at different temperatures. The starting
point was the calcined samples. These were then reduced at different
temperatures and finally the reduced samples were treated in syngas. In
between each subsequent treatment the samples were characterized with
XPS and TEM.
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4.2.1 Sample preparation
The colloidal nanoparticles described in chapter 3 were deposited
onto flat silica supports by interfacial self-assembly technique (3.2.4).

4.2.2 Sample treatment
XPS: Sample treatments were performed in a high-temperature gas
reaction-cell (Kratos, WX-530), consisting of a dome shaped quartz
chamber, allowing for in-vacuo transfer into the measurements chamber.
The samples were supported on a fused silica stub. For oxidation
treatments, an Ar/O2 mixture (10% O2 in Ar) was used. The samples were
heated up to 350ºC at a rate of 5ºC/min and held at this temperature for 30
min. This treatment was performed prior to each reduction treatment, to
ensure the catalyst was always in a reproducible, fully oxidized state. After
the oxidation treatment, the reaction cell was cooled down to below 70ºC.

4.2.3 Investigation of H2 & H2-CO pretreatment
For the subsequent reduction treatments, pure H2, 6.0 was used,
without further filtration or purification. Prior to these treatments the
reaction cell and the gas lines were evacuated to 5x10-6 mbar, then backfilled with H2 and once again evacuated to 5x10-6 mbar to get rid of
contaminants (in particular oxygen). The samples were then heated under
H2-flow (80 ml/min at 1.5 bar) to 400ºC at a rate of 5ºC/min. The samples
were held at the targeted temperature for 30 min, 1h and 1.5h respectively
and then the gas flow was stopped, the reaction cell immediately evacuated
and the samples rapidly cooled to room temperature. After treatment in
reactive gases the samples were transferred, in-vacuo, to the measurement
chamber of the XPS. The pure H2, 6.0 as well as CO, 4.7 were used for the
subsequent syngas treatments. After reduction at 400ºC, the reaction cell
cooled down in H2-flow, to 200ºC to avoid catalyst re-oxidization. The gas
flow was then switched to syngas (CO/H2 with10/10 ml/min at 1.5 bar)
and the fully reduced sample was heated to 270ºC at a rate of 5ºC/min and
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kept there for 1 and 3 hours. Then the samples were transferred to the
measurement chamber under vacuum conditions.
TEM: for the TEM-studies, similar treatments were applied in a
quartz tube flow-reactor, i.e. Oxidation at 350ºC for 30 min, followed by
reduction in H2 at 400ºC for 1h and subsequent syngas treatment at 270ºC
for 1h. The quartz tube was then cooled down to 90ºC, sealed off while still
containing the relative gas, and transferred to glove box and opened there
in order to gently re-oxidize the catalyst.

4.2.4 X-ray Photoelectron Spectroscopy (XPS)
XPS was measured with a Kratos AXIS Ultra spectrometer, equipped
with a monochromated Al Kα source (1486.6 eV) and a delay-line detector
(DLD). The spectra were obtained with the X-ray source operating at 10
mA, 15 kV and 40 eV pass energy, 0.1 eV step size were used. The
background pressure in the analysis chamber during measurements was
typically 1 10-8 mbar. Casa XPS software, version 2.3.16 Pre-rel 1.4 was
used. Binding energies were calibrated with the standard Si 2s = 154.6 eV
peak in SiO2. For quantitative analysis the Si 2s, C1s, Fe 2p, Mn 2p, and O
1s peaks and the Wagner relative sensitivity factors were used.

4.2.5 Transmission Electron Microscopy (TEM)
The TEM studies were carried out using a FEI Tecnai G2 Sphera
microscope operating with a 200 kV LaB6 filament and a bottom mounted
1024 x 1024 Gatan CCD camera. All images were measured using the TEM
in bright field mode. Electron diffraction patterns of species were obtained
to determine the related crystalline phases present in the samples. The
S/TEM characterization was carried out using a FEI Talos F200X equipped
with a high brightness Schottky FEG and the SuperX EDS system which
includes 4 SDD detectors EDS symmetrically placed around the sample and
a 16MP CMOS camera, the FEI Ceta 16M. The mapping experiments were

86

The role of Mn on stability of Fe-Fischer-Tropsch model catalyst

performed with different beam currents, optimized to minimize beam
damage, and with a dwell time of 10 ms to further protect the specimen.

4.3 Results
4.3.1 TEM results
This section contains a description of how the crystal phases and
particle morphology of the supported nanoparticles change upon the
applied oxidation, reduction and syngas treatment, as seen by TEM. Figure
4.1. shows TEM-images of iron- and mixed iron-manganese oxide
nanoparticles after calcination in Ar/O2 at 350°C (Figs. 4.1a and 4.1c), as
well as their corresponding electron diffractograms (Figs. 4.1b and 4.1d).
The image is black and white inverted to enhance the visibility of the
diffraction rings. Since the recorded are a roughly 25-30 µm2 a lot of
particles were measured, which leads to a ring structure rather than
individual spots.

Figure 4.1. TEM micrographs of (a) calcined 8.5 nm Fe particles and; (c) calcined
7 nm Fe9Mn1 dispersed on a SiO2/SiNx membrane; and (b) and (d) corresponding
electron diffractograms for Fe and Fe9Mn1.
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As pointed out in the third chapter, calcined Fe and Fe9Mn1
nanoparticles (Figs. 3.3a and 3.4a) are homogeneously distributed over the
silica support with no sign of particle agglomeration. Furthermore,
comparison of the electron diffraction pattern of the calcined iron particles
(Fig. 4.1b) with the reference patterns [21, 22] (Figs. 4.2a and 4.2b
respectively) indicate that iron particles resemble maghemite (γ-Fe2O3) or
magnetite (Fe3O4) more closely than hematite (α-Fe2O3). However the
maghemite cannot be distinguished from magnetite by electron diffraction.
Even with X-ray diffraction (XRD), differences in the d-spacing between the
magnetite and maghemite are only 0.5-1%. Park et al. showed on the basis
of X-ray absorption spectroscopy (XAS) and X-ray magnetic circular
dichroism spectroscopy (XMCD) that small particles in the order of 5 nm
are pre-dominantly γ-Fe2O3, Particles between 5 and 22 nm in size consist of
mixed phases of γ-Fe2O and Fe3O4 and nanoparticles larger than 22 nm are
mostly magnetite [23]. The spinel phases MnFe2O4 and γ-Fe2O3 were
observed for the Fe9Mn1 particles (Fig. 4.1c). The diffraction dots in Fig. 4.1.
(b) indicates the diffraction planes of the silicon wafer which was captured
during TEM imaging of the corner of the silica TEM window.

Figure 4.2. Reference electron diffraction patterns for (a) hematite (α-Fe2O3) [22],
(b) maghemite (γ-Fe2O3) [24] and (c) MnFe2O4 [25].
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If the calcined iron and mixed iron-manganese nanoparticles are
considered to be maghemite and spinel phase MnFe2O4 respectively, then a
calibration curve can be plotted using the heights of the diffraction rings
and 1/d spacing for the maghemite and manganese ferrite diffraction
planes. The d spacing for the diffraction planes of maghemite can be
obtained from its powder diffraction file (PDF). Such a calibration curve
can be used to determine/confirm the d spacing of other diffraction ring
patterns. Figure 4.3. indicates such a calibration curve.
It should be noted that the TEM and electron diffraction pattern for
maghemite and magnetite are very similar. From chapter 3, we found that
the XPS spectra of calcined iron and mixed iron-manganese nanoparticles
represent hematite/maghemite (Fe2O3) according to the satellite peak at 719
eV, characteristic for Fe3+ species. The d-spacings for the featured planes in
Fig. 4.2 (a, b and c) for maghemite, magnetite and MnFe2O4 are shown in
Table 4.1a and b.

Table 4.1. d-spacing for selected planes of magnetite, maghemite and MnFe2O4.
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From the Table 4.1a, it is clear that a calibration curve based on either
magnetite or maghemite will provide essentially the same d spacing values.

Figure 4.3. Calibration curve using the height of the diffraction rings of the
calcined iron nanoparticles and d spacing for the diffraction planes of maghemite.

Figure 4.4. Calibration curve using the height of the diffraction rings of the
calcined iron nanoparticles and d spacing for the diffraction planes of maghemite
and magnetite.
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Figure4.5. Calibration curve using the height of the diffraction rings of the
calcined mixed iron nanoparticles and d spacing for the diffraction planes of
MnFe2O4 .
For the Si reflection, the d spacing corresponds to 1.9 Å. According to
the Mincryst crystallographic database [26], this d spacing corresponds to
the 67% intensity 220 plane of silicon.

4.3.1.1 H2 reduction treatments
The monodisperse model catalysts are ideal for investigating
structural changes of the active nanoparticles upon exposure to different
gas environment, typically used during pre-treatments and FT-synthesis.
Due to the well-defined initial state, it is possible to detect subtle details
about phenomena such as sintering and material segregation in bimetallic
particles using TEM. The following sections describe the observed changes
in iron and iron-manganese nanoparticles upon exposure to typical FT
conditions and pretreatments.
Reduction of an iron oxide nanoparticle (Fe2O3) with hydrogen
follows via magnetite (Fe3O4) and likely wüstite (FeO) to metallic iron [27].
As Ms. Moodley showed in her thesis, H2 temperature programmed
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reduction (TPR) profiles for different sized iron oxide nanoparticles
indicates two main peaks which are attributed to the two step reduction of
Fe2O3 to Fe3O4 and Fe3O4 to metallic iron. The broadness of the second peak
implies that the transformation of magnetite to metallic iron is a relatively
slow process [27].
As pointed out in the section 4.3.1, calcined Fe and Fe9Mn1
nanoparticles (Figs. 4.1a and 4.1c) are homogeneously distributed over the
silica support with no sign of particle agglomeration. Bukur et al. [28] have
claimed that silica supported iron oxide particles, prepared via a
continuous precipitation method, when pretreated with H2 at 250°C for 4h
were converted primarily to metallic iron (α-Fe) with a small amount of
magnetite. It should follow then, that a H2 pretreatment at 320°C for 5h will
convert the maghemite particles, observed during calcination, to metallic
iron.
Figure 4.6c shows the iron nanoparticles reduced in dry H2 at 400°C
for 1h. Upon analysis of the particle size we found a significant increase in
the average particle diameter as well as considerable morphology changes,
compared with the calcined sample. Moreover, no obvious diffraction
pattern rings were observed (Figure 4.5f), indicating an amorphous phase.
This is compatible with spontaneous reoxidation at low temperature as
described in the literature, where reduced iron-nanoparticles that have
been exposed to air at room temperature are described as core shell
structures [24] with a most likely metallic core encapsulated in an oxide
shell as a result of surface oxidation which can be better seen in Figure 4.5e
with higher magnification. Wang et al. also reported that the oxide layer is
a mixture of magnetite and maghemite [29]. By using ImageJ software, we
counted the number of iron particles on a certain area of the support. After
calcination in Ar/O2, 4352 particles/μm2 were observed. Subsequent
reduction in H2 results in a decreasing number of particles to 2470/μm2.
The H2 reduction treatment at 400°C appears to have resulted in the loss of
some iron particles, as can be seen in Figure 4.6c. It is possible that the
missing particles could be either adsorbed by neighboring particles via an
Ostwald ripening sintering process [30] or due to agglomeration of
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particles. Ostwald ripening sintering happens by evaporation of atoms
from one cluster, which then transfer to another. This is a dynamic process
with both clusters exchanging atoms but the rate of loss from the smaller
cluster is higher. This is so because of the lower average coordination of
atoms at the surface and their relative ease of removal. This results in big
clusters getting bigger at the expense of smaller clusters which eventually
shrink and disappear.

Figure 4.6. TEM micrographs of (a) calcined Fe particles and; (c and e) calcined
and reduced Fe dispersed on a SiO2/SiNx membrane; (b) and (d) the corresponding
histogram showing the diameter distribution for calcined and reduced Fe particles;
and (f) corresponding electron diffractograms for reduced Fe particles.
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The corresponding change for mixed iron-manganese particles after
H2 reduction (Fig. 4.7a to 4.7c) is that the average particle size increases
only slightly while the number of particles/μm2 decreased from 6090 after
calcination to 5192 after reduction in H2. However, a diffraction ring is seen
after reduction (Fig. 4.7e) with a d-spacing of 2.0 Å, characteristic for the
high intensity 110 plane of metallic iron as indicated by the PDF data for
the iron-manganese species.

Figure 4.7. TEM micrographs of (a) calcined Fe9Mn1 particles and; (c) calcined
and reduced Fe9Mn1 dispersed on a SiO2/SiNx membrane; (b) and (d) the
corresponding histogram showing the diameter distribution for calcined and
reduced mixed FeMn particles and ;(e) corresponding electron diffractograms for
reduced Fe9Mn1 particles.
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Comparing the reduced iron (Figure 4.8a) and mixed iron-manganese
nanoparticles (Figure 4.8b) it appears that adding 10 molar-% Mn both
helps preserving nanoparticles size dispersion by preventing sintering after
reduction and helps retarding re-oxidation of the iron upon contact with air
during transfer to the microscope.

Figure 4.8. TEM micrographs of (a) calcined and reduced Fe and; (b) calcined and
reduced Fe9Mn1 dispersed on a SiO2/SiNx membrane.

4.3.1.2 Syngas treatments
Figure 4.9a shows reduced iron nanoparticles after a subsequent 1h
syngas treatment at 270°C. The particles experienced a slight further
increase in diameter, probably due to formation of FeC, which can also be
confirmed by the single distinct ring in the TEM electron diffraction
pattern, while the number of particles/μm2 decreased from 2470 after
reduction in H2 to 2106 after syngas treatment. This ring corresponds to the
d spacing of 2.0 Å which can be attributed to the high intensity 510 plane of
Hägg carbide (χ-Fe5C2) [31], the high intensity 031 plane of cohenite (Fe3C)
or the high intensity 110 plane of metallic iron. The core shell structure
observed for the iron particles in Figures 4.9a and c and it may thus consist
of either a metallic iron or iron carbide, surrounded by iron oxides.
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Figure 4.9. TEM micrographs of (a) and (c) sequentially calcined, H2 reduced and
syngas treated Fe particles dispersed on a SiO2/SiNx membrane; (b) the
corresponding histogram showing the diameter distribution for H 2 reduced and
syngas treated Fe particles; and (d) corresponding electron diffractograms for the
syngas treated reduced Fe particles.
The core shell structure for the Fe9Mn1 particles in Figs. 4.10a and c
could be either a metallic iron or iron carbide core encapsulated by ironmanganese oxides. In contrast with syngas treated iron particles in Fig.
4.9c, iron particles promoted with manganese shows better size dispersion.
After syngas treatment 4490 particles/μm2 counted for mixed ironmanganese sample. In conclusion, manganese as a promoter exhibits a
strong interaction with iron which modifies the size of nanoparticles during
fabrication [32] and retards the agglomeration of iron oxide during
reduction and syngas treatment. The d spacing of 2.0 Å which can
correspond to the high intensity 510 plane of Hägg carbide (χ-Fe5C2), the
high intensity 031 plane of cohenite (Fe3C) (cementite) or the high intensity
110 plane of metallic iron.
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Figure 4.10. TEM micrographs of (a) and (c) calcined, H2 reduced and syngas
treated Fe9Mn1 particles dispersed on a SiO2/SiNx membrane; (b) the
corresponding histogram showing the diameter distribution for H 2 reduced and
syngas treated Fe9Mn1 particles; and (d) corresponding electron diffractograms for
the syngas treated reduced Fe9Mn1 particles.

4.3.2 XPS results
X-ray photoelectron spectroscopy (XPS) is used to detect all elements
present on the catalyst surface, check for contamination and to obtain a
quantitative measure for the average elements dispersion.
This section consists of a description of how the iron and mixed ironmanganese catalysts phases change upon the applied oxidation, reduction
and syngas treatment. Figs. 4.11a and 4.11b show the XPS spectra in the
Fe2p and C1s regions for the iron catalyst at different stages in a gas
sequence. As pointed out in chapter 3 (Fig. 3.9a), the calcined sample
exhibits a Fe2p spectrum which is consistent with the Fe3+ oxidation state.
The corresponding carbon spectra (Fig. 4.11b) shows a small peak at
284.6 eV due to a small amount of remaining carbon from the sample
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preparation process. However, applying 1h reduction in H2 removes
almost all impurities from the surface. After 30 min reduction in H 2, the
first sign of a peak at 706.5 eV, corresponding to metallic iron was observed
indicating partial reduction of the nanoparticles. Treatment for 1h in H2
results in the shifting the Fe 2p3/2 peak from 710.8 eV to 706.5 eV as well as
– disappearance of the Fe3+ related peak, validating the complete reduction
of Fe2O3 to metallic Fe. The peak at 706.4 eV remains after introducing
syngas (H2/CO=1) for 1 and 3h. However, the appearance of a broad
C-peak at 282-283 eV indicates the formation of iron carbide [33, 34].

Figure 4.11. (a) Fe2p spectra; and (b) C1s spectra of 8.5 nm Fe/SiO2 model
nanoparticles at different stages of catalyst treatment. Ar/O 2 denotes catalyst after
calcination at 350°C for 30 min; H2 denotes subsequent reduction at 400°C for 30
min and 1h; and Syngas denotes spectra taken after a final treatment in
(H2/CO=1) at 350°C for 1 and 3h. The dashed vertical lines indicate peak positions
reported in the literature for metallic Fe (～ 707 eV), Fe3+ in γ-Fe2O3 (710.8 eV)
and the Fe3+ -satellite (719 eV), Graphitic C (284 eV) and carbidic C (282.8 eV).
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Figs 4.12a, 4.12b and 4.12c show Fe 2p, Mn 2p and C1s XPS spectra of
the mixed iron-manganese (9:1) sample after similar treatments. As can be
seen in Fig. 4.12a, the Fe2p peaks of the mixed iron-manganese particles
present largely the same trend as was observed for the iron sample in (Fig.
4.11a). From the narrow peak at 706.6 eV, appearing after reduction in H2, it
can be concluded that the particles first transform from maghemite(Fe3+) to
a mixed state of metallic iron, magnetite and FeO and then to metallic iron.
However, in order to fully reduce iron in the mixed iron-manganese
particles, exposure to H2 gas flow for 1.5h was required. This suggests that
the presence of manganese a promoter suppresses the reduction of iron
oxide to metallic iron. This result can be explained by the fact that formed
MnO (during reduction) segregates to the surface of FeO. As a result, FeOx
is surrounded by MnO [35], thereby slowing down the reduction from (Fe,
Mn)O to Fe and MnO [36]. Based on the absence of a satellite peak in
between the two main Mn 2p peaks after calcination, (Fig. 4.12b) the
dominant phase for the calcined iron-manganese particles is MnO2. After
treatments in H2 and syngas, a satellite peak appears at 647.5 eV and the
Mn 2p3/2 shifted to 641.5eV, which is significant for MnO. No further
changes in the manganese oxidation state are observed after the initial
reduction treatment. Fig. 4.12c shows only trace amounts of surface C after
calcination and reduction in H2. The subsequent 1h syngas treatment at
270°C for 1h results in the formation of Fe carbide, as indicated by the peak
at 283eV. Prolonged treatment in syngas for 3h results in a shift toward
higher binding energies (284.5 eV). This can be interpreted as formation of
graphite- like -surface species.
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Figure 4.12. (a) Fe2p spectra; (b) Mn2p spectra; and (c) C1s spectra of 7 nm
Fe9Mn1/SiO2 model nanoparticles after different stages of catalyst treatments.
O2/Ar denotes catalyst after calcination at 350°C for 30 min; H 2 reduction for 30
min, 1h and 1.5h; subsequent Syngas treatment (H2/CO=1) at 350°C for 1 and 3h.
The dash vertical lines shows metallic Fe (～ 707 eV), Fe3+ in γ-Fe2O3 (710.8 eV),
the Fe3+-satellite (719 eV), carbidic C (282-283 eV) and graphitic C (～ 284.6) eV.

4.3.2.1 XPS quantification analysis
In addition to the qualitative information provided by the peak
shapes and positions, quantification of the elements associated with the
nanoparticles gives important information about changes in their surface
constitution. Figure 4.13. shows the quantification of these elements,
including the metals (iron and manganese), oxygen and carbon, after the
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various gas treatments. The oxygen peak is split into two peaks, one at 533
eV corresponding to the SiO2 substrate and one at 530 eV associated with
the metal oxide in the nanoparticles (only the latter is considered here).
Similarly, the C1s peak is deconvoluted into two separate peaks, one
corresponding to graphitic carbon (284.5 eV) and one corresponding to
carbide (283 eV). The quantities are expressed as the ratio between each
element and the total amount of metal. As can be seen in both graphs (Figs.
4.13a and 4.13b), the amount of oxygen shows a decreasing trend during
conversion of Fe oxide to metallic Fe as well as MnO2 to MnO (after H2treatment), and after H2/CO mixture-treatment. In both cases, a dramatic
increase in the C (283 eV) signal intensity is the clear evidence of the
formation of Fe carbide after treating the reduced Fe particles by H 2/CO
gas mixture for 1h, as well as graphitic C after 3h exposure. This indicates
that the particles are covered by a graphitic surface layer. In the case of
Fe9Mn1 sample (Fig. 4.13b), the increasing of Mn/Fe+Mn ratio during
reduction and syngas treatment indicates that Mn migrates to the catalyst
surface while a slight decrease in Fe/Fe+Mn ratio during conversion of
iron oxide to metallic iron (after H2-treatment), and during formation of
iron carbide and C-deposition (after H2/CO mixture-treatment) observed.
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Figure 4.13. Effect of different treatments on element ratio at the surface of the
sample with (a) 8.5 nm Fe particles, and (b) 7nm Fe9Mn1 particle.

4.3.3 TEM elemental mapping
Figure 4.14. shows TEM elemental mapping images for the Fe9Mn1
catalyst surface after three different gas treatments, intending to
demonstrate the spatial distribution of the elements in the individual
particles (note that the images are not taken from the same area and in the
same magnification). HAADF images are formed by collecting high-angle
scattered electrons with an annular dark-field detector in dedicated
scanning transmission electron microscopy (STEM) (first row). The figures
(from the second row) in the left column show the distribution of iron,
manganese and oxygen after calcination at 350°C for 1h. For clarity, the
iron and manganese distribution is also shown as superimposed figures in
the bottom row. Iron and oxygen are homogeneously mixed in the particles
while manganese is predominantly situated at the catalyst’s surface.
Subsequent reduction in H2 at 400°C for 1h (Fig. 4.14, middle column)
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results in a homogeneous mixture of iron and manganese, whereas the
particle size appeared a bit bigger. However, the superimposed image
(lowest row) reveals that manganese is at the surface of the particle in this
case too. In addition an absence of oxygen at the center of the particles can
be seen validating the creation of non-oxidic particle cores. After syngas
treatment for 1h (Fig. 4.14, right column) manganese is still predominantly
present at the surface of the particles while no oxygen is observed in the
interior. Furthermore, manganese appears to have segregated out of the
particles, forming domains of pure MnO on the outside of the iron-rich
particles, probably at the interface with the support. We tentatively propose
that such an arrangement would help to stabilize the iron particles against
agglomeration or disintegration during carburization.
Although the TEM elemental mapping is largely in agreement with
XPS results, it should be kept in mind that the former was acquired after
prolonged exposure to atmosphere, while in the latter case, the samples
were transferred in vacuo and the measurements done immediately after
the treatments. The XPS results therefore give a more accurate picture of
the state of the catalysts at the different gas temperature conditions.
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Figure 4.14. TEM elemental mapping images of Fe9Mn1 ; first row HAADF
images; second row Fe; third row Mn; fourth row O; fifth row Fe + Mn, after
calcination at 350°C for 30 min (first column); H2 reduction for 1h (second
column) and subsequent Syngas treatment (H2/CO=1) at 350°C for 1h (third
column).

104

The role of Mn on stability of Fe-Fischer-Tropsch model catalyst

4.4 Conclusion
In this chapter we have demonstrated the effect of gas treatment on
the supported iron and mixed iron-manganese nanoparticles on flat silica
surfaces to observe the effect of manganese on morphology and
composition of iron under conditions relevant for Fischer-Tropsch
synthesis. Since the morphological and chemical changes of the supported
iron and mixed iron-manganese oxide nanoparticles are complex and
sometimes rather stable and while our limited amounts of experiments
only allow an empirical assessment, the following trends seem to appear:
With H2 pretreatment at 400°C, a clear core shell structure is
observed. This is due to the spontaneous reoxidation of the metallic iron,
the metallic core produced after reduction, becomes surrounded by an iron
oxide shell. XPS results have confirmed that complete conversion of iron
oxide nanoparticles (γ-Fe2O3) supported on flat silica into metal and carbide
take place at 400°C in dry hydrogen and at 270°C in syngas (H 2/CO 1/1),
respectively. Furthermore, the presence of 10% manganese in the iron
nanoparticles retards the catalyst reduction from FeO to metallic iron in H2.
The main conclusion of this chapter is that manganese, present in the
form of MnO, serves as a structural promoter, which by exhibiting a strong
interaction with iron stabilizes the composite particles against
agglomeration during reduction and exposure to synthesis gas.
In this chapter we have demonstrated a powerful methodology for
the observation of particle behavior under model FT reducing and syngas
conditions.
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non-porous Fe and FeMn/SiO2 model catalysts
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Abstract
Detailed characterization of conventional porous heterogeneous catalysts is a
challenging task due to their structural and chemical complexity. The activity is
largely determined by the structural, morphological and chemical properties of the
active metal nanoparticles. When these particles are situated inside the pores of a
support, they cannot be studied with surface sensitive characterization techniques,
such as XPS. The surface science approach, to prepare simplified, flat models of
these complexes, porous, supported catalysts is a way to overcome these limitations.
However, measuring catalytic activity of such systems is not easy, due to the small
amounts of active material.
The aim of this research is to prepare a high surface area model catalyst,
involving uniform, colloidal nanoparticles on a large surface area support,
consisting of non-porous micro spheres. Such powder model catalyst is a
compromise between the high surface area porous industrial catalysts and the
planar model catalyst, which allows for measurements of catalytic activity in micro
reactors, where diffusion problems are kept at a minimum. At the same time,
characterization both by surface science techniques and by bulk techniques can be
applied. Monodisperse, non-porous SiO2 spheres with diameter 875 ± 25 nm have
been synthesized, serving as the large area model support. These where then
impregnated with monodisperse, colloidal iron and iron-manganese nanoparticles
resulting in a three dimensional equivalent of the flat, dispersed Fe(-Mn)/SiO2
model catalyst, presented in the previous chapters. It is then demonstrated how
these samples can be studied with both electron microscopy and XPS on one hand
and with XRD and other bulk characterization techniques on the other hand.
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5.1 Introduction
A typical heterogeneous catalysts consist of a variety of metal
nanoparticles dispersed in the pores of a support particle. As many of the
relevant changes in morphology, structure and chemistry of a catalyst
occurs on the active metal nanoparticles, it is therefore hard to reach an
exhaustive characterization of such catalysts. There are obstacles to study
these changes by applying some of the highly informative microscopic
techniques like TEM and SEM, and with other surface sensitive techniques,
such as XPS the pores limit the access to the metal particles. Furthermore,
inside the support pores, diffusion of gaseous species can limit the catalytic
reaction, making it complicated to recognize the origin of changes in the
catalysts activity. The surface science approach to model these complex
porous supported catalysts is a way to overcome these limitations [1].
Model systems can be used to allow in depth characterization by
different surface science techniques, even in-situ, under realistic conditions.
One of the model systems that is used on a regular basis is a planar system.
It has the great advantage that it can be characterized by a host of surface
sensitive technique because the active catalytic material is not hidden in
pores. Analysis of particle size and distribution from measurement with
microscopy techniques is also greatly simplified by the two dimensional
geometry. However, flat model catalysts expose a very small active catalyst
area. This makes them very difficult to use for activity measurements,
especially for catalysts and reactions with a low turnover frequency.
A non-porous powder model catalyst can play a role as a link
between the high surface area, porous, industrial catalyst and the planar
model catalyst [2, 3]. A non-porous, spherical model catalyst also allows
investigating the chemical and morphological transformations of the
supported metal nanoparticles during and after different gas treatments
because they are all accessible at the surface. In addition, the powder
catalyst can be applied in substantial amount for catalytic testing in e.g. a
fixed-bed reactor or in characterization studies where significant amounts
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of material is needed, like XRD or temperature programmed reduction or
oxidation (TPR/TPO).
In the framework of this thesis, iron is the choice of active metal and
manganese the promoter. However, the concept can easily be extended to
other interesting catalyst materials. Fe and mixed FeMn/SiO2 model
systems have extensively been studied as Fischer-Tropsch catalysts [4].
However, to the best of our knowledge, not many reports in literature exist
on spherical iron model catalysts [5, 6].
Spherical, non-porous silica particles may be fabricated by means of
the so-called Stöber synthesis. To grow silica particles with uniform size
Stöber and co-workers [7] elaborated a system of chemical reactions.
Fundamentally, it consists of the hydrolysis of alkyl silicates, followed by
condensation of silicic acid in alcoholic solutions, with ammonia as a
structural catalyst. Bogush et al. extended this work by determining the
range of reactant concentrations that resulted in the precipitation of
monodisperse particles [8]. Additionally, Deng et al. explained the role of
reactants on the particle size, which can be adjusted in a broad range to
yield monodisperse particles with a standard deviation of less than 2% [9].
As described in chapter 3, synthesis of monodisperse iron and
mixed iron-manganese nanoparticles with a narrow size distribution can be
fabricated, without the need of a laborious size selection process [10, 11].
Metal nanoparticles can be loaded onto the Stöber spheres by means of
conventional impregnation, simply by mixing the Stöber spheres with a
nanoparticle solution. Although true impregnation requires the presence of
pores, Saib et al. reported that this technique can be used for anchoring
nanoparticles on Stöber spheres [6].
The chief target of this chapter is to present the first steps towards
well-defined, non-porous powder iron and mixed iron-manganese model
catalysts. Stöber spheres have been synthesized and impregnated with both
iron and iron-manganese nanoparticles.
The synthesis process was followed using scanning and transmission
electron microscopy, X- ray photoelectron spectroscopy. X-ray diffraction
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was used to demonstrate that this powder model catalyst can be used for
bulk characterization techniques as well. Finally, we demonstrate that these
model catalysts can indeed be used to measure catalytic activity, although a
more complete assessment of the samples follows in chapter 6.

5.2 Experimental
5.2.1 Synthesis of Stöber spheres
To grow particles with uniform size, Stöber and co-workers
elaborated a system of chemical reactions. Fundamentally, it consists of the
hydrolysis of alkyl silicates, followed by condensation of silicic acid in
alcoholic solutions, with ammonia as a structural catalyst.
The reaction mechanism from tetraethylorthosilicate (TEOS) to nonporous Stöber spheres described in detail by Escobedo and co-workers [12]
is illustrated in Fig. 5.1.
The first step is a nucleophilic substitution of one ethoxy group by a
hydroxyl group from water. The partially hydrolyzed TEOS undergoes this
substitution three more times to obtain the silicic acid Si(OH)4 . This silicic
acid then undergoes a condensation reaction to yield the SiO2 product.
Under the influence of the structural catalyst, which is ammonium
hydroxide, the surface tension increases. The system always strives to the
lowest surface tension, which is reached when spheres are formed.
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Figure 5.1. The overall reaction leading to Stöber silica

The overall reaction equations are as follows;

In this work, monodisperse Stöber spheres were synthesized by
adding 71.5 ml of ethanol (Merck, absolute, for analysis) to 25 ml of an
ammonium hydroxide solution (28.0 – 30.0%, Merck, for analysis).
Subsequently, 12 ml of deionized water was added. After stirring for 3
minutes, 6 ml TEOS (Merck, for analysis) was added. After 5 minutes, the
solution went from colorless to white, indicating the formation of solids,
and the reaction was allowed to run for another 3 hours. The reaction
mixture was then centrifuged for 12 minutes at 8000 rpm and the solid
Stöber SiO2 powder was separated from the solvent. The powder was
subsequently dried overnight in an oven at 110ºC and afterwards calcined
at 400ºC (10ºC/min) for 4 hours in a Ar gas flow containing 20 viol.% O2.
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For the Stöber synthesis, the amount of reactants were chosen as
such to get monodisperse particles with the diameter of 875 ± 25 nm as
displayed in Figure 5.2.

Figure 5.2. SEM image of calcined Stöber spheres.

Around 100 nm smaller than the particles in this work, Deng et al.
synthesized Stöber spheres with a very narrow distribution and a
maximum diameter of 770 nm [9], while Bogush et al. showed that the
maximum monodispersity of the particles would be 800 nm [8]. The
average particle size of Stöber spheres studied in this work is larger as is
the particle size distribution. However, according to the original work,
Stöber and co-workers reported that synthesizing particles with diameters
up to 2 micrometers and a narrow size distribution is possible [7]. In terms
of size and shape, the particles we synthesized in this work are appropriate
for use as non-porous support for the spherical Fe & FeMn/SiO2 model
catalysts.
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5.2.2 Synthesis
Nanoparticles

of

Iron

and

mixed

iron-manganese

To prepare a colloidal iron and mixed iron-manganese nanoparticles,
first an iron and manganese-oleate was prepared, followed by thermal
decompositions, as described in chapter 3.
The synthesized iron and mixed iron-manganese nanoparticles, used
to impregnate the Stöber spheres, are shown in Figure 5.3. They are
uniformly shaped, mono disperse, with an average size of 8.5, 7.5 and 5 nm
respectively.

Figure 5.3. TEM micrographs (a) pure Fe; (b) Fe9Mn1; and (c) Fe5Mn5
nanoparticles dispersed on a SiO2/SiNx membrane after calcination.
From the TEM images in Figure 5.3. is clear that synthesized iron and
mixed iron-manganese nanoparticles (from chapter 3) are uniformly
shaped mono disperse, with an average size of 8.5, 7.5 and 5 nm
respectively.

5.2.3 Loading of Stöber spheres with Fe and mixed FeMn
nanoparticles
The solution of iron and mixed iron-manganese nanoparticles were
diluted in toluene to obtain a 2 mmol Fe & FeMn/mL solution and
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subsequently sonicited for 5 minutes. Then, 44.7 ml of diluted Fe, 49.7 ml of
Fe9Mn1 and 89.5 ml of Fe5Mn5 nanoparticle solution were mixed with 1000
mg of calcined Stöber spheres to get 5 wt.% Fe loading. These mixtures
were sonicated for 20 minutes and toluene was evaporated slowly at 70°C.
After all toluene was evaporated, the black solid powder product was dried
overnight in an oven at 110ºC and subsequently calcined in 20% O2/Ar at
350ºC (10ºC/min) for 6 hours to obtain the powder Fe & FeMn/SiO2 model
catalysts.
Figure 5.4. shows the Stöber spheres after impregnation with iron
nanoparticle solution. The image on the left side depicts the sample after
drying overnight at 110ºC, whereas the right picture shows the Fe- Stöber
sample after calcination. After drying, it is clear that the particles are
curdled and no iron particles can be seen on the spheres. The surfactant
used during the synthesis of the nanoparticles is still present in between the
Stöber spheres and resulted in coagulation.
Calcination of dried Stöber spheres at 350ºC for 6 hours removes the
oleic acid residues, and nanoparticles can be observed on top of the spheres
and to be specific, the bright edges of the calcined iron- stober, which are
not seen prior to impregnation (Fig. 5.2.), indicates that iron nanoparticles
are attached to the spheres. The larger white dots at the surface are likely to
be agglomerations of nanoparticles.

Figure 5.4. SEM images of the Stöber spheres samples, dried at 110ºC (left) and
calcined in O2/Ar at 350ºC (right).
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The XPS spectra of the calcined Stöber spheres, before and after ironimpregnation and calcination are shown in Figure 5.5. Peaks originating
from oxygen and silicon are dominating the spectrum of the calcined
Stöber spheres and the only other feature is a small C 1s peak at 284.5 eV,
which can be attributed to adventitious carbon. The absence of peaks
corresponding to other elements shows that the model catalysts are
virtually free from contaminations. In particular, the absence of a nitrogen
peak shows that no ammonium ions were left on the sample after
calcination.
For the dried but not calcined iron- Stöber sample, the carbon peak
that dominates the spectra is due to the presence of a significant amount of
oleic acid encapsulating the spheres, in agreement with the SEM pictures of
Figure 5.4. Besides, the relatively weak Fe 2p peak at 710 eV indicates that
the oleic acid also largely covers the iron nanoparticles.
After calcination at 350ºC, the carbon signal is much smaller,
although not completely vanished. Whether this is due to small amount of
remained oleic acid residues or to adventitious carbon is not clear, since the
C 1s peaks for these two peaks will appear at the same binding energy.
However, because most of the carbon has been removed, the Fe 2p peak
has grown significantly. The spectrum of the Fe 2p region (not shown)
indicates that iron nanoparticles, at the surface of spheres, are present as
Fe3+, as expected.
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Figure 5.5. XPS spectra of the calcined Stöber spheres and the dried and calcined
Fe- Stöber samples.

5.2.4 Characterization
SEM pictures were taken using a FEI Quanta 3D FEG dual beam,
operated in high vacuum mode with an accelerating voltage of 2.5 kV. The
samples were supported on carbon tape and the working distance was 9
mm.
The TEM studies were carried out using a FEI Tecnai G2 Sphera
microscope operating with a 200 kV LaB6 filament and a bottom mounted
1024 x 1024 Gatan CCD camera. All images were measured using the TEM
in bright field mode. Samples were dispersed in ethanol and an appropriate
amount of the sample was dropped onto a copper microscope grid covered
with carbon windows.
XPS was measured with a K-Alpha AXIS Ultra spectrometer,
equipped with a monochromated Al Kα source (1486.6 eV) and a delay-line
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detector (DLD). The spectra were obtained with the X-ray source operating
at 10 mA, 15 kV and 40 eV pass energy, 0.1 eV step size were used. The
background pressure in the analysis chamber during measurements was
typically 1 10-8 mbar. Casa XPS software, Version 2.3.16 Pre-rel 1.4 was
used. Binding energies were calibrated with the standard Si 2s = 154.6 eV
peak in SiO2.
The X-ray diffraction (XRD) patterns were recorded on a Bruker D2
phaser using Cu Kα radiation (λ = 1.54 Å). Two theta angels from 10 to 70
degrees were measured with a step size of 0.008º and a time per step of
0.5 s.
Catalytic testing was performed in a quartz tube flow reactor
connected to a quadrupole mass spectrometer (Pfeiffer Vacuum D-35614,
PrismaPlus QME 220).

5.3 Results
5.3.1 Electron microscopy
Three samples were fabricated and studied in detail. The support in
all cases was Stöber spheres with 875 ± 25 nm diameter. Iron nanoparticles
with three different amounts of manganese promoter, 0, 10 and 50 mol. %
were deposited onto the Stöber spheres as described in section 5.2.3. These
samples are referred to as Fe, Fe9Mn1 and Fe5Mn5, respectively.
The TEM images of the calcined samples (Fig. 5.6.) show the
presence of synthesized nanoparticles on the surface of Stöber spheres.
Figs. 5.6a and b provide an overview, demonstrating that a large part of
each Stöber sphere surface is covered by iron particles and that the majority
of the nanoparticles are anchored directly to the surface. On some spheres,
the nanoparticles are clustered together (more clear in Fig. 5.6a), forming a
field of higher particle concentration on the Stöber spheres. These
nanoparticles are likely clusters the bright spots which could be observed
in the SEM image of the iron sample. Figs. 5.5c, d and e show the higher
magnification TEM images of the 8.5 nm Fe, 7.5 nm Fe9Mn1 and 5 nm of
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Fe5Mn5 nanoparticles on Stöber spheres. From these images it can be seen
that most of the metal nanoparticles are present as separate particles on the
SiO2 support.

Figure 5.6. TEM micrographs of (a) and (b) Fe-Stöber spheres overview; (c) pure
Fe; (d) Fe9Mn1; and (e) Fe5Mn5 nanoparticles on Stöber spheres after calcination.

5.3.2 X-ray photoelectron spectroscopy
Figure 5.7. shows the XPS spectra in the Fe 2p and Mn 2p regions for
the calcined, Stöber sphere supported metal nanoparticles Fe, Fe9Mn1 and
Fe5Mn5. As can be seen, for all samples the Fe 2p3/2 peak (Fig. 5.7a) is
located at 710.7 eV [13] and exhibits a satellite peak at 719 eV, characteristic
for Fe3+ species. The Mn 2p spectra of the Mn-promoted samples (Fig. 5.7b)
exhibit two peaks at 641.6 and 653.4 eV, which can be attributed to the Mn
2p3/2 and Mn 2p1/2 with binding energies corresponding to MnO2 [14].
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Figure 5.7. XPS spectra of (a) Fe2p spectra and (b) Mn2p spectra of Fe, Fe9Mn1,
and Fe5Mn5 model nanoparticles Stöber spheres after calcination at 350°C for 30
min.

5.3.3 X-ray diffraction
Figure 5.8. shows the X-ray diffraction patterns of the calcined Fe,
Fe9Mn1 and Fe5Mn5 samples. The intensity of diffraction peaks of all three
samples is low, indicating that very little material is contributing to the
signal.
The intense, broad feature around 2θ = 24° is corresponding to the
mostly amorphous SiO2 support (PDF #29-0085).
The other diffraction peaks are well fitted with the maghemite (γFe2O3) reference pattern (COD #906316) (the crystal plane indexes (220),
(311), (400), (511), and (440) are indicated in the figure). Although the
diffraction pattern of the magnetite (Fe3O4) (COD #1011032) does not differ
much from maghemite [15], the XPS Fe 2p spectrum (upper graph) shows a
distinct satellite peak at 719 eV, which is characteristic for Fe3+. Therefore, it
can be concluded that the iron nanoparticles at the surface of the spheres
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are maghemite (γ-Fe2O3) nanoparticles. This is also in agreement with
electron diffraction pattern ring of the calcined iron nanoparticles shown in
chapter 4.
Figure 5.8. (middle and bottom graph) show the XRD pattern
obtained from the calcined mixed iron-manganese Stöber samples Fe9Mn1
and Fe5Mn5, respectively. These spectra show a similar pattern as observed
for pure iron. In fact, these XRD pattern does not contain any additional
peaks indicating formation of Mn ferrite as a single phase (COD #1010371).
This result can be explained by the fact that either the signals for ironmanganese spinel structure and maghemite (γ-Fe2O3) are very close or due
to the formation of an amorphous manganese-phase for the mixed samples.

Figure 5.8. XRD pattern of the calcined (a) Fe- (b) Fe9Mn1-Stöber, and Fe5Mn5Stöber samples.
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The average grain diameter of the crystallites (D) were calculated
from X-ray diffraction peak widths at half maximum, β (= Δ2θ1/2) using the
Debye – Scherrer relation, D=0.9λ/β.cosθ, where λ is the wavelength and θ
is the angle of diffraction.
The particle size as obtained from XRD pattern is 8.9 nm for the iron,
8 nm for iron sample promoted with 10% manganese and 6.5 nm for iron
sample promoted with 50% manganese. These sizes are in reasonable
agreement with the particle sizes obtained from TEM analysis. This implies
that the XRD measurements can be used to monitor particle sintering for
these samples.

5.4 Activity test of Fe-Stöber model catalyst in
oxidation reactions
Catalytic activity measurements on the iron-Stöber model catalysts
were demonstrated in gas mixtures of H2, CO and O2 diluted in Ar.
Stochiometric reaction conditions were used, i.e. 5 vol.% of the reactant gas
(H2, CO or H2+CO) was mixed with 2.5 vol.% O2. 3 vol.% of He was added
to the gas stream for calibration purposes. 50 mg of catalyst was loaded
into a quartz tube flow reactor with an inner diameter of 3 mm, making an
8 mm long packed bed held in place by quartz wool plugs. The total flow
through the reactor was 1 ml/min and the gas was sampled with a mass
spectrometer (Pfeiffer Vacuum D-35614, PrismaPlus QME 220). All mass
spectrometer ion currents were normalized to the He signal:

Equation 1

where Im/z=x is the ion current for ions with mass to charge ratio x and
Im/z=4 is the ion current for He atoms. The experiment was repeated with
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an empty reactor and these signals were subtracted from the catalysis
experiment, i.e.:

Equation 2

Where the first term represents the measurement with the catalyst and the
second term the empty chamber reference measurement. The normalization
to He corrects for drift in the ion currents during the experiment.
Subtracting the ion currents of the reference measurement results in that
gas consumption will be displayed as a negative value, while gas
production is displayed as a positive value.
Figure 5.9. shows the result of the test experiment consisting of the
following sequence: reduction in H2, H2-oxidation, oxidation in O2, H2oxidation, H2/CO-oxidation (H2/CO=1/1), reduction in H2/CO
(H2/CO=1/1) and oxidation in O2.
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Figure 5.9. Gas consumption (H2, CO and O2) and production (H2O and CO2)
during a sequential hydrogen and carbon monoxide oxidation experiment at 400ºC.
The gas contents were measured under plug flow conditions in a quartz tube flow
reactor using a mass spectrometer. Each flow of reactant gas was kept for 15 min as
indicated in the figure.
The main purpose of this experiment was to demonstrate the
usefulness of the iron-Stöber model catalyst for activity tests. This is indeed
clear. Whenever H2 and/or CO are co-fed with O2, consumption of the
reactants and product formation is seen. However, there are plenty of more
details that can be obtained from these measurements.
Catalyst oxidation and reduction can be seen at several points upon
switching between gas conditions. At t=0, t=15 and t=90 min large, initial
spikes are seen in the H2 and O2 consumption curves. The transient
behavior suggests that these spikes stem from reduction and oxidation of
the catalyst. This can also be seen at t=75 min, where significant CO
126

Fabrication of 3D Fe and FeMn/SiO2 model catalyst

consumption and CO2 production continues for about 5 min after the O2 is
switched off.
Regarding the catalyst activity, it can be said that the pre-reduced
catalyst (t=15-30 min) is slightly more active in H2-oxidation than the preoxidized catalyst (t=45-60 min). It is also clear that the Fe-catalyst
preferentially oxidizes CO over H2 in the gas stream with equal contents of
the two reactants (t=60-75 min).

5.4.1 Catalyst before and after activity test
5.4.1.1 Scanning electron microscopy
Figure 5.10. shows the SEM images of iron-Stöber spheres before and
after the sequential hydrogen and carbon monoxide oxidation experiment.
In both cases, nanoparticles cannot be directly observed on top of the
spheres but their presence is indicated by the bright edges of the spheres. In
some spots, it seems that iron nanoparticles stick together and form small
islands of agglomerated nanoparticles. However, no major difference can
be seen in the SEM images as a result of the catalytic activity experiments.

Figure 5.10. SEM images of (a) calcined Fe-Stöber spheres; and (b) Fe/Stöber
spheres after a sequential hydrogen and carbon monoxide oxidation experiment.
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5.4.1.2 Transmission electron microscopy
Figure 5.11. compares the TEM images of the iron- Stöber sample
before and after activity test. TEM images 5.10.a & c show the fresh state
(after calcination) and images 5.10b & d shows the state of the used
catalyst, demonstrating that iron particles covered a large part of Stöber
sphere surface and nanoparticles are mostly anchored directly to the
surface. Figs 5.11c and d provide higher magnification TEM images of the
8±1 nm Fe on Stöber spheres in both conditions. Although after catalytic
reaction (hydrogen and carbon monoxide oxidation experiment), some of
the nanoparticles are clustered together (Fig. 5.10d) and formed a field of
higher particle concentration on SiO2 support, but it is clear that almost no
changes occurred to the iron nanoparticles due to exposure to reaction
conditions.

Figure 5.11. TEM micrographs of (a and c) calcined Fe-Stöber spheres; (b and d)
Fe-Stöber spheres after a sequential hydrogen and carbon monoxide oxidation
experiment.
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5.4.1.3 X-ray photoelectron spectroscopy
Figure 5.12a shows the XPS spectra in the Fe 2p region for the FeStöber catalysts before (bottom) and after (top) catalytic reaction. As can be
seen, for both samples the Fe 2p3/2 peak is located at 710.8 eV [13] and
exhibits a satellite peak at 719 eV, characteristic for Fe3+ species. Besides,
using XPS, the iron dispersion before and after the reaction is estimated.
The relative surface concentration of iron and support (Fe/Si ratio) and
iron and carbon (Fe/C ratio) are used as a quantitative comparison. The
first two bars on the left side (Fig. 5.12b) show the Fe/C and Fe/Si ratios for
the fresh iron-Stöber catalysts and the two bars on the right hand side
shows the corresponding data for the catalyst after exposure a sequential
hydrogen and carbon monoxide oxidation treatment. The results show that
the Fe dispersion is unchanged after catalytic treatment. However, the
Fe/C ratio is ~24% lower before exposure to the reaction conditions which
can be due to the presence of remaining carbon from the sample
preparation process. However, applying reactant gases at 400ºC for 90 min
removes part of impurities from the surface.

Figure 5.12. (a) XPS spectra of calcined Fe-Stöber spheres (bottom) and Fe-Stöber
spheres after a sequential hydrogen and carbon monoxide oxidation experiment
(top); (b) Comparison of Fe/C & Fe/Si XPS peak intensity ratio on Fe-Stöber
spheres; fresh catalyst (two left bars) and spent catalyst (two right bars).

129

Chapter 5

5.4.1.4 X-ray diffraction
Figure 5.13. shows the X-ray diffraction patterns of the iron-Stöber
catalysts before (bottom spectra) and after (top spectra) catalytic reaction.
Both samples exhibit the similar patterns with high intensity peaks
observed at 2θ 30, 35, 43, 57 and 63 degrees corresponding well to the
reference pattern of maghemite (COD #906316) (the crystal plane indexes
(220), (311), (400), (511), and (440). The intense, broad feature around 2θ =
24° is corresponding to the mostly amorphous SiO2 support (PDF #290085). The particle size as obtained from XRD pattern is 8.1 nm for the
fresh iron-Stöber sample and 8.3 nm for iron-Stöber catalyst after catalytic
reaction.

Figure 5.13. XRD patterns of the fresh (bottom) and (top) spent Fe-Stöber
samples.

Altogether, the catalyst characterizations indicate the catalyst
remained stable during the catalytic testing. No major sintering, phase
changes nor particle loss was observed.
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5.5 Conclusion
Preparation of a high surface area iron and mixed iron-manganese
nanoparticles, involving colloidal uniform nanoparticles on a non-porous
support was the aim of this chapter.
As shown, Stöber spheres with 875 ± 25 nm could be synthesized
with a relatively narrow size distribution. These spheres were used as a
model support for well-defined iron and mixed iron-manganese model
catalysts.
In order to get a well distributed iron and mixed ironmanganese/SiO2 model catalysts, prefabricated iron and iron-manganese
nanoparticles were impregnated onto these Stöber spheres. These model
systems were characterized with both electron microscopy (TEM & SEM),
XPS and XRD and tested for catalytic activity. No observable phase
changes, significant sintering, nor particle loss are the evidence of having a
stable catalyst.
These Stöber sphere powders comprise a suitable, well-defined
model system with properties in between the simplified flat model catalyst
and a real supported powder catalyst. They allow for measurements of
catalytic activity in micro-reactors, where diffusion problems are kept at a
minimum while both surface science as well as bulk characterization
techniques can be applied.
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Abstract
Although the impact of promoters such as K and Cu on the activity of iron
catalysts has been studied extensively, the effects of many other potential promoters
like manganese have not been as thoroughly investigated. Iron based Fischer-Tropsch
catalysts promoted with manganese are reported to promote the olefins selectivity and
to increase the FTS activity. The interaction and role of manganese is, however, not
very well understood.
In this chapter, a systematic study of model catalysts under industrially
relevant conditions for Fischer-Tropsch synthesis was undertaken in order to
investigate the effect of manganese as a promoter on activity, selectivity toward lower
olefins and stability of iron catalysts. Claimed iron and mixed iron-manganese
monodisperse nanoparticles, supported on non-porous powder silica supports were
exposed to CO (270°C, 24h, 13 bar) and a subsequent H2/CO (270°C, 13 bar,
H2:CO=1, 145h) in a fixed bed micro reactor.
The configuration with iron and iron-manganese nanoparticles supported on
3D, non-porous SiO2-spheres allows for measurements of catalytic activity in micro
reactors, where diffusion problems are kept at a minimum and where characterization
with TEM, SEM, XPS(and other surface science techniques) as well as bulk
techniques like XRD can be applied. After catalytic testing in H2/CO the crystal
phases changed from maghemite (γ-Fe2O3) to Cohenite (Fe3C) (for the iron sample).
Compared to the iron catalyst, iron catalysts promoted with manganese shows more
stable activity, higher selectivity towards olefins, lower methane selectivity and lower
CO2 selectivity.
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6.1 Introduction
Fischer-Tropsch synthesis (FTS) is recognized as an important
technology in the production of liquid fuels and chemicals from syngas
derived from coal, natural gas, and other carbon- containing materials. In
industrial applications of FTS process technology, a high performance
catalyst plays an essential role [1-3].
Iron oxides have been used as Fischer-Tropsch catalysts for many
years [4, 5]. Iron catalysts are attractive due to their low cost and the highly
olefinic nature of the obtained products, which are useful as a feedstock for
the chemical industry [6-11]. Moreover, they are active in both water-gas
shift and reserve water-gas shift reactions [12]. However, pure iron
catalysts have some drawbacks like a high selectivity to non-desired
products such as methane [13] and rapid deactivation. Therefore,
promoters are routinely added in order to improve their stability and to
tune the selectivity.
Manganese has attracted interest as a promoter of iron-based catalyst
because not only it can play a role as chemical promoter changing the
chemisorption energies of the catalyst, but also act as a structural promoter
to improve the dispersion of active iron [14-16]. In particular, it has been
reported that a moderate amount of manganese incorporated with iron
catalyst can improve FT activity, enhance selectivity toward lower olefins
[17-22] and increase stability [23-25]. Therefore, the Fe–Mn catalyst has
promising industrial application potential [22, 25–27]. However, the
detailed understanding of the mechanisms that governs the Mn-promoter
effects is not available.
The present study is aimed at providing a better understanding of the
influence of manganese as promoter on the performance of iron catalysts in
terms of activity, selectivity, stability and their relation to fundamental
catalyst properties. The approach is to use well-defined model catalysts,
consisting of iron and manganese-promoted iron nanoparticles supported
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on SiO2 micro spheres (as described in chapter 5) in a Fischer-Tropsch
reaction carried out under industrially relevant conditions.
Several techniques including X-ray photoelectron spectroscopy,
transmission electron microscopy and X-ray diffraction were applied to
characterize the catalyst samples before and after use in the FTS process.

6.2 Experimental
6.2.1 Catalyst preparation
The catalysts used in the present study were prepared by
impregnation of pre-formed iron and mixed iron nanoparticles onto silica
Stöber sphere supports. The detailed preparation method has been
described in chapter 5.

6.2.2 Catalyst Characterization
SEM pictures were taken using a FEI Quanta 3D FEG dual beam,
operated in high vacuum mode with an accelerating voltage of 2.5 kV. The
samples were supported on carbon tape and the working distance was
9 mm.
The TEM studies were carried out using a FEI Tecnai G2 Sphera
microscope operating with a 200 kV LaB6 filament and a bottom mounted
1024 x 1024 Gatan CCD camera. All images were measured using the TEM
in bright field mode. Samples were dispersed in ethanol and an appropriate
amount of the sample was dropped onto a copper microscope grid covered
with carbon windows.
XRD patterns of the samples were measured on a Bruker D2 phaser
using Cu Kα radiation (λ = 1.54 Å). Two theta angels from 10 to 70 degrees
were measured with a step size of 0.008º and a time per step of 0.5 s.
XPS spectra of the catalysts were measured using a ThermoFischer
Sientific Kalpha spectrometer equipped Al Kα source (1486.6 eV) operating
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at 150W, and a delay-line detector (DLD). Casa XPS software, Version
2.3.16 Pre-rel 1.4 was used. Binding energies were calibrated with the
standard Si 2s = 154.6 eV peak in SiO2.
Attenuated total reflectance infrared spectroscopy (ATR-IR) spectra
were recorded using a Nicolet Smart Golden gate instrument equipped
with a diamond crystal (cutoff at 800 cm-1). Measurements were carried out
using the appropriate background with a resolution of 2 cm−1 over 128
scans.

6.2.3 Reactor system and pretreatment procedure
The FTS performance experiments were carried out in stainless steel
fixed-bed micro reactor tube (length 431 mm, inner diameter 7.92 mm)
loaded with 500 mg of each catalyst sample (catalyst bed height 6 mm in
the isothermal part of the reactor). The catalysts were reduced (activated)
in-situ in pure CO at a flow of 500 ml/min and a gas hourly space velocity
(GHSV) of 2300 h-1. The samples were heated up from 25ºC to 270ºC at a
rate of 5ºC/min and held at the targeted temperature for 24 hours while
the pressure was kept constant at 13 bar.
After reduction the reactor was flushed with Ar to evacuate the
activation gas. In order to avoid the catalyst damage due to high
conversions and resulting high water partial pressures, a high
GHSV=10000 h-1 was first applied and then slowly decreased (during ~80h)
to the steady-state reaction conditions (270ºC, 13 bar, H2/CO=1). Hydrogen
and carbon monoxide feed gas flow rates were controlled by two separate
mass flow controllers (Brooks Delta II Smart Mass Flow
SLA5850SICAB5C2A1) and the steady state experminets were conducted at
GHSV= 2300 h-1 for 145 hours. The experimental run was stopped by going
to Ar flow and thereafter the reactor was cooled down. At low temperature,
the pressure was decreased and the reactor opened. For these experiments
industrial grade H2 from a pressure swing absorption (PSA) unit and CO
from a hydroformylation unit was used. These gases were clean enough
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for normal Fischer Tropsch use and therefore no further cleaning was done.
CO conversion was calculated according to equation 6.1.

The selectivity (%) toward the individual component on carbon basis is
calculated according the same principle:
Selectivity of product j (%) where j is the number of carbon atoms in
the chain:

For example the selectivity for propane:

The molar% data was later converted to mass%. It should be noted
that CO2 is excluded from the product.

6.3 Results
The following results section describes the catalytic testing of the
iron-manganese on silica model catalysts with 5 wt% iron-loading and
three different contents of manganese promoter; 0, 10 and 50 molar%. It
also displays the results of catalyst characterization, before and after
catalytic reaction/syngas treatment as described in section 6.2.3.

138

Catalyst performance in Fischer-tropsch synthesis

6.3.1 Activity and stability
Figure 6.1. shows the CO conversion and stabilities for the FTS
reaction of iron and mixed iron-manganese catalysts. The figure shows the
activity during steady-state runs, after the CO pretreatments as described
in section 6.2.3. The iron catalyst deactivates slowly during the experiment,
while, the CO conversion remains stable for the iron catalyst promoted
with manganese.

Figure 6.1. CO conversion and stability of the Fe (◆), Fe9Mn1 (●) and Fe5Mn5
(▲) catalysts. Reaction conditions 270ºC, 13 bar, H2/CO=1, 2300h-1.

6.3.2 Product selectivity
The effect of the manganese promoter on the selectivity toward
olefins, methane and CO2 are shown in Figures 6.2. and 6.3, respectively. It
is found that the addition of manganese increases the olefin selectivity (Fig.
6.2) and suppresses the formation of CH4 and CO2 (Fig. 6.3). Although the
selectivity toward CO2 for the Fe and Fe5Mn5 catalysts is the highest, the
latter is less active.
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Figure 6.2. Olefin selectivity of the Fe (◆), Fe9Mn1 (●) and Fe5Mn5 (▲)
catalysts. Reaction conditions 270ºC, 13 bar, H2/CO=1, 2300h-1.

Figure 6.3. CH4 & CO2 selectivity of the Fe (◆), Fe9Mn1 (●) and Fe5Mn5 (▲)
catalysts. Reaction conditions 270ºC, 13 bar, H2/CO=1, 2300h-1. Dashed lines
shows CH4 and solid lines shows CO2 selectivity.
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Typical data of FTS activity, selectivity and hydrocarbon distribution
of the catalysts at the end of the reaction are summarized in Table 6.1. It
shows that the olefin selectivity of C2-C4 as well as C5-C8 increases with
increasing manganese content. It is also found that the selectivity towards
olefins decreases in favor of CH4, for all catalysts during the extent of the
experiment.

Table 6.1. Effect of manganese on the FTS activity and hydrocarbon selectivity by
end of the reaction.

Reaction conditions: 270ºC, 13 bar, H2/CO=1, 2300h-1, and 145h.

141

Chapter 6

A higher ratio of olefin to olefin + paraffin formation is also seen for
the promoted catalysts. This could be due chemical or electronic effect of
manganese oxide on the iron, a similar effect to that observed with
potassium, but without its CO2 formation tendencies. It seems that
manganese oxide decreases the rate of paraffin formation directly from an
adsorbed intermediate [28]. The very similar α value (0.69) for iron and
iron-manganese catalysts indicates that manganese has hardly any effect on
chain growth according to the Anderson-Schulz-Flory (ASF) distribution.

6.3.3 Catalyst characterization
The main reasons for using model catalysts in the catalytic tests are
that they are well defined and that they can be carefully characterized with
a range of techniques. Such characterizations are presented in the following
section, aiming at correlating the differences in catalyst activity, stability
and selectivity with differences in its fundamental physical properties.

6.3.3.1 Scanning electron microscopy
SEM images of the model catalysts (Fe, Fe9Mn1 and Fe5Mn5
nanoparticles on silica Stöber spheres) after calcination and after the
catalytic testing described above are shown in Figure 6.4. In all cases the
presence of metal nanoparticles on the Stöber spheres are obvious by the
bright edges. The catalysts appear fairly stable during catalytic testing.
Some minor differences are seen before and after catalytic testing as
highlighted by the white squares. This could be either due to
agglomeration of nanoparticles or wax-formation.
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Figure 6.4. SEM micrographs of calcined (a) pure Fe; (b) Fe9Mn1; and (c) Fe5Mn5
nanoparticles and (a’) pure Fe; (b) Fe9Mn1; and (c) Fe5Mn5 nanoparticles on Stöber
spheres after exposure to synthesis gas at 270°C and 13 bar.

6.3.3.2 Transmission electron microscopy
Figure 6.5. shows the TEM images of the catalysts, before and after
catalytic testing, with three different magnifications. In all cases a large part
of the support’s surface is covered by the nanoparticles.
Comparing the nanoparticles after calcination and after syngas
treatment under real conditions, a core-shell structure is clearly observed
for syngas treated nanoparticles (shown better in white squares). These
may consist of iron carbide, surrounded by iron and iron-manganese
oxides or they may be due to the formation of hydrocarbons/waxes.
As measured by ImageJ software, the majority of 8.5 nm Fe, 7.5 nm
Fe9Mn1 and 5 nm of Fe5Mn5 nanoparticles on Stöber spheres experienced a
small increase in diameter (~1.5nm) after the catalytic testing. However, a
few larger particles were found on all spheres (more clear in higher
magnification figures at the right column) with a significantly larger
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diameter (up to ~30 nm). This can hardly be only due to formation of
carbide. It is either due to sintering via an Ostwald ripening process or
agglomeration of many particles followed by the formation of a core shell
structure, or more likely, encapsulation of iron and iron-manganese
nanoparticles in wax or deposited carbon.

Figure 6.5. TEM micrographs of calcined (a, a’ and a’’) pure Fe; (b, b’ and b’’)
Fe9Mn1; (c, c’ and c’’) Fe5Mn5 nanoparticles and (a’’’, a’’’’ and a’’’’’) pure Fe; (b’’’,
b’’’’ and b’’’’’) Fe9Mn1; (c’’’, c’’’’ and c’’’’’) Fe5Mn5 nanoparticles on Stöber
spheres after exposure to synthesis gas at 270°C and 13 bar.

6.3.3.3 X-ray photoelectron spectroscopy
Figs. 6.6a and 6.6b show the XPS spectra in the Fe2p and C1s regions
for the iron and mixed iron-manganese catalysts after FTS reaction. As can
be seen, the Fe 2p3/2 peak for Fe and Fe9Mn1 are located at around 710.8 eV,
while it appears at 711.6eV for Fe5Mn5 sample. However, having no
satellite peak at 719 eV is observed for any of the samples. This indicates
that at the surface of the nanoparticles, magnetite (Fe3O4) is the dominant
phase. In addition, no signal for metallic iron/iron carbide at around 707
eV is not observed. This can be either due to oxidizing/reoxidizing of some
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of the metal particles during the catalytic test or even may be because of no
proper/complete reduction of them during activation step. Therefore, these
unreduced particles would be inactive as catalyst while the properly
reduced particles are immersed in wax and not seen in XPS.
The corresponding carbon spectra (Fig. 6.6b) show a sharp peak at
284-285 eV due to formation of large amounts of wax (hydrocarbons) at the
surface of the catalysts (more clear for Fe and Fe9Mn1 samples). Both the C
1s peak and the Fe 2p peak for the Fe5Mn5 sample are shifted to higher
binding energies (285.6 eV) and (711.8 eV) respectively. Since the Si peak
was used for charge correction of the spectra, this can is most likely due to
differential charging between the surface supported nanoparticles and the
supporting SiO2.

Figure6.6. (a) Fe2p; and (b) C1s XPS spectra of pure Fe, Fe9Mn1 and Fe5Mn5
nanoparticles on Stöber spheres after exposure to synthesis gas at 270°C and 13
bar.
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For quantitative analysis the relative surface concentration of all
elements present on the surface of calcined and syngas treated catalysts are
summarized in Table 6.2. Moreover, for better comparison the (Fe/Si),
(Mn/Si), (Fe/C), (Mn/C), (Si/C), (Fe/Si), (Fe/O) and (Mn/O) ratios are
also included on the table.
There is a small amount of metals at the surface after calcination. This
can be either due to sintering of particles during calcination or part of the
metal particle being lost during the preparation step (centrifuging).
However, the very high atomic concentration of C and low Fe/C, Mn/C
and Si/C ratios are the clear evidence of formation of large amounts of
carbon species (waxes) on the surface of catalysts by the H2/CO gas
mixture treatment.
The decreasing Fe/Mn ratio for mixed iron-manganese nanoparticles
after syngas treatment indicates that Mn migrates to the surface of the
catalyst. An increasing trend for Fe/O ratio during conversion of iron oxide
to metallic iron/iron carbide (after H2/CO mixture treatment) was
expected. However, no such trend observed, likely due to the re-oxidation
of the metal particles upon exposure to air after the catalytic. It is likely that
the nanoparticles that were covered by the thick layer of formed C during
syngas treatment were protected from reoxidation during exposure to air,
although they cannot be detected in the XPS measurements. In other
words, the metal oxide nanoparticles that can be observed by XPS after
syngas treatment were those that are not covered by iron carbide/wax.
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Table 6.2. XPS quantification analysis data for Fe, Fe9Mn1 and Fe5Mn5 catalysts
after syngas treatment.

6.3.3.4 X-ray diffraction
X-ray diffraction measurements -using copper radiation were done
on the fresh and spent catalysts to identify the crystalline phases before and
after FTS testing.
Figure 6.7. shows the X-ray diffraction of the iron and mixed ironmanganese Stöber sphere catalysts after calcination and syngas treatment.
It shows that the calcined catalysts contains mainly iron oxides or/and
possibly iron-manganese oxides (shown in greater detail in chapter 5). The
main crystalline phase present in all three of the spent catalysts is wax
(paraffin) 2θ = 21.2° and 2θ = 23.8° overlapping with the broad amorphous
reflection of the silica Stöber supports with additional minor reflections
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that could possibly be assigned to iron carbides, iron oxides and
manganese oxides.

Figure 6.7. XRD pattern of the calcined and syngas treated pure Fe; Fe9Mn1; and
Fe5Mn5-Stöber samples. (★ Fe & FeMn oxide phases and ● wax (n-paraffin)).

6.3.3.4.1 Fe and Fe9Mn1/SiO2 spent catalyst
While the main reflections, corresponding to wax (paraffin) 2θ = 21.2°
and 2θ = 23.8° overlapping with the broad amorphous reflection of the
silica are the same in all samples, the minor reflections deserve a closer
look.
Figure 6.8. shows the higher magnification X-ray diffraction pattern
of the iron and iron catalyst promoted with 10% manganese Stöber sphere
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catalysts after calcination and syngas treatment in the angular range
2θ =30 – 70 °.
For the calcined Fe & Fe9Mn1-catalysts (a and b), the diffraction peaks
shows a very similar pattern, well fitted by the maghemite (γ-Fe2O3)
reference. For the syngas treated iron sample, the presence of iron oxides
and carbides (Fe3C) can be seen (a’). However, In contrast, No Fe3C
observed for the Fe9Mn1 catalyst after syngas treatment (b’), may be due to
formation of (Fe1_yMny)3O4 phase that is responsible for the formation of
smaller clusters of FexC which are not protected by wax and reoxidized to
iron/iron manganese oxide phases. Instead, the presence of crystalline iron
manganese oxide, iron carbonate and magnetite in addition to paraffin is
observed. However, the signals are weak, partly due to low loading of
metal, but also because the wavelength of the radiation from the Cu target,
which was used for the XRD measurements, caused florescence that
resulted in poor signal to noise ration and attenuation of reflections. In
order to reduce this effect, incident and diffracted beam monochromators,
in combination with another X-ray target, such as iron or cobalt can be
used. However, if only copper radiation is available, much longer data
acquisition times are then required to obtain good signal to noise ratios.
The red arrow indicates a spike in the data, which is likely due to an
anomaly in the measurement.
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Figure 6.8. XRD pattern of the calcined (a and a’) and spent (b and b’) pure FeStöber and Fe9Mn1-Stöber samples.

6.3.3.4.2 Fe5Mn5/SiO2 spent catalyst
The syngas treated Fe5Mn5/Stöber catalyst most probably contain the
following crystalline phases in addition to wax: iron manganese, magnetite,
manganese oxide and iron manganese oxide as can be seen in Figure 6.9.

Figure 6.9. XRD pattern of the spent Fe5Mn5 Stöber sample.
150

Catalyst performance in Fischer-tropsch synthesis

6.3.4 ATR-IR of spent Fe and FeMn catalysts
ATR-IR measurements were carried out on both Fe-Stöber and the
Fe9Mn1-Stöber samples. Figure 6.10a shows the peak positions of all
relevant IR peaks for Fe9Mn1-Stöber silica. The IR absorption spectrum of
iron and mixed iron-manganese samples show a similar trend: Two intense
peaks at ~2870 cm-1, 2930 cm-1 and a smaller peak at ~2950 cm-1 attributed
to vibration region of the alkyl (CH3/CH2) groups [29]. This confirms the
presence of wax, both for the spent iron and mixed iron-manganese
catalysts, and is in agreement with the results obtained with XRD. The
broad peak at ~3050 cm-1 and 3550 cm-1 belongs to the O-H stretching mode
of water. This is likely the water formed during syngas treatment/water
gas shift reaction, trapped in the wax. Thermal treatment in argon at 400°C
removes the hydrocarbons/waxes as well as O-H groups from the catalysts
as clearly seen in figure 6.10b (two lower graphs).

Figure 6.10. (a) IR spectra of spent Fe9Mn1 Stöber silica sample; and (b)
comparative IR spectra of spent Fe and Fe9Mn1 Stöber silica sample (two top
spectra) and Ar treated catalysts (two bottom spectra).
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6.4 Discussion
We find that the incorporation of manganese decreases the initial
activity of the iron catalyst, but improves the catalyst stability. This can be
explained by manganese both blocking active sites on the catalyst surface
while also stabilizing the active phase. It is generally accepted that the
surface of iron carbide phase is the active phase for the FTS reaction [27, 30,
31]. By applying TEM, XRD and FTIR, the formation of hydrocarbons (nparaffin) after syngas treatment for pure iron & mixed iron-manganese
catalysts were clearly observed. The XPS spectra in the Fe 2p region for the
spent iron and mixed iron-manganese catalysts indicated that magnetite
(Fe3O4) is the dominant phase. However, since the catalysts are exposed to
air after the catalytic test and material accessible to XPS are by necessity
close to the surface and hence also exposed to air, that can be a result of
reoxidizing of the metal particles during sample transfer to XPS chamber. It
was observed that the pure iron catalyst deactivates slowly during 145h FT
reaction while, in the case of manganese promoted iron catalysts the CO
conversion remains stable (or even slightly increased) for the similar
conditions. However, at the end of the experiment, the iron catalysts are
still more active than the mixed iron-manganese samples but are still
exhibiting a deactivating trend. Therefore, in order to better investigate the
stability of iron and mixed iron-manganese catalysts under FT operating
conditions, it is better to run the FT reaction for a longer time (few weeks).
Li et al. investigated the effect of manganese on iron catalyst using
Mössbauer and observed similar results. Compared with the Mössbauer
results of the catalysts after reduction, they found that the iron carbide
content in the unprompted catalyst decreased severely, from 11.6% after
reduction to 0.4% after FTS reaction, and the content of Fe3O4 increased
from 83% to 99.6%.
Spivey and co-workers [32] studied the activity of manganesepromoted, iron based Fischer-Tropsch by XANES and claimed that the
mixed metal oxide decreases the reducibility of iron through a stabilization
of the Fe3O4 phase [reducibility: (Fe1_yMny)3O4 < Fe3O4], which is a
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precursor for iron carbide. They observed that iron-based FT catalysts
deactivate when carbon deposition occurs on larger iron carbide clusters,
while less carbon deposition, FexC formation, and higher CO
hydrogenation activity occurred with the manganese-promoted catalysts.
This indicates that the (Fe1_yMny)3O4 phase was responsible for the
formation of smaller clusters of FexC which were more active for CO
hydrogenation and were less prone to deactivation through carbon
deposition. Jensen and Massoth [28] have suggested that the promoting
effect of manganese on the activity of iron catalysts may be due to the
ability of manganese oxide to modify the electronic state of iron by acting
as an electron donor, like alkali metals. However, Herranz et al. [33]
proposed that active carbonaceous intermediate species are stabilized by
the presence of manganese.
It is found that manganese suppresses the formation of CH4 and CO2
while addition of manganese content increases the selectivity toward light
olefins. During FT synthesis, CO can be dissociated and hydrogenated to
form CH3 followed by hydrogenation to form CH4 or by insertion of CH2 to
promote chain growth [34]. The chain growth is terminated by hydrogen
abstraction to produce olefins or by hydrogenation to form paraffins. For
iron-based catalysts, it is accepted that doping with alkali metal ions and
transition metal oxides can inhibit the formation of CH4 and to improve the
selectivity to C2 through C4 olefins or to increase the C5+ selectivity. It seems
that manganese as a structural promoter stabilizes the catalyst and converts
syngas into light olefins because of the strong Fe-Mn interaction that
improves the interdispersion effect of manganese with an increase in
manganese content. The interdispersion of iron and manganese atoms
(ions) weakens the connection of the carbon chain on the adjacent iron
atoms and also leads to the increase of light olefin selectivity. On the other
hand, the strong Fe-Mn interaction largely restrains the chemisorptive
effect of manganese to some extent in the catalyst because of the strong
metal support interaction effect, which promotes the transformation of
syngas into light olefins [35, 36].
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Spivey et al. reported that among all the transition metals, zinc or
manganese promoted catalysts have a significant effect on the CO
conversion and product distribution through changing the electronic and
geometric properties of the catalytic surface [32]. Also Jansen [28] and
Barrault [37] claim that like potassium, manganese is an electron donating
promoter. It promotes dissociative adsorption of CO and suppresses H2
chemisorption, increases the selectivity of olefins.
The suppression effect of manganese on the formation of CH4 has
also been reported by Barrault et al [37] and Li [38], while the iron catalyst
promoted with 10 and 50% manganese show higher C2-C4 as well as C5-C8
selectivity. Jansen and Massoth [28] had reported that manganese can
promote dissociative adsorption of CO and increase the selectivity to
olefins in the gas phase and shift the products to heavy hydrocarbons. The
higher olefin to paraffin selectivity for the promoted catalysts could be due
to the chemical or electronic effect of manganese oxide on the iron. This
effect is similar to that observed with potassium, but without its CO2
formation tendencies. It seems that manganese oxide decreases the rate of
paraffin formation directly from an adsorbed intermediate [28].
We note that several of the effects of MnO may be caused through
indirect effects, without the need to invoke electronic arguments. For
example, if MnO dispersed through the catalyst causes the iron phase to be
present in smaller domains, with altered (e.g. rougher or stepped) surface
properties, this will also affect the catalytic properties, but in an indirect
way.
Referring back to chapter 4, we remember that there the dominant
behavior of MnO was to form small clusters that decorate the iron carbide
particles. This was assumed to help stabilize the particles against sintering,
and indeed higher stability of MnO-promoted iron catalysts in this Chapter
is observed in the FTS activity (Figure 6.1). In addition, it is true that these
stabilized systems also produce more olefins, beyond the effect of the
somewhat lower conversion. Whether this is due to a direct influence of
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MnO at the surface of the catalyst, or to morphological changes in the iron
particles, is not clear however.

6.5 Conclusion
In this chapter we have demonstrated how performed particles
supported on non-porous 3D SiO2-spheres can be used for measurements
of catalytic activity in micro reactors. In this way, these systems
complement the planar supported iron particles that we used for
characterization studies. With these spherical systems, the effect of
manganese as a promoter on activity, selectivity toward lower olefins and
stability of Fe-Stöber spheres catalyst under industrially relevant conditions
for the Fischer-Tropsch reaction was investigated.
In the FTS reaction, the initial activity decreased with an increase in
manganese content. However CO conversion remained stable for the iron
catalysts promoted with manganese. In addition, incorporated manganese
restrained the formation of CH4 and increased the light olefin (C2-C4)
selectivity, probably as a result of the strong interaction and interdispersion
of iron atoms/ions with manganese oxide. The higher olefin to paraffin
selectivity for the promoted catalysts could be due chemical or electronic
effect of manganese oxide on the iron. XPS quantification analysis showed
that due to the re-oxidation of some of the metal particles during the
catalytic test (syngas treatment) the amount of oxygen shows slightly an
increasing trend, while the decreasing Fe/Mn ratio for mixed ironmanganese nanoparticles after syngas treatment indicates that manganese
migrates to the surface of the catalyst.
XRD results revealed the presence of iron oxides and carbides (Fe3C)
phases for the iron catalyst after syngas treatment while no Fe3C observed
for the mixed iron-manganese catalysts.
Characterization techniques including SEM, TEM, XPS, XRD and
FTIR all proved the formation of significant amounts of hydrocarbons
(waxes) after the FTS reaction.
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It should be noticed that although these 3D non-porous, high surface
area SiO2-spheres model catalysts are well suited for measurements of
catalytic activity in micro reactors, the sintering mechanism & particle size
distribution of nanoparticles before and after the FTS reactions is better
studied on the 2D flat planar model systems.
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7
Sintering phenomena of monodisperse iron
oxide nanoparticles after calcination and
syngas treatment
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Abstract
The growth of metal particles and the associated loss of surface area,
generally referred to as sintering, represents one of the major deactivation routes of
heterogeneous catalysts. Therefore, understanding the mechanism of sintering
should contribute profoundly towards the synthesis of more stable/robust/durable
catalysts. In this chapter, a first glance at transmission electron microscopy (TEM)
study of the model catalysts described in chapter 4 and 5 is presented. A
methodology has been applied, allowing the direct comparison of the same set of
particles after calcination treatment at 350°C in O2/Ar, after reduction at 400°C
under pure H2 and after a subsequent H2/CO treatment (270°C, 10 bar,
H2:CO=2). The TEM observations indicate that both particle migration and
coalescence and Ostwald ripening were responsible for the sintering of iron
nanoparticles. It was found that most of the sintering occurs during the reduction
step rather than during the FT reaction and that the interparticle distance
significantly influence the process. To limit the extent of sintering it is thus crucial
to optimize the activation procedure as well as the particle dispersion.
Interestingly, an unexpected phenomenon was observed, consisting in the
formation of new particles, seemingly not nucleating from any of the initial
nanoparticles.
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7.1 Introduction
In the context of heterogeneous catalysis, sintering generally refers to
the loss of active surface area of the metal nanoparticles and/or support
through the growth of catalyst particle size [1, 2]. Sintering is counted as
major catalyst deactivation routes and this is one of the reasons why
industrial plants experience periodic shutdowns in order to replace a
catalyst. This often translates into an economical cost due to the lost
production involved. Sintering is generally believed to be thermally
induced agglomeration of particles when referred to in the literature.
However, although thermally induced, it is in reality the result of a
complex interplay between different factors. These factors are intrinsic
parameters of a catalyst like the type of metal particle, average particle
sizes and size distribution, support material, surface area, texture and
porosity, content of promoters or impurities, as well as extrinsic reaction
parameters such as temperature, pressure, reaction time and gas
composition [3, 4]. A good understanding of the sintering mechanism is
thus vital for the purpose of predicting the extent of deactivation and for
the design of sintering resistant catalysts.
Two different mechanisms of loss of metal surface area on supported
catalysts were described in the literature: (i) particle migration and
coalescence (PMC) and (ii) atomic migration, also referred to as Ostwald
ripening (OR) [5]. Figure 7.1. shows a schematic representation of the
difference between particle migration and Ostwald ripening. PMC
sintering is the random movement of whole particles over the support
surface resulting in coalescence when they touch or collide with other
immobile or mobile clusters, thereby forming a bigger particle [6]. Sintering
by OR is described by the transfer of atoms from one cluster to another.
This is a dynamic process with both clusters exchanging atoms. However,
due to relatively lower average coordination of atoms at the surface of
smaller particles and their relative ease of removal, small particles emit
more atoms more easily than larger ones. This results in big clusters
becoming bigger at the expense of smaller clusters, which shrink and
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eventually disappear. In this way, the overall surface free energy
diminishes. This transfer of atoms can happen either via diffusion over the
support surface or through the vapour phase [5, 6]. Ostwald ripening is
normally associated with metal clusters that are well spaced on a support
surface while high densities of particles are more likely to result in the
particle migration and coalescence pathways.

Figure 7.1. Sintering is basically a process whereby clusters reduce their number
and increase their size. The two main mechanisms are shown here (a) particle
migration and coalescence; and (b) Ostwald ripening. A planar surface is used to
represent the catalyst support.
Although experimental studies can provide valuable information on
sintering of real porous, supported metal catalysts, it is difficult to observe
direct evidence for the mechanism of sintering on these complex systems.
Datye et al. [5] have shown that the observed particle size distribution
cannot help to infer the sintering mechanism, and have suggested that
fundamental mechanistic information is best obtained from direct
observation of well defined model metal support systems.
Goeke and coworkers [1] applied disks of fused quartz on which Pd
particles were supported and they monitored sintering behavior at 900°C in
nitrogen. By using a scribe mark on the surface of the quartz, they could
use SEM imaging to probe the same area of the support before and after
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sintering. Similarly, Mayrhofer et al. demonstrated the advantages of
finding and comparing the exact same catalyst particles in TEM, before and
after electrochemical experiments [7].
Investigating the particle growth mechanisms on supported catalysts
by using TEM is a challenge. On the industrial supported catalysts, it is
very difficult to study particles from the same area before and after the
reaction. Normally, images are taken randomly from different areas on the
support. Observing the changes in a single-particle and its location is not
technologically possible at the moment. Thus, loss of metal surface area
may occur, but comparing different areas on the catalyst support does not
produce clear cut information on the mechanism. Furthermore, TEM
images provide a two-dimensional projection of three-dimensional support
material, which makes it difficult to accurately determine interparticle
distances. Recently Kistamurthy et al. [8, 9] in our group, studied the
mechanism of loss of metal surface area on a Co/SiO2/Si3N4 flat model
catalyst under low-conversion Co Fischer-Tropsch synthesis (FTS)
conditions. Using TEM to examine the same area, before and after catalytic
treatment, they observed the loss of very small particles (≤4 nm) and the
decrease in size of ~5 nm particles within 10h, while all remaining particles
were immobile during the reaction. Their observation led them to the
conclusion that Ostwald ripening was the main cause of sintering in this
case. Claey et al. [10] investigated sintering as a function of process
condition in real time using the in-situ setup for magnetic measurements
and found that alumina-supported cobalt catalyst dose not show any
sintering in water-hydrogen atmospheres at typical FT reaction
temperatures. They reported that the siginificant changes of crystallite size
could only be observed in precense of water and CO. It is hypothesized that
sintering is CO assisted, possibly via a surface subcarbonyl-type
mechanism, on the water-modified alumina support surface.
In our present study, in order to uncover the mechanism of loss of
metal surface area at the single-particle level, Fe/SiO2 planar model
catalysts were used. The model catalysts were exposed to calcination at
350°C, pre-reduction in H2 at 400°C and to Fischer-Tropsch synthesis
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conditions (270°C, 10 bar, H2/CO=2) in a custom-designed high pressure
treatment cell. TEM characterization was carried out before and after
exposure to the various reaction conditions. The results in this chapter are a
first selection of results from an extensive set of experiments.

7.2 Experimental
7.2.1 Synthesis
nanoparticles

of

iron

and

mixed

iron-manganese

The iron nanoparticles were synthesized using the thermal
decomposition method previously described in chapter 3. The iron
nanoparticles were then deposited on a SiO2 terminated Si3N4 membrane,
using the ‘interfacial self-assembly’ technique described by Brinker et al.
[11] and further optimized and illustrated by Dad et al. [12] presented in
chapter 3.

7.2.2 Sample treatment
After coating, the samples were dried overnight at room temperature
before being calcined at 350°C during 45 min under a 10% O2/Ar flow at
atmospheric pressure in order to remove organic compounds. After
calcination, the model catalysts were reduced and eventually exposed to a
syngas treatment for various duration times. All these experiments were
carried out in a high pressure cell specially designed for the treatments of
TEM samples [8]. The reduction step was performed at 400°C under a flow
of 5 mL.min-1 of pure H2, at atmospheric pressure, during 2h. After
reduction, the sample was either cooled down to room temperature in H2
and then the gas flow was stopped and sample quickly transferred out of
the cell (with expose to air) and characterized by TEM, or kept in the cell
without exposure to air and further exposed to a mixture of H2 and CO
(total flow rate 5 mL.min-1, ratio H2/CO =1) at 270°C and 10 bar, for various
duration of timesand then transfored to TEM with the same ex-situ
method.
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7.2.3 High-pressure cell experiment set-up
The custom-designed high-pressure treatment cell is shown in
Figures 7.2. and 7.3. The treatment cell is placed inside an oven, enabling
heating to reduction and reaction temperatures between room temperature
and 800°C. Feed gases are continuously supplied and the gas flows are
controlled independently using mass flow controllers (Bronkhorst). After
reaction, the gas inlet and outlet can be closed and the reactor detached for
transferring samples under inert atmosphere. A high-pressure control
valve (Research Control® Valves) located on the inlet gas line maintains the
required pressure during the reaction. Samples are enclosed in the cell on a
stainless steel plate (2x2 cm) with small flow openings (0.5 mm internal
diameter) on opposite sides to allow the continuous gas flow through the
cell (Figure 7.3b). The two halves of the reaction cell are sealed together
with a Cu gasket.

Figure 7.2. Schematic representation of the high-pressure experimental set-up.
Adapted from [9].
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Figure 7.3. Images of (a) high-pressure experimental set-up; and (b) model catalyst
cell. Adapted from [9].

7.2.4 Characterization
TEM (Transmission electron microscopy)
The approach of using a model catalyst in TEM studies reduces the
complexity that is faced when studying a porous industrial catalyst
support. The advantages of applying the model catalyst for TEM studies is
that all nanoparticles at the surface are homogeneously exposed to the gas
phase and can be imaged with a good contrast on the support. Because of
the two dimensional particle distribution, interparticle distances and sizes
can be accurately determined and small particles cannot be hidden away
from the view, which can be the case with porous industrial supports. Most
importantly for our study, the TEM ‘membrane window’ exposes an area
on the model catalyst support which can be conveniently found back and
imaged again after the reaction. This enables a comparison of single
particles before and after the reaction demonstrated in Figure 7.4. The 7nm
iron oxide nanoparticles from a chosen corner of the window (corner A)
were first measured by TEM after calcination at 350°C for 45 minutes.
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Subsequently, after reduction and/or syngas treatment in the reactor, the
sample was transferred back into the TEM where corner A was measured
again. Through identification of pattern in the particle distribution it is
possible to find the very same particles again after the gas exposures,
provided the sintering is not so severe that the original distribution is
unrecognizable.

Figure 7.4. Illustration of a silica TEM membrane window with supported iron
oxide nanoparticles, where an electron beam is focused at corner A which serve as a
marker.
Figure 7.5. shows the TEM images of the same area of monodispersed
7 nm iron oxide nanoparticles in different magnification after calcination at
350°C for 45 min. By comparing single-particles, with well-defined size and
location, on the same area of the support, before and after FTS reaction, we
could identify the sintering mechanism at hand.
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Figure 7.5. The same corner of silica TEM membrane window images of calcined
7nm iron nanoparticles.
The TEM studies were carried out using a Tecnai 20F (FEI) Sphera
microscope with primary electron energy of 200 keV. Digital images were
collected using a Gatan CCD system in the Gatan Digitial Micrograph
program. Typically, several images of the same area on the support were
taken at varying level of focus to ensure that all particles are identified and
counted. All image analysis was done using the software Image J, which is
a public domain, java based image processing program developed at the
National Institutes of Health [13].

7.3 Results
7.3.1 Characterization of the model catalysts after calcinatian
All calcined samples presented a very narrow particle size
distribution as exemplified by the TEM images and the histogram in Figure
7.6. Particles with two different average sizes were synthesized, 7 nm
(shown in Figs. 7.6a and a’), and 12 nm (not shown). Figure 7.7. shows
model catalysts with different particle densities, prepared by altering the
concentration of iron nanoparticles in the colloidal solution before
deposition onto the TEM wafers. Three different particle density categories
were defined: samples with a high density (Figure 7.7a), a medium density
(7.7b) and a low density (7.7c). The model catalysts with a medium density
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of particles are uniformly covered with iron nanoparticles deposited on top
of the TEM window. The model catalysts with high density of particles
generally show nanoparticles in close contact with each other, sometimes
with several super-imposed layers of iron nanoparticles. On the opposite
end, the low density model catalysts demonstrate relatively long distance
between iron nanoparticles and large variations in the interparticle
distance.

Figure 7.6. (a and a’) Different magnification TEM images of a medium density 7
nm Fe nanoparticles sample after calcination and the corresponding histograms
showing the particle diameter distribution.

Figure 7.7. TEM images of Fe nanoparticles with high density (a), medium
density (b) and low density (c) of iron nanoparticles.
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7.3.2 Characterization of the model catalysts after reduction
in H2
As shown in Figure 7.8. the iron model catalysts with different
densities were reduced in pure H2 at 400°C for 2h and characterized by
TEM. The samples with an initial high density of nanoparticles showed
sintering to a large extent (Figure 7.8a’). In particular, it appears that the
superimposed layers of nanoparticles merge to give rise to coalesced bigger
particles. In contrast, the samples with low density (Figure 7.8c’) of
nanoparticles show neither sintering nor any other morphologic change.
The flat catalysts with medium density showed intermediate results (Figure
7.8b’). In the latter case, the majority of nanoparticles remained unaltered,
while some others sintered. It should be noticed that the extent of sintering
was more pronounced crucial in the areas where nanoparticles were in
closer contact to each other than in areas with more space between
particles. From these observations, it is clear that the extent of sintering is
closely dependent on the particle density and thus on the distance between
nanoparticles.

170

Sintering study of iron nanoparticles

Figure 7.8. TEM pictures of Fe nanoparticles with (a) high density, 12 nm
diameter, (b) medium density, 7 nm diameter, and (c) low density, 7 nm diameter
after calcination at 350°C; and the corresponding particles (a’), (b’), and (c') after
reduction in H2 at 400°C.

7.3.3 Characterization of the model catalysts after reduction
and syngas treatment
After reduction in H2, the nanoparticles on the high density samples
undergo severe sintering. For these samples, the sintering study was
continued with syngas treatment at 270°C (Figure 7.9). In the Figure, it is
clear that the sample largely kept the particle distribution after the syngas
treatment. However, some interesting changes can be observed, if the
images are analyzed more closely. Some small particles disappeared (Figs
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7.9 a’ and b’), and (presumably), merged with the largest ones. The shape of
the large particles also changed somewhat, evidencing that the system is
not static. This suggests that, at least within the particles, atoms can move
and reorganize. It is, however, obvious that most of the sintering had
already occurred during the reduction step. In comparison, FischerTropsch conditions have a minor effect on the morphology of these big,
sintered particles. This is different than observed by Kistamurthy for Co
particles, where the presence of CO was essential for sintering, in that case
by Ostwald ripening [8].

Figure 7.9. (a and a’) Different magnification TEM pictures of a high density 12
nm-model catalyst after reduction and (b and b’) after subsequent Fischer-Tropsch
reaction.
In order to distinguish the contributions of the reduction step and of
the syngas treatment on the sintering of the iron nanoparticles,
supplementary experiments were performed: the calcined iron
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nanoparticles were first reduced in the same conditions as previously,
before being exposed to a flow of pure H2, instead of a mixture of H2 and
CO, at 270°C and 10 bar for 20h. From these experiments, the possible role
of CO on the sintering process was also expected to be clarified.

7.3.4 Sintering mechanism
Figure 7.10. shows the TEM images of a low density 12 nm iron
nanoparticles after calcination (left) and after reduction in H2 for 20h
(right). Small squares draw the attention to three specific cases observed in
these images. It is obvious that particles, in close proximity to another
particle merged to form bigger particles. It is also interesting to note the
white ‘footprint’ let at the position of the initial nanoparticle. It is currently
unknown what origin of these footprints is, but they appear to mark the
previous location of a nanoparticle. Other white ‘footprints’ can be
observed elsewhere on the sample, where ‘particles migration and
coalescence’ (PMC) was observed.
A sample with medium particle density subject to the same treatment
conditions can be seen in Figure 7.11. The white outlines 1, 2, 3 encircle
areas where two or three particles have merged to form a bigger particle
through the migration and coalescence mechanism. It is also found that the
distance between particles, encircled by the red outline # 4, is reduced
slightly while it seems that the reduced particles experienced a slight
increase in diameter. This might be due to the change in shape of particles.
The volume can be the same but a flattening out of the particle result in a
different 2D projection.
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Figure 7.10. TEM pictures of a low density 12 nm iron nanoparticles after
calcination (left) and after reduction and H2 treatment for 20h (right).

Figure 7.11. TEM pictures of a medium density 12 nm iron nanoparticles after
calcination (left) and after reduction and H2 treatment for 20h (right).
Similarly to what was observed in the experiments on samples with
high particle density (section 7.3.3), sintering also took place on the
catalysts with medium densities and 7 nm nanoparticle diameters (Figure
7.12). On this sample, many big particles can be clearly seen as a result of
sintering. If PMC alone would be able to explain the formation of these
large particles, the presence of smaller particles can only be explained by
the Ostwald ripening (OR) in which some atoms from a small particle
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move to a larger one. As shown in Figures (7.12a’ and b’), the particle size
distributions before and after reduction in H2 were determined. A number
of smaller particles, below the size of ~5nm, are present, thus implying
Ostwald ripening.

Figure 7.12. (a and a’)TEM pictures of a medium density 7 nm-model catalyst
after calcination; (b and b’) after reduction and H2 treatment during 20h; and (a’’
and b’’) the corresponding histogram showing the diameter distribution for
calcined and reduced Fe nanoparticles.
An unexpected phenomenon was observed on the iron samples with
low or medium density of particles: namely the appearance of new
particles, apparently not stemming from any of the initially existing
nanoparticles inside the imaged area. Figure 7.13. compares the TEM
images of the same area of 7 nm nanoparticles on a low (a and a’) and a
medium density (b and b’) model catalysts before and after hydrogen
treatments. To the best of our knowledge, this is the first time that such an
observation is reported in the literature. Since this ‘new appearance’
phenomenon allows the formation of new particles without depleting the
initial nanoparticles, they need to stem from material that was not visible
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prior to the reduction treatment. It is possible that the material comes from
a thin uniform layer of Fe-containing material or that nucleation takes place
on a chemically altered defect on the surface, not observable by TEM in a
type of reversed Ostwald ripening process. Another, perhaps more likely
explanation is that the particles have migrated from a spot outside of the
area imaged by the TEM. At the moment, it is not clear how this new
phenomenon proceeds. If the new particles would stem from a break up of
other particles, for which we however have no evidence, this ‘new’ effect
might open up for exciting opportunities for heterogeneous catalysts by
potentially increasing the number of active sites. In any case, the
phenomena deserve to be studied more closely to map out the conditions
under which they occur and what the mechanism behind it is.
Figure 7.13. shows examples on the various redistribution processes
taking place in parallel during a long reduction step. Particles (1 and 2 in
Fig. 7.13a) have merged to form a bigger, single particle (5 in Fig. 7.13a’).
This appears to be the result of PMC sintering (also supported by the
presence of the white ‘footprint’, indicating the position of the initial
nanoparticle). Particles (3 and 4 in Fig. 7.13a) are slightly smaller after
reduction (6 and 8). However, due to the ‘new appearance’ phenomenon
particles (7, 9 and 10 in Fig. 7.13a’) were created. The same effect was
observed for the model catalyst with medium density (comparing Figs
7.13b and b’). It is clear that through the PMC mechanism, particles (shown
in box frame in Fig. b) formed fewer and larger particles after reduction. In
addition, the creation of two new particles, seemingly unrelated to the
original pattern is observed (shown as dashed circle in Figure 7.13b’).
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Figure 7.13. (a and b)TEM pictures of a low and medium density 7 nm model
catalyst after calcination; and (a’ and b’) after reduction and H2 treatment during
20h. the box frames and dashed circles indicate the chosen area for detailed studies.

7.4 Discussion
The study presented in this chapter relies on a straightforward and
reliable approach to observe the same set of particles before and after
treatment in different gas environments. We found that distance between
particles is an important parameter in the occurrence (and possibly control)
of sintering. By altering the concentration of iron nanoparticles in the
colloidal solution different densities of particles were prepared. Catalysts
with low density would be more stable than catalysts with higher density.
Dispersion is not enough to describe a catalyst. Information on density or
distance between particles must be taken into account. It was also observed
that most of the sintering process occurs during the reduction step and in
comparison Fischer-Tropsch conditions have a much smaller effect on the
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morphology of sintered particles. Again, this is opposite to observations on
cobalt catalysts, as studied by Kistamurthy [8]. There the Ostwald ripening
was attributed to effect of CO which was proposed to form Co-carbonyls at
step sites of small particles.
The ‘new appearance’ discovery might be seen as an extension and a
particular case of the OR model. Some atoms of existing particles would be
detached and would move on the support. At some point, these atoms will
nucleate, forming a new small particle which will further grow by
attracting other atoms. The nature of such a nucleation is, however,
unclear. This requires the presence of a surface defect that is not observable
by TEM, but allows the nucleation and stabilization of a new particle.
The presence of a very small nanoparticle (< 1 nm), migrating and
coalescing, cannot be excluded neither, as such small particles can be
hardly seen on the pictures due to the TEM resolution. However, such
particles, if produced during the nanoparticles synthesis, should not be
present in the final colloidal solution, the centrifugation speed being too
low for their separation. In any case, statistically, OR model should
ineluctably lead to a decrease in the number of particles.
This phenomenon might also be viewed in a similar way as the
nucleation and growth processes which occur during the synthesis of the
nanoparticles.
However, the conditions are completely different in these two cases.
While the formation of new particles in the sintering experiments occur at
the surface of a solid catalyst exposed to a flow of H2 at relatively high
temperature, the synthesis of iron nanoparticles takes place in a liquid
mixture consisting in appropriate reactants and solvents.
Moreover, the presence of iron nuclei on the surface of the catalyst
cannot be completely excluded, even if it is not likely since these species
should have been removed from the final colloidal solution after
centrifugation. The nuclei should then be formed in situ on the catalyst,
which supposes the presence of iron precursors. The existing iron
nanoparticles might act as precursors, since they are the only source of iron.
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Understanding and controlling the parameters favoring the
formation of new particles would allow the creation of a new activation
process leading to catalysts with more active sites, thus higher dispersion
and a global higher activity.

7.5. Conclusion
We have used the approach of identical area TEM to study the loss of
metal surface area of silica supported iron oxide nanoparticles under
chemical treatments relevant during pre-reduction and Fischer-Tropsch
synthesis conditions. The approach can easily be adapted to study the
behavior of particles under a range of gas and pressure environments.
Well-defined 7 and 12 nm iron nanoparticles with a narrow size
distribution were synthesized and deposited on TEM wafers. According to
the average density of particles on the surface, samples were classified in
three categories (low, medium and high density). After reduction in pure
H2 the samples exhibited sintering, to an extent closely depending on the
particle density and hence the initial distance between particles. TEM
observations indicate that both particle migration and coalescence and the
Ostwald ripening can be responsible for the sintering of iron nanoparticles.
Furthermore, it was shown that most of the sintering occurred during
the H2 reduction step rather than under FT conditions. Therefore, in order
to limit the extent of sintering it is thus crucial to optimize the activation
process and to use catalysts with longer distance between particles.
An unexpected phenomenon, not reported to date and not predicted
by any theory yet, was also observed; the appearance of new particles, not
nucleating from any of the initial nanoparticles. At this point the
explanation of this phenomenon is still unclear.
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Abstract
The objective of this chapter is to provide an overview of the results
presented in this thesis on model systems for iron and manganese promoted iron
Fischer-Tropsch catalysts. This chapter also discusses the possibilities of extending
the research in the future and what challenges are left to address.
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8.1 Introduction
Iron oxides have been used as Fischer-Tropsch catalysts for many
years [1, 2] in large-scale commercial plants. Iron catalysts are attractive
owning to their low cost and the highly olefinic nature of the obtained
products which allows their use as a feedstock for the chemical industry [36]. Manganese can be used as one of the promoters for iron FTS catalysts to
improve FT activity, enhance selectivity toward lower olefins [7-12] and
increase stability [13-15].
The industrial catalyst is typically too complex to provide atomic
level morphological, structural and compositional details relevant for the
catalytic process. A typical planar model catalyst approach can simplify the
real catalysts, e.g. by using well defined nanoparticles onto flat silicon oxide
membranes. Highly informative techniques, such as X-ray photoelectron
spectroscopy (XPS) and transmission electron microscopy (TEM), are not
easily applied to industrial catalysts and the interpretation of the results
can be very challenging. Model catalysts with flat surfaces and nanoscale
variations in height are much better suited for such studies [16]. In this
thesis, uniform iron and mixed iron-manganese oxide model catalysts were
synthesized and used for clarifying the possible roles of manganese in iron
Fischer-Tropsch catalysts performance.

8.2 Well-defined monodisperse nanoparticles
Thermal decomposition of iron and manganese oleate complexes was
used to synthesize well defined monodisperse iron, manganese and mixed
iron-manganese oxidic nanoparticles. The nanoparticle diameters could be
varied over a range between 7.5 and 20 nm (Chapter3) by influencing the
reaction temperature and iron precursor to surfactant ratio. It was also
found that the amount of manganese present during the growth plays a
role for the size of particles. Mixed iron-manganese particles end up with
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smaller diameters than pure iron particles grown under identical
conditions. Transmission electron microscopy (TEM) results show how
nanoparticles can be homogenously distributed over the silica support,
using interfacial self-assembly of a nanoparticle solution mixed with a
polymer. According to Energy-dispersive X-ray spectroscopy (EDX)
analysis, model catalyst nanoparticles demonstrate the expected
composition of iron and manganese, confirming that the Fe/Mn ratio in the
particles can be precisely controlled. X-ray photoelectron spectroscopy
(XPS) data revealed that (Fe2O3) is the dominant phase, both for the iron
and for the mixed iron-manganese samples, while manganese is present as
Mn4+ (MnO2) after the initial calcination. The current synthetic procedure is
very general and nanoparticles of many transition metal oxides can
successfully synthesize using a very similar procedure.
Gas treatments of the supported iron and mixed iron-manganese
oxide nanoparticles on flat silica surfaces were applied to investigate the
effect of manganese on morphology and composition of iron under
conditions relevant for FTS (Chapter 4). H2 pretreatment at 400°C leads to
reduction of the iron oxide. Upon exposure to ambient conditions, core
shell structure is formed. This is a result of spontaneous reoxidation of the
metallic iron at the surface, leaving the metallic core, produced after
reduction, encapsulated in a protective iron oxide shell. The complete
conversion of iron oxide nanoparticles from maghemite (γ-Fe2O3)
supported on flat silica into metal and carbide was confirmed by XPS
results after pretreatment in dry hydrogen at 400°C and subsequent syngas
treatment (H2/CO=1) at 270°C, respectively. The main finding of (Chapter
4) is that manganese in the form of MnO, plays a role as a structural
promoter, which by exhibiting a strong interaction with iron stabilizes the
composite particles against agglomeration during reduction and exposure
to synthesis gas. Fig. 8.1, which we consider a highlight of the flat model
approach, shows TEM elemental mapping images for the Fe9Mn1 catalyst
surface after calcination (8.1a), reduction (8.1b) and syngas treatment (8.1c),
and gives clear information on how MnO works. In the fresh catalyst it is
clear that manganese (shown in green colour) is equally distributed
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between the nanoparticles and predominantly situated at the surface in all
cases. During syngas treatment manganese appears to have segregated out
of the particles, forming domains of pure MnO around the iron-rich
particles (shown in red). This arrangement appears to help to stabilize the
iron particles against agglomeration or disintegration during carburization.
This appears as an effective way to anchor particles to the support.
However, if Ostwald ripening is the dominant sintering mechanism, and it
is suppressed by MnO, then one also expects that MnO influences the
surface of the entire iron particle. Indeed, Fig. 8.1c seems to hint at presence
of small amounts of manganese on top of the iron, and also the modified
behavior of the Fe-MnO in the FTS (more olefins) would support this
notion.

Figure 8.1. TEM elemental mapping images of Fe9Mn1 ; a) after calcination at
350°C for 30 min; (b) H2 reduction at 400°C for 1h; and (c) subsequent Syngas
treatment (H2/CO=1) at 270°C for 1h. (Fe shown in red and Mn in green).

Detailed characterization of conventional porous heterogeneous
catalysts is a challenging task due to their structural and chemical
complexity. The activity is largely determined by the structural,
morphological and chemical properties of the active metal nanoparticles.
When these particles are situated inside the pores of a support, they cannot
be studied with surface sensitive characterization techniques, such as XPS.
Furthermore, the pores introduce limitations in the gas transport to and
from the catalytically active nanoparticles. The surface science approach, to
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prepare simplified, flat models of these complex, porous, supported
catalysts is a way to overcome these limitations. However, measuring
catalytic activity of such systems is not easy, due to the small amounts of
active material.
Therefore, we have investigated the prospects of using an alternative
model support consisting of non-porous, micrometer sized spherical silica
spheres (also called Stöber spheres) (Chapter 5). Such a support is suitable
for characterization with both electron microscopy (TEM & SEM), XPS and
XRD while still providing significantly more active surface area than a flat
model catalyst. As shown in (Fig. 8.2a), Stöber spheres with 875 ± 25 nm
could be synthesized with a relatively narrow size distribution. Figure 8.2b
shows TEM images of calcined 8.5 nm iron nanoparticles on Stöber spheres.
Care has to be taken during the drying of the model catalysts, to assure that
nanoparticles disperses and adheres well to the silica surfaces. Such
powder model catalyst is a compromise between the high surface area
porous industrial catalysts and the planar model catalyst, which allows for
measurements of catalytic activity in micro reactors, where diffusion
problems are kept at a minimum.

Figure 8.2. TEM micrographs of Fe-Stöber spheres after calcination (a) overview;
and (b) high magnification.
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In order to investigate the effect of manganese as a promoter on
activity, selectivity toward lower olefins and stability of iron catalysts
under industrially relevant conditions for Fischer-Tropsch synthesis, the
spherical systems were tested at SASOL (Chapter 6). It was found that the
initial activity was lower for the catalysts with higher manganese content,
possibly due to weak carburization. On the other hand, CO conversion was
maintained much better by the iron catalysts promoted with manganese. In
addition, incorporated manganese suppressed the formation of CH4 and
increased the light olefin (C2-C4) selectivity, but there was no effect on chain
growth probability. The promoted catalysts also demonstrated higher
olefin to paraffin selectivity which could be due chemical or electronic
effect of manganese oxide on the iron. Characterization techniques
including SEM, TEM, XPS, XRD and FTIR all proved the formation of
hydrocarbons (waxes) after the FTS reaction.
The well-defined monodispersed iron oxide planar model catalysts
were also applied for sintering studies. Supported on TEM membrane
windows, these model catalysts can be imaged by TEM, then placed in the
treatment reactor, treated and imaged again to examine the exact same set
of particles measured prior to the reactor treatment (Chapter 7). This
approach can easily be adapted to study the behavior of particles under a
range of gas and pressure environments. In our studies we found that after
calcination all samples present a very narrow particle size distribution.
Reduction in pure H2 results in sintering, depending on the initial distance
between nanoparticles. According to the TEM observations, both particle
migration and coalescence as well as Ostwald ripening was responsible for
sintering of the nanoparticles. TEM results also confirmed that most of the
sintering occurred during the reduction step rather than during the FT
process. Surprisingly, an unexpected phenomenon, namely the formation
of new nanoparticles not involving any of the initial nanoparticles was
observed.
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8.3 Future perspective
Research projects are never really complete, which is definitely true
for the work described in this thesis. Our approach to flat-model catalyst
still has lots of scopes for future research.
 Other characterization techniques: In this thesis, we have just scratched
the surface of the usefulness of these model catalysts, culminating in
the promising FT synthesis application. Since 2D planar model
systems are appropriate for surface science measurements, other
techniques which have not been applied in this work such as X-ray
synchrotron techniques can be performed. For example, X-ray
Absorption Near-Edge Spectroscopy (XANES) obtains useful
information of the metal and local co-ordination state. This sort of
information is crucial in order to recognize iron oxide phases in the
FT treated catalyst, especially since the distinction between hematite
(α-Fe2O3), maghemite (γ-Fe2O3), magnetite (Fe3O4) and goethite (χFeOOH) can be very tricky with techniques like XPS and XRD.
Applying in-situ techniques e.g. XPS, XRD or Mössbauer
spectroscopy might be another informative way to recognize the
exact phase of iron during the activation and FT process. In
particular, the prospect of using a combination of several different
characterization techniques on the same sample can lead to
important new insights.
 Improved measurements with present techniques: The use of copper
radiation for XRD analysis of iron containing samples results in
fluorescence, visible as an increase in background and a decrease in
reflection intensities of the crystalline phases in the sample. This
effect can be reduced by using an incident and diffracted beam
monochromator and an iron or cobalt source instead of copper. If
only copper radiation is available, much longer data acquisition
times are then required to obtain good signal to noise ratios.

188

Conclusions and outlook

 Improved catalytic testing: In order to better investigate the stability of
iron and mixed iron-manganese catalysts under FT operating
conditions, the reaction time can be optimised. In chapter 6, it was
observed that the iron catalyst deactivates slowly during 145h
catalytic reaction while, for the manganese promoted catalyst, the
CO conversion remains stable (or even slightly increases) under
similar conditions. It is worth to run this experiment for a longer
time (a few weeks) to find out if the iron catalyst promoted with
manganese still keeps stable or deactivates to some extent. From a
longer experiment it would also be understood if the iron catalyst
continues to deactivate with the same rate as after 145h or if the rate
of deactivation will change.
 Investigating reaction conditions: Operational conditions have marked
effects on the catalytic performance of the catalyst. To optimize the
reaction conditions, the effects of operational conditions such as
H2/CO feed ratios (H2/CO=1, 2, 3, and 4) at various temperatures
(260º-420ºC), GHSV (2000 to 3000 h-1) and total pressure (1 to 20
bar) can be examined to investigate the catalytic performance of
iron and mixed iron-manganese catalysts for the light olefin
production. It seems that when the operating temperature is
increased, the CO conversion of catalyst increases. It should be
noted that a very high reaction temperature might lead to the coke
formation as an unwanted product. Increasing space velocity can
decrease residence time of reactants and products, which might
results in a lower CO conversion. The increase in total pressure
would generally leads to condensation of hydrocarbons, which are
normally in the gaseous state at atmospheric pressure.
 The activation procedure (CO, H2 and H2/CO) for iron based FTS
catalysts can have a profound influence on the surface phase
composition, catalytic performance and selectivity of iron and ironmanganese catalysts. Generally accepted, reduction in hydrogen
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mainly results in formation of magnetite (Fe3O4) which slowly
converts to different iron carbide phases. Pretreatment in syngas
can led to the formation of small amounts of iron carbide and large
amounts of magnetite while for the CO reduced catalyst
consistently results in high FTS activity because active carbide
phase are readily formed. As a result, it is interesting to use our iron
& mixed iron-manganese nanoparticles on 3D silica Stöber spheres
and reduces them in different activation gases environment to find
out the best reducing agent on performance of catalysts in terms of
activity and selectivity.
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Summary
From 2D to 3D: Development, Characterization and Testing of a Welldefined Fe-Mn/SiO2 Fischer-Tropsch Model Catalyst

The fascinating electronic, optical and magnetic properties of nanoscale
materials differ from their bulk counterparts. The unique/novel properties of
nanostructured materials enable potential applications in the fields of nano
devices, nano biology, nanofabrication and nano catalysis.
The development of uniform nanometer sized iron oxide nanoparticles has
been intensively pursued in catalysis, not only for their fundamental scientific
interest, but also for many technological applications. A well-defined nanoparticle
system could help to find the correlation between reactivity, selectivity and activity
of a catalyst with the fundamental properties of the particles such as size and
composition. Ultimately, such well-defined systems could enable the rational
design of the next generation of highly active, selective, and stable nanosized
catalysts for industrial applications. To date, there exist plenty of approaches to
synthesize well defined nanoparticles.
In an attempt to gain deeper insight into the role of manganese as a
promoter of iron FTS catalysts, we have synthesized monodisperse iron and mixed
iron-manganese

oxide

nanoparticles

using

high

temperature

thermal

decomposition of iron-oleate and manganese-oleate complexes. By variations in
the metal precursor to surfactant ratio, we produced a range of particle sizes and
compositions.
The stability and composition of the activated iron phase determines the
performance of the catalyst under Fischer-Tropsch conditions. Therefore, we
particularly focused on changes in morphology and surface composition of silicasupported iron and mixed iron-manganese nanoparticles that occur during
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calcination in air, reduction in H2, and subsequent syngas CO/H2 treatment. Since
promotion of iron FTS-catalysts with an appropriate amount of manganese
(typically 8 to 12 mol-%) is known to increase the catalyst performance in terms of
activity, selectivity to lower olefins (C2-C4) and stability, we selected the Fe9Mn1 in
comparison with the iron sample for detailed investigations. TEM studies showed
that manganese promotion helps to preserve the structural integrity of the
catalysts, which show enhanced stability against agglomeration during hydrogen
reduction and Fischer-Tropsch synthesis conditions.
In a compromise between the high surface area porous industrial catalysts
and the planar model catalyst, we have prepared a high surface area model
catalyst, involving uniform, colloidal metal nanoparticles, supported on a nonporous micro spheres. Such powder model catalyst enables the measurements of
catalytic activity in micro reactors, where gas phase diffusion limitations are kept
at a minimum, due to the absence of pores. At the same time, characterization both
by surface science techniques and by bulk techniques can be applied.
Monodisperse, non-porous SiO2 spheres with diameter 875 ± 25 nm were
synthesized, serving as the large area model support. These where then
impregnated with monodisperse, colloidal iron and iron-manganese nanoparticles
resulting in a three dimensional equivalent of the flat, dispersed FeMn/SiO 2 model
catalyst.
We performed a systematic study of model catalysts under industrially
relevant conditions for Fischer-Tropsch synthesis in order to provide better
understanding of the influence of manganese as a promoter on activity, selectivity
toward lower olefins and stability of iron catalysts. The calcined iron and mixed
iron-manganese monodisperse nanoparticles, supported on non-porous powder
silica supports were exposed to CO (270°C, 24h, 13 bar) and a subsequent H 2/CO
mixture (270°C, 13 bar, H2:CO=1, 145h) in a fixed bed micro reactor. Upon
treatments in H2/CO the crystal phases changed from maghemite (γ-Fe2O3) to
Cohenite (Fe3C) (for the iron sample). Compared with the iron catalyst, iron
catalysts promoted with manganese shows more stable activity, higher selectivity
towards olefins, lower methane selectivity and lower CO2 selectivity but,
surprisingly, no carbide formation.
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We have used a planar Fe/SiO2 model catalyst to uncover the sintering
mechanism at the single-particle level. By applying an ingenious transmission
electron microscope (TEM) methodology, we observed the direct comparison of
the same set of particles after calcination treatment at 350°Cin O 2/Ar, after
reduction at 400°C under pure H2 and after a subsequent H2/CO treatment (270°
C, 10 bar, H2:CO=1). The observations lead to the conclusion that particle
migration and coalescence as well as Ostwald ripening are responsible
mechanisms for the sintering of iron nanoparticles. It was also found that most of
the sintering occurs during the reduction step rather than during the FT reaction.
Furthermore, we observed an unusual phenomenon, namely the formation of new
particles without observable relation to the initial nanoparticles.
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