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1 Introduction

The catalytic synthesis of methane from carbon monoxide (CO) and hydrogen (H) was first
conducted in 1902 [1]. 20 years later, Franz Fischer and Hans Tropsch successfully
synthesized long chain hydrocarbons by reacting synthesis gas (CO plus H;) over transition
metal catalysts at atmospheric pressure, a process which later became known as the
Fischer-Tropsch synthesis (FT synthesis). Since these early days, significant research was
invested and today the industrial Fischer-Tropsch synthesis represents one big counterpart to
the petrochemical industry. Being a polymerization reaction, a wide variety of organic
products such as gaseous products, petrol, diesel, olefins, oxygenated compounds or waxes
can be obtained from the reaction [2]. Feedstock for the production of CO and H,, can be
coal, natural gas or biomass. Depending on the catalyst metal (e.g. iron, cobalt or ruthenium),
reactor type and process parameters such as temperature, pressure, gas hourly space velocity
or synthesis gas composition different product distributions can be obtained [2][3]. However,
it is not feasible to synthesize a specific organic product with a selectivity of 100 % (with the
exception of methane) and the Fischer-Tropsch products have to be separated and worked off

after the reaction [4].

Organic nitrogen-containing compounds are of great importance in nature or daily life. Hence
the industrial production of nitrogen-containing compounds is an essential branch in chemical
industry. With production capacities of several million tons per year amino acids are produced
as dietary supplement or pet food [6]. Amines, nitriles or amides are key chemicals and are
used as pharmaceuticals, agricultural chemicals, solvents or intermediates in a number of
industrial applications [5][6][7][8].

Many production routes to nitrogen-containing compounds such as amines, nitriles or amides
are currently available and mostly heterogeneous catalysts are in use [7]. Different reactants
based on petrochemical compounds and nitrogen sources such as ammonia, alkyl amines or
hydrogen cyanide are employed in the processes [6]. An essential part in the production of
amines is the hydroamination of alcohols by ammonia or other amines. Nitriles and organic
products such as saturated or unsaturated hydrocarbons are also formed during
hydroamination processes as side products [6][9]. This reaction is somewhat related to the

Fischer-Tropsch synthesis since similar catalyst are employed and experimentally identified
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surface reactions as well as hypothesized reaction mechanisms show similarities to the FT
synthesis.

The industrial production of nitrogen-containing compounds such as amines, nitriles or
amides is based on chemical intermediates and at least two reaction steps are necessary for the
whole process. This involves the synthesis of the chemical intermediate in one step and the
conversion of this compound to nitrogen-containing products in a consecutive reaction step.
Therefore, it would be beneficial from an economical point of view to produce amines,
nitriles and amides in one single reaction. It was reported that nitrogen-containing compounds
can be formed during the Fischer-Tropsch synthesis in the presence of ammonia or amines as
nitrogen sources [10][11][12]. The Fischer-Tropsch process with its huge production
capacities could play a key role and more valuable products could be obtained from the
reaction. The conventional feedstock, based on limited crude oil reserves, which is required
for the industrial production of N-containing products, could be expended or replaced by the

use of coal, natural gas or biomass.

The scope of this work is to investigate under which process conditions it is feasible to
synthesize organic nitrogen-containing compounds such as amines or nitriles under
Fischer-Tropsch conditions in the presence of ammonia. Therefore, a Fischer-Tropsch lab
scaled reaction unit, including the possibility of an ammonia co-feed during the reaction, will
be realized. The reaction unit consists of a fixed-bed reactor and the experiments are
conducted on iron and cobalt catalysts. Furthermore, analytical methods in order to identify
and quantify organic products are used. Different gas chromatographic setups and sampling
techniques are employed in order to analyze the reactant and product stream during the

reactions.

From the results of the experiments it is tried to have an insight onto the reaction behavior
during the formation of N-containing products. Based on these findings it is therefore tested if
it is possible to increase or steer the product selectivities towards amines or nitriles during

Fischer-Tropsch synthesis in the presence of ammonia.

Ammonia is also known as catalyst poison for transition metal catalysts and could affect their
catalytic performance [13]. Hence, the influence of ammonia on the formation of
conventional Fischer-Tropsch products (e.g. hydrocarbons or oxygenated compounds) as well

as reactant conversion is also investigated in this work.
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Einleitung

1902 gelang die erste katalytische Darstellung von Methan aus Kohlenmonoxid (CO) und
Wasserstoff (H,) [1]. 20 Jahre spéter konnten langkettige Kohlenwasserstoffe mittels der
sogenannten Fischer-Tropsch Synthese (FT Synthese), benannt nach ihren Erfindern Franz
Fischer und Hans Tropsch, hergestellt werden. Die Synthese ist an Ubergangsmetallen als
Katalysator bei Atmosphérendruck durchgefiihrt worden. Infolge intensiver Forschung ist die
industriell durchgefuhrte Fischer-Tropsch Synthese in der heutigen Zeit ein wichtiger
Gegenpart zu der Petrochemischen Industrie. Als Polymerisationsreaktion ist es mdglich eine
Vielzahl von organischen Produkten, wie Gase, Benzin, Diesel, Olefine, sauerstoffhaltige
Verbindungen und Wachse mittels der Fischer-Tropsch Synthese herzustellen [2]. Das fir die
Reaktion bendtigte Synthesegas (CO und H;) kann aus Kohle, Erdgas oder Biomasse
gewonnen werden. Abhangig von dem Katalysatormetall (Eisen, Kobalt oder Ruthenium),
Reaktortyp oder Reaktionsparametern wie Temperatur, Druck, Verweilzeit oder der
Synthesegaszusammensetzung ist es moglich die Produktselektivitat zu variieren [2][3]. Es ist
nicht moglich spezifische Produktselektivitdten von 100 % zu erzielen (die Ausnahme bildet
Methan) und aus diesem Grund mussen die aus der Fischer-Tropsch Synthese gewonnen

Produkte aufgearbeitet werden [4].

Stickstoffhaltige Verbindungen, zum Beispiel Aminosduren oder Vitamine, besitzen eine
grolRe Bedeutung in der Natur oder dem téglichen Leben und die industrielle Produktion ist
ein wichtiger Bestandteil der chemischen Industrie [6]. Aminosauren werden mit
Produktionskapazitaten von mehreren Millionen Tonnen pro Jahr hergestellt. Amine, Nitrile
oder Amide sind Schlusselchemikalien und kommen in der Pharmazie, in der Landwirtschaft,
als Losungsmittel oder chemischen Zwischenstufen in chemischen Industrie zum Einsatz
[516]1[71L8].

Es existieren eine Vielzahl an Herstellungsmdéglichkeiten fir stickstoffhaltige Verbindungen
und die Reaktionen sind hauptsdchlich heterogen katalysiert [7]. Verschiedenste Edukte auf
der Basis von petrochemischen Verbindungen werden hierbei mit Ammoniak, Alkylaminen
oder Cyanwasserstoff umgesetzt [6]. Eine wichtige Rolle bei der Herstellung von Aminen
nimmt die Hydroaminierung ein, bei der Alkohole mittels Ammoniak oder anderen Aminen
an Ubergangsmetallkatalysatoren umgesetzt werden. Als Nebenprodukte werden Nitrile und
Kohlenwasserstoffe bei dieser Reaktion gebildet [6][9]. Da ahnliche Katalysatoren benutzt

werden und einige experimentell bestatigte Oberflachenreaktionen sowie postulierte

3
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Reaktionsmechanismen Gemeinsamkeiten aufweisen, zeigt diese Reaktion in gewisser Weise
eine Ahnlichkeit zu der FT Synthese.

Die industrielle Herstellung von Aminen, Nitrilen oder Amiden basiert auf Primarchemikalien
und durch deren weiterer Umsetzung sind in der Regel mindestens zwei Reaktionsschritte
erforderlich. Aus 0Okonomischer Sicht ist es aus diesem Grund sinnvoll organische,
stickstoffhaltige Verbindungen in einem einzigen Syntheseschritt herzustellen. Diesbeziiglich
ist in der wissenschaftlichen Literatur Uber die Herstellung von stickstoffhaltigen
Verbindungen unter Fischer-Tropsch Bedingungen in Anwesenheit von Ammoniak oder
Aminen berichtet worden [10][11][12]. Die Fischer-Tropsch Industrie mit ihren gewaltigen
Produktionskapazititen und der Unabhangkeit von Rohdl kdnnte hierbei eine Schliisselrolle
spielen und eine groRere Vielzahl an Wertprodukten hergestellt werden. Alternativ zu der
petrochemischen Industrie, konnten Kohle, Erdgas oder Biomasse als Ausgangsmaterialien

genutzt werden.

Die vorliegende Arbeit widmet sich der Fragestellung, unter welchen Reaktionsbedingungen
es maglich ist, stickstoffhaltigen Verbindungen wie zum Beispiel Amine oder Nitrile unter
Fischer-Tropsch Bedingungen in der Anwesenheit von Ammoniak herzustellen. Fur die
katalytischen Fischer-Tropsch Experimente an eisen- und kobalt-haltigen Katalysatoren soll
der Aufbau eines Festbettreaktors im LabormafRstab mit der Moglichkeit Ammoniak dem
Synthesegas beizumischen, realisiert werden. Um die Zusammensetzung der Produkte
quantitativ und qualitativ zu erfassen, werden analytischen Methoden angewandt unter

Einbeziehung von verschiedensten gaschromatographischen Techniken.

Basierend auf den Ergebnissen der katalytischen Fischer-Tropsch Experimente unter dem
Einfluss von Ammoniak soll ein naherer Einblick auf das Reaktionsgeschehen in Bezug auf
die Bildung von N-haltigen Verbindungen erhalten werden. Nachfolgend wird in weiteren
Versuchen untersucht, die Produktselektivitdten zu Aminen oder Nitrilen wéhrend der

Fischer-Tropsch Synthese in Anwesenheit von Ammoniak zu steuern oder zu erhéhen.

Ammoniak ist ebenfalls als Katalysatorgift bekannt und bei chemischen Reaktionen an
Ubergangsmetallen als Katalysator, kdnnen aktive Zentren des Katalysators deaktiviert und
die katalytische Aktivitat beeinflusst werden [13]. Aus diesem Grund wird der Einfluss von
Ammoniak auf den Umsatz der Edukte und die Selektivitdten hin zu konventionellen
Fischer-Tropsch Produkten wie zum Beispiel Olefinen oder sauerstoffhaltigen Verbindungen,

untersucht werden.
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2 Literature review

2.1 Fischer-Tropsch synthesis

The Fischer-Tropsch synthesis (FT synthesis) is a heterogeneous catalyzed reaction of carbon
monoxide and hydrogen to organic compounds and was developed in the 1920s by Franz
Fischer and Hans Tropsch. Main products of the Fischer-Tropsch process are intermediates
for the production of liquid fuels based on feedstock such as coal, natural gas and biomass.
Much research was conducted in the recent years to improve catalytic performance or to shed

more light on reaction mechanisms.

2.1.1 The Fischer-Tropsch reaction

In the Fischer-Tropsch synthesis, via a hydrogenation reaction of carbon monoxide (CO) and
C-C couplings, a wide range of organic products with different chain lengths are formed [14].

The reaction is exothermic (AH® (250 °C) = -158 kJ/mol per C, monomer) and water is
formed as main co-product:

nCO+2nH, — (CH,) +nH,0 2.1)

The reaction of carbon monoxide and hydrogen is activated by transition metals with
iron- and cobalt-containing catalysts being used commercially [15].

Main products of Fischer-Tropsch synthesis are olefins and paraffins which are valuable
intermediates for the production of sulphur free diesel, gasoline and specialty chemicals.
Depending on catalyst metal, process parameters and reactor type, oxygenated compounds
such as alcohols, aldehydes, carboxylic acids or ketones are synthesized, to a smaller extend
too [16][17]. These operation conditions can also influence chain lengths of organic products.
In general low temperatures (220 — 250°C) are applied for the production of long chain

paraffins while at higher temperatures (320 — 350 °C) lighter products are obtained [17].
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2.1.2 Formation of carbon dioxide

During the Fischer-Tropsch process the formation of carbon dioxide (CO,) is possible which
results in a low carbon efficiency of the reaction [2][17][18]. On iron catalysts, CO, is
obtained from carbon monoxide and water in a side reaction, i.e. the Water-Gas Shift reaction
(WGS , AHR (250 °C) = -39.5 kJ/mol):

CO+H,00 CO,+H, (2.2)

The equilibrium conditions between H,O and CO, can be found at 300 °C [18]. Since
hydrogen is formed from the WGS reaction, hydrogen-low synthesis gas compositions (e.g.

from coal or biomass) can be used during Fischer-Tropsch reactions on iron catalysts [2][19].

Iron catalysts undergo phase changes during Fischer-Tropsch reactions (section 2.4.3) and it
is believed that magnetite phases (FesO,4), which are formed beside iron carbides, are

responsible for the formation of carbon dioxide [20].

Carbon dioxide can also be obtained via the disproportionation of CO in the so called

Boudouard reaction:

2C0 0 C+CO, (2:3)

This competing reaction is also exothermic (AH® (270 °C) = -172.4 ki/mol) and surface

carbon can be formed which leads to catalyst deactivation [17][128].

While these side reactions can take place during FT synthesis on iron catalysts, cobalt
catalysts on the other hand are known for their low CO, activity [17][22].
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2.2 Proposed Fischer-Tropsch

mechanisms

The Fischer-Tropsch synthesis is thought to be a surface polymerization reaction of carbon

monoxide and hydrogen. The reactants adsorb onto the catalyst surface, can react further to

organic or inorganic products and desorb again and a variety of reaction mechanisms are

under discussion which will be presented in this section.

2.2.1 Formation of hydrocarbons

The proposed Fischer-Tropsch reaction pathways such as alkenyl, alkyl, CO insertion and

enol mechanisms to the formation of hydrocarbons and oxygenated compounds are shown in

Figure 2.1.
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Figure 2.1: Schematic representation of different proposed Fischer-Tropsch reaction pathways (adapted
from [23]).
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Alkyl surface species (6), formed via dissociative adsorption of CO on the catalyst surface
((2) and (3)) and consecutive hydrogenation with adsorbed hydrogen, are thought to act as
chain starter in the most accepted alkyl mechanism [16][24]. According to the CO insertion
proposed by Pichler and Schulz [25], the same alkyl species (6) act as chain starter for the
reaction. While the formation of alkyl surface species (10) during the alkyl mechanism takes
place via insertion of methylene units (5) into a metal-alkyl bond (7), the same intermediate
(10) is obtained from dehydration of surface species (9). The formation of n-paraffins via
hydrogen addition or 1-olefins through B-H elimination results in chain termination. It is not
possible to describe the formation of oxygenates with the alkyl reaction pathway and other

formation routes are discussed instead (chapter 2.2.2).

During the alkenyl mechanism vinyl surface units (11) are formed which could initiate chain
growth [26]. Further insertion of CH, monomers (5) lead to the formation of hydrocarbon
with different chain lengths and addition of hydrogen to surface alkenyl species (13) lead to
the formation of 1-olefins. A disadvantage of this mechanism is that there is no evidence for

allyl unit (12) and furthermore, only the formation of 1-olefins can be explained.

Storch et al. [27] proposed an enolic surface unit (14) which is generated via the reaction of
hydrogen with chemisorbed CO (enol mechanism). Chain growth takes place when two enolic
surface species react and 1-olefins or oxygenate products are formed in a chain termination
step. The authors [27] also suggest that enolic species (14) can act as a precursor for chain
starter (6). However, no experimental evidence for these enolic surface units is available in

the moment.

Depending on the catalyst used, CO; can be formed from chemisorbed carbon monoxide and
surface oxygen (19). Hydroxyl surface units are obtained from the reaction of surface oxygen
with adsorbed hydrogen and water as the main co-product can be formed with additional

hydrogen.

2.2.2 Formation of oxygenated compounds

Little is known about the formation of oxygenates, in particular carboxylic acids and
methyl-ketones. According to Pichler and Schulz [25], a CO insertion step is involved to
produce surface acyl intermediates (6) which can be hydrogenated (3) as shown in Figure 2.2.
A chain termination step via hydrogen addition to these two surface species is yielding
aldehydes and alcohols respectively [28][29]. Another route to alcohols was postulated by
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Johnston and Joyner [30] where an adsorbed hydroxyl group (2) reacts with a surface
alkylidene species (1) to species (3) which can desorb with additional hydrogen to form the

corresponding alcohol.

Experiments showed the ability of oxygen-containing compounds not only to re-adsorb but
also to interact with other species [15]. In more detail, Cairns [14] showed via co-feeding
experiments with Cg oxygenates (namely 1-octanol, octanal, octanoic acid and 2-octanone)
how carboxylic acids and methyl-ketones are linked together with the other oxygenates. He
found that that the addition of a hydroxyl or alkyl group to the acyl intermediate (6) leads to
the formation of carboxylic acids and ketones respectively as it was proposed by Schulz [61]
before. Cairns [14] also affirmed that all oxygenates can readily interact reversible and
interaction possibly leads through an acyl intermediate (Figure 2.2). An exception here is
2-octanone which can only be converted to a secondary alcohol via a hydrogenation reaction.
In contrast to other literature [16], all oxygenates from the co-feeding tests did not
hydrogenate to hydrocarbons nor incorporated into the growing chain a. A correlation
between CO, partial pressure and FT selectivity towards carboxylic acids was described by
Dry [31].

R

m% nﬁm nﬁm
-

\//

m % m R— C (0]
Aldehydes

+ O

RCOH

1- Alcohols

OH

R—C=0

CH, Acids

/;/

O OH
+2H

l |
R—C—CH;, R—C—CHs

Ketones

H
2-Alcohols

Figure 2.2: Reaction scheme of the formation of alcohols, aldehydes, methyl-ketones and carboxylic acids
(adapted from [14]).
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Another possible pathway to the formation of organic oxygenated compounds could be the
hydroformylation of olefins, which was proven to occur by means of olefin co-feeding
experiments with cobalt, iron or ruthenium catalysts [16]. Here, CO insertion on adsorbed
olefins takes place but nor the formation of C; and C, oxygenates in the FT products can be

explained with this reaction mechanism.

2.3 Fischer-Tropsch product spectrum

The Fischer-Tropsch synthesis is a polymerization reaction of carbon monoxide and
hydrogen. Chain growth is expected to occur via a stepwise addition of C; monomer species
and result in aliphatic organic products with different chain lengths [32]. Assuming that
surface species ‘Sp’ can either desorb from a catalyst surface as a product ‘Pr’ or undergo
chain growth g, one can propose a basic chain growth model (Figure 2.3) [15]. Neglecting the
formation of oxygenates or branched hydrocarbons, the chain growth probability pq (o) can be

described.

Pry Pr, Prg Pry
Spy Sp2 Sps SPn

CO + H2 ; I 91l I 92 ; ‘ 93l gN-;I; I gN;

Figure 2.3: Kinetic scheme of chain growth and product desorption (adapted from [3]).

If o is independent of the carbon number, the theoretical chain length distribution can be

described by the Anderson-Schulz-Flory (ASF) equation:

Ig(%j =N Ig(x-l-lgl-—a (2.9)
N o
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where Wy represents the mass fraction of a product consisting of N carbon atoms.
Equation 2.4 indicates that during Fischer-Tropsch synthesis only methane can be obtained
with a selectivity of 100 %. With increasing o values the average molecular weight of the

product also increases (Figure 2.4).
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Figure 2.4: Product distribution as function of chain growth probability o on the basis of ideal ASF conditions
(adapted from [15]).

2.3.1 Deviations from ideal distributions

When the molar product fraction (Wx/N) is plotted logarithmically against the carbon
number, it would result in a straight line for ideal Anderson-Schulz-Flory distributions and the
slope represents the chain growth probability [23]. Due to the ease methane formation and
active catalytic centers, which only form methane, high mass fractions for C; can be observed
in general [15][32]. A minimum in the C, fractions is often related to the high reactivity of
ethene, which can be incorporated to long chain products [15]. In literature [31], a ‘double
alpha’ effect after Cy products was reported, where in general linear plots are observed. This
effect is still under debate and it has been ascribed to either being due to a primary or
secondary effect [16]. Different catalysts sites with different chain growth probabilities or two
chain growth mechanisms could be responsible for a primary effect [33][34]. Olefins, which

are believed to be primary products during Fischer-Tropsch synthesis, can re-adsorb onto the
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catalyst surface (Figure 4.11) [35]. They can undergo isomerisation reactions to an olefin with
an internal double bond, reincorporate into further chain growth or hydrogenate to the
corresponding paraffin. Therefore, further chain growth from reinsertion of olefins could be
accounted for different ASF deviations in a secondary step due to diffusion or solubility
limitations for higher carbon numbers [35][36][37].

2.3.2 Factors affecting product selectivity

There are a variety of process parameters, which can influence the product selectivity in the
Fischer-Tropsch synthesis (Table 2.1) [3][23]. Depending on reaction temperature, pressure,
synthesis gas composition, residence time or the promotion of an iron catalyst with potassium,
different product distributions can be obtained. However, only a few operating conditions and

their effects will be described below.

Table 2.1: Effect of process conditions on the Fischer-Tropsch product selectivities: + increase with increasing
parameter, - decrease with increasing parameter, ~no clear effect (adapted from [23]).

Temperature  Pressure H,:CO Residence K!
Ratio time
Methane selectivity + - + + -
Chain growth - + - ~ +
Chain branching + - ~ N .
Olefin selectivity ~ ~ - - +
Oxygenate selectivity - + - - +
Carbon deposition + ~ - ~ +

! potassium loading of iron catalyst

The production of long chain hydrocarbons, i.e. high alpha values, is preferred at lower
temperatures. With increasing temperature, the methane selectivity rises. Short chain
hydrocarbons can be obtained with high H,:CO ratios. Hydrogenation of olefins or
Fischer-Tropsch surface intermediates lead to enhanced paraffin formation and lower

oxygenate concentrations. Due to secondary reactions the residence time shows similar effects

12
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on the product selectivity. Potassium as a chemical promoter (see also chapter 2.4.1) can
increase chain growth probabilities and formation of carbon on the catalyst surface. Side
reactions are suppressed and higher oxygenate and olefin selectivities can be derived. The
degree of chain branching can be lowered due to the presence of potassium on iron catalyst

surfaces.

Depending on the catalyst metal which is used during FT synthesis different product
compositions can be found, too. However, more detailed information will be given in the next

chapter.

2.4 Catalysts for Fischer-Tropsch synthesis

Most of the transition metals are catalytically active for the Fischer-Tropsch synthesis.
However, mainly iron- and cobalt-containing catalyst are employed in industrial applications
[15][32]. While nickel catalysts show a high methanisation tendency [38], ruthenium shows
the highest catalytic activity but is also the most expensive metal [4]. Iron catalysts are cheap,
resistant against sulphur and produce high olefin and oxygenate contents. A disadvantage of
iron catalysts is the relatively short life time and lower activity compared to cobalt
catalysts [4]. Commercially, precipitated and fused iron catalysts are in use and chemical or
reduction promoters are to be added [2] which has beneficial effects on the product selectivity
(chapter 2.4.1). Due to its high price, cobalt is in general deposited as small particles on SiO,
Al,O3 or other metal oxides in order to gain high surface areas, high thermal and chemical
stability and mechanical strength. Cobalt is well suited for hydrogen-rich synthesis gas
compositions (H,:CO = 2:1) whereas iron catalyzes the Water-Gas Shift (WGS) reaction and

synthesis gas with lower H,:CO ratios can be used (chapter 2.1.2).

2.4.1 Chemical promoters

For the Fischer-Tropsch synthesis on iron catalysts, potassium has been used as a chemical
promoter for many years in order to obtain more valuable products (e.g. olefins) from the
reaction [39][40][63]. Potassium is known to enhance the CO binding strength, it also
facilitates CO dissociation while lowering the strength of metal-hydrogen and metal-oxygen
bonds [15][128]. As a consequence increased conversion of carbon monoxide to Cs. organic
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products, higher CO, selectivities and formation of carbides or free surface carbon can be
observed. Undesired side reactions such as olefin isomerisation are suppressed and
hydrogenation of olefins to the corresponding paraffins is reduced [3]. Due to the presence of
potassium, secondary reactions of oxygenated compounds (e.g. hydrogenation to form a
paraffin and incorporation into growing chains) are suppressed and increased selectivities to
these compounds can be observed [16][35]. Similar effects on the selectivities are observed
for potassium promoted cobalt catalysts [53]. But compared to iron, the catalytic activity of
cobalt is reduced and a lower CO conversion was found. It should be noted that promotional
effects of potassium are limited and excessive promotion with potassium mainly increases
carburization rates [31]. Potassium in high concentrations could also block active sites of the

catalyst which leads to catalyst deactivation [41].

2.4.2 Catalyst deactivation

Reactants, products or impurities can chemisorb irreversibly on metal surfaces influencing the
activity and/or selectivity for any catalytic surface reaction. Hydrogen sulfide, carbonyl
sulfide, arsenic, ammonia and metal carbonyls are the most common poisons for
Fischer-Tropsch catalysts [13]. The feed gas quality is often the origin of catalyst poisons.
When synthesis gas is derived from coal, poison contents of a few parts per billion can
drastically reduce catalyst activity and life time during Fischer-Tropsch synthesis [13][15].
Especially when cobalt is used as catalyst, sulfur-containing compounds have to be removed
before the synthesis. Depending on the feed material, the raw synthesis gas can also contain

ammonia which has to be removed [42].

When metal catalysts are exposed to high temperatures, their catalytic activity can decrease.
Reasons can be the formation of surface carbon [128] or deactivation processes due to
sintering effects, which are related to a decrease of the catalyst surface because larger
particles are formed [13]. The sintering mechanisms depend on the melting point of the metal

and can be described by the Huttig and Tamman temperature (Table 2.2) [43].
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Table 2.2: Melting, Tamman and Huttig temperatures for iron and cobalt [23][43].

Metal Tmelting TTamman THUttig
(°C) G (O

Fe 1535 631 269

Co 1480 604 253

Upon reaching the Hiittig temperature defect atoms become mobile and can occupy non
defect sites (surface recrystallisation). At the Tamman temperature atoms from the bulk will
show mobility (bulk recrystallisation). At the melting temperature of the metal, the mobility
will be so high that liquid phase behavior is observed. However, this deactivation process is
irreversible and needs to be prevented.

2.4.3 Phase changes of catalysts under Fischer-Tropsch conditions

During the Fischer-Tropsch synthesis, transition metal catalysts such as iron or cobalt are
exposed to numerous inorganic compounds and phase changes of the catalysts due to
gas-solid reactions can be observed. As a consequence, the catalytic performance is affected

and changes during the reaction with time on stream (TQOS).

Metallic iron is not stable under normal Fischer-Tropsch conditions and undergoes various
phase changes. Via oxidation and carburization reactions iron is rapidly converted into a
mixture of magnetite (Fe3O,) and carbides [32].

Composition

F8502

/F}

Figure 2.5: Phase composition during iron Fischer-Tropsch synthesis (adapted from [15]).

Time
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Figure 2.5 attempts to show the change in phase composition during iron high temperature
Fischer-Tropsch synthesis [15]. In the beginning of the reaction metallic iron is present but is
converted into the carbide phases Fe;C (cementite), FesC, (H&gg carbide) and with further
TOS, Fe;C;3 (Eckstrom Adcock carbide). Metallic iron and iron carbides are thought to be the
active phases during Fischer-Tropsch synthesis while the oxides seem to be inactive for the
formation of hydrocarbons [15][20][32][44][45]. As it was already shown in chapter 2.3.2, the
promotion of iron catalysts with potassium increases the rate of carburization. Oxidation can
occur either from the metallic or carbide phase induced by the reaction by-products H,O and
CO; [15][46].

There are some indications that cobalt also can be oxidized by water under Fischer-Tropsch
conditions which could lead to catalyst deactivation [46][47][48]. However, it is believed that
only small cobalt particles get oxidized [47][48] and oxidation of bulk metallic cobalt is not
feasible under commercial FT conditions [23]. The absence of CO, during FT synthesis on
cobalt catalysts could indicate the absence of the Boudouard as well as the WGS reaction and,

therefore the formation of cobalt carbides seems to be unlikely [17].

2.5 Synthesis of nitrogen-containing compounds

Nitrogen-containing compounds such as amines, nitriles or amides are of great importance in
nature and daily life [5][6][7][8]. This section attempts to give an overview over the current

industrial and alternative production routes towards this compound class.

2.5.1 Amines

The synthesis of amines is part of one of the most important industrial chemical processes.
Amines are an important class of compounds which find uses as intermediates in a variety of
applications including pharmaceuticals, agricultural chemicals, rubber chemicals, water
treatment chemicals and solvents [5]. The global amount for manufactured methylamine
exceeds 800.000 Mto per year and the world-wide capacity for lower amines (C, - C,) is
greater than 400.000 Mto per year [5][49][50].
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The most important industrial routes for amine synthesis depending on reactant feedstock and
catalysts used are [6]:

1. Acid catalyzed amination: Reaction of alcohols with ammonia or amines on acidic
catalysts.

2. Hydroamination: Conversion of alcohols with ammonia or amines on metal or
supported metal catalysts in hydrogen-rich atmospheres.

3. Reductive amination: Reaction of ketones or aldehydes with ammonia or amines on
hydrogenation catalysts.

4. Amination of alkenes: Reaction of alkenes with ammonia or amines on acidic
catalysts.

5. Amination of halogenated hydrocarbons: Conversion of alkyl halides with
ammonia or amines.

6. Ritter reaction: Conversion of hydrogen cyanide with alcohols or alkenes in acidic
conditions to secondary or tertiary amines.

7. Nitrile reduction: Reaction of nitriles with hydrogen on hydrogenation catalysts.

Most of the catalysts used for reactions 1. - 7. are acidic or transition metal catalysts. In
general homogenous hydrogenation catalysts are used for reductive amination and nitrile
reduction reactions [51][52]. Homogenous metal complexes (Rh, Ru, Pd, Fe) are used to
prepare amines from methyl-ketones, aldehydes (reductive amination) or nitriles (nitrile
reduction). Since Fischer-Tropsch synthesis takes place on heterogeneous transition metal
catalysts, only the hydroamination of alcohols with ammonia or amines will be described in

this chapter.

The hydroamination of alcohols with ammonia or amines was investigated intensively in
recent years [6][86][87]. For the reaction transition metal catalysts such as iron, cobalt, nickel
or copper can be used [9][92]. During the hydroamination process, an alcohol adsorbs onto
the catalyst surface and is consecutively transformed to an amine. It was found that the
rate-limiting step for the reaction is the a-H abstraction of the alcohol [92]. A more detailed
description of the mechanism was given by Jones et al. [9] based on hydroamination
experiments of ethanol with ammonia on Ni/SiO, and Co/SiO, catalysts. From the

experiments with isotope marked compounds at temperatures between 110°C and 180 °C, it
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was found that ethanol is activated via a dissociative reaction step (Figure 2.6). An ethylidene
surface species (2) is formed after abstraction of the hydroxyl group (I1). Ammonia is
dissociatively chemisorbed and the generated amino group reacts further (I11) to form a
nitrogen-bounded surface species (3). This surface group can either desorb to form ethylamine
or can be converted via hydrogen abstraction (IV) to species (4). Further loss of hydrogen
leads to the formation of acetonitrile which is a side product during the hydroamination of
ethanol with ammonia. Depending on the reaction conditions, another side reaction (1) can

take place with acetaldehyde as product.
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Figure 2.6: Scheme of ethylidene mechanism for the formation of ethylamine, acetonitrile and acetaldehyde
during the hydroamination of ethanol with ammonia (adapted from [9]).
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During hydroamination experiments, the formation of other side products beside acetaldehyde
and acetonitrile (ACN) can occur. Rausch [6] investigated the influence of the reaction
parameters on the reaction of ethanol with NH3 using impregnated Co/SiO, catalysts. He
observed that with increasing temperature more hydrocarbons such as paraffins or olefins
were produced and the highest conversion of ethanol was achieved (Figure 2.7). The
selectivity to acetonitrile also increased over a certain temperature range (200 - 280 °C), while
the selectivities to amines such as monoethylamine (MEA), diethylamine (DEA) and
Triethylamine (TEA) declined. The use of Co/SiO, catalysts reduced at higher temperatures
(600 °C versus 500°C showed different behavior during the hydroamination experiments.
Whereas selectivity to hydrocarbons increase and selectivities to amines decline, acetonitrile

was still found in the product (Sacn = 53 mol%) even at highest temperatures.
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Figure 2.7: Conversion Xgon (%) and selectivity (mol%) during hydroamination experiments of ethanol with
ammonia on 10 wt% Co/SiO, catalysts reduced at 500 °C (adapted from [6] and temperatures were changed
from K to °C).

From the proposed mechanism in Figure 2.6 it can be seen that hydrogen could affect product
selectivities or conversion during hydroamination reactions as well. In hydrogen-rich
atmospheres selectivities to amines, especially to higher alkylated amines such as DEA or

TEA, can be increased [65]. When increasing ammonia partial pressure, a tendency to the
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formation of primary amines was observed and less hydrocarbons were produced [6][66].
Sewell et al. [65] conducted hydroamination experiments of ethanol with ammonia and
observed that monoethylamine is a primary product from the reaction. During their
experiments, they changed the weight hourly space velocity (WHSV) and observed that more
substituted amines (i.e. di- and triethylamines) were formed with smaller WHSV.

The product composition is also dependent on the catalyst system which is used during
hydroamination experiments. Cobalt catalysts were reported to have beneficial effects to
produce amines compared to iron catalysts were mainly other nitrogen-containing compounds

were found in the organic product.

Since ammonia adsorbs on transition metal surfaces and can dissociate in adsorbed N, N-H or
N-H, surface species, the formation of nitrogen-containing compounds such as amines is
feasible under Fischer-Tropsch conditions. In the 1950s Rottig [10] reported about the
presence of N-containing compounds consisting mainly of aliphatic primary amines when
adding ammonia to the synthesis gas feed. He used precipitated iron/copper catalysts
impregnated with potassium at 30 bar (reaction pressure) and temperatures between
183 - 210 °C. Beside the formation of amines, Rottig [10] also found high selectivities
towards oxygenates (chiefly alcohols) of 30 - 35 %. The synthesis of terminal, aliphatic
amines was shown by Koélbel and Trapper [11] using iron catalysts doped with potassium.
The reaction was carried out in a fixed-bed reactor and hydrogen was replaced by steam to
exploit the Water-Gas-Shift (WGS) properties of the catalyst (Kolbel-Engelhardt synthesis
conditions). Yields to amines up to 18% were achieved which increased with increasing
potassium contents in the catalyst. In the hydrocarbon products oxygenates such as alcohols
and carboxylic acids were also found. From the addition of ammonia to the synthesis gas feed
during the Fischer-Tropsch synthesis, Sango [111] and Sango et al. [12] obtained
N-containing compounds such as amines with selectivities between 1.5 - 4.3 % in the carbon
number range of C; - Cy. The authors used potassium promoted bulk iron catalysts and the
reactions were carried out in a slurry reactor. However, the selectivity to amines was
dependent on the partial pressure of ammonia and mostly primary, aliphatic amines were
detected. While the selectivity to amines and other N-containing compounds increased with
ammonia partial pressure the selectivity to oxygenates was decreasing. For Sango [111], the
reaction pathway towards amines might lead through the same surface intermediate which
could be required for the formation of alcohols during the Fischer-Tropsch synthesis. The
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hydroxyl group is replaced by an adsorbed amino species (2) on the catalyst surface and loss
of water results in the formation of an amine (Figure 2.8).
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Figure 2.8: Scheme for the formation of an amine from an oxygenate intermediate (adapted from Sango [111])

With the use of supported cobalt catalysts instead of iron, it was possible for Rausch [6] and
Knifton et al. [88] to produce primary, aliphatic amines during ammonia co-feeding under

Fischer-Tropsch conditions.

Based in his findings, Rausch [6] proposed a synthesis route to amines via Fischer-Tropsch
intermediates and adsorbed ammonia (Figure 2.9). The surface species (1) which is thought to
be involved in the enol mechanism can react with adsorbed ammonia to generate intermediate

(3). The addition of hydrogen then leads to a chain termination which results in the formation

of an amine.
OH R
NH; C NH, 'l"
!
Amine

Figure 2.9: Scheme of chain termination step with NH3 and formation of an amine as proposed by Rausch et al.

[6].

As it was reported for oxygenated compounds (section 2.2.2 ), co-feeding experiments could
show that amines also have the ability to re-adsorb on a metal catalyst surface. Kolbel et al.
[89] added monomethylamine (MMA) and dimethylamine (DMA) to Fischer-Tropsch
reactions under Kolbel-Engelhardt conditions and beside the conventional FT products, the
formation of terminal secondary and terminal tertiary amines was observed. The reactions
were conducted on potassium promoted Fe-Cu catalysts and the authors postulated a
secondary mechanism with respect to the synthesis of hydrocarbons. The surface species (1)
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in Figure 2.9 is involved and leads to the formation of the amine and water via chain

termination.

Secondary and tertiary methylamines were synthesized by Gredig et al. [90] under FT
conditions in the presence of ammonia using various Al,O3; supported metal catalysts (Cu,
Ag, Ni, Pt, Co and Fe) and CO; instead of CO. On most of the catalysts he was able to obtain
a mixture of monomethylamine, dimethylamine and trimethylamine (TMA) from the reaction
and Cu/Al,O3 catalysts showed the highest methylamine production rates. Increasing
ammonia partial pressure in the feed resulted in improved selectivities to monomethylamine
and with higher ammonia concentrations, methylamine formation decreased slightly (Figure
2.10). Byproducts from the reaction were methane (high selectivities on Ni, Pt, Co and Fe
catalysts), carbon monoxide from the reverse Water-Gas Shift reaction on Cu catalysts and

water. On Ag metal catalysts only CO, H,O and HCN were formed.
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Figure 2.10: Influence of NH3 concentration on the amine selectivity during the reaction of CO, CO,, H, and
NH; on Cu/Al,O; catalysts (adapted from [91]).

Further investigations with Cu/Al,O3 catalysts showed that the space velocity has little
influence on NH3 conversion and distribution of amines [91]. High temperatures shift the
amine selectivity towards the formation of MMA and the replacement of carbon dioxide with
carbon monoxide resulted in lower conversions. Since the formation rates of amines were
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higher compared to the methanol product rates in ammonia-free runs, Gredig et al. [91]
concluded that amine formation occurs mainly by the reaction of NH; with a methanol

precursor and not via the hydroamination of methanol with ammonia.

2.5.2 Nitriles

Industrially nitriles are broadly used as solvents or chemical feedstock for production of
pharmaceuticals and pesticides [7]. Nitriles are potentially very versatile building blocks that
can be used as precursors for amines, isocyanates, amides, carboxylic acids and esters [55].
The most important nitrile in nowadays, however, is acrylonitrile which has the largest

commercial production capacities.

A number of synthesis routes towards nitriles are known with a variety of different reactants
and catalysts. Acrylonitrile is produced on a large scale by ammoxidation of propylene with
ammonia [56][57]. The ammoxidation is a six-electron redox process and complex-mixed
catalyst systems, containing metals such as Mo, Fe, Ni, Co, Mg or Mn, are required. The
reaction steps involve the activation of propylene through abstraction of an a-hydrogen,
followed by NH-insertion, subsequent rearrangements of the chemisorbed activated surface
species with additional hydrogen abstraction, and culminating in the desorption of the so

formed acrylonitrile from the catalyst surface.

During transition metal-catalyzed alkene hydrocyanation reactions, HCN is added to the C=C
double bond of an alkene to form nitriles [55]. When butadiene is used as alkene, the addition
of hydrogen cyanide results in the formation of adiponitrile which is a precursor in the
hexamethylenediamine production one of the building blocks for the synthesis of nylon 6,6.

In the so called DuPont Adiponitrile Process homogeneous nickel-based catalysts are used.

There are patents available which deal with the formation of aliphatic nitriles from the
reaction of carboxylic acids with NH3 [58][59]. The most common catalysts employed are
dehydrating catalysts. These include bauxite, aluminum oxide, phosphoric acid or silica gel.
During the reaction the corresponding ammonium carboxylate is first formed from the acid
and ammonia. After dehydration to an amide, further dehydration takes place to give the
nitrile [59]. As an undesirable side reaction, the acid can undergo conversion to a ketone and
CO..
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The formation of acetonitrile during the Fischer-Tropsch synthesis on silica supported
catalysts in a fixed-bed reactor was first reported in U.S. patents by Monsanto [94]. From
co-feeding experiments with methylamine on molybdenum or partly potassium promoted iron
catalysts the authors could show that methylamine decomposes to hydrogen, carbon and
ammonia. As a result the presence of acetonitrile (ACN) was observed during the product
analysis. When using ammonia as a nitrogen source, acetonitrile was generated in high
selectivities by Auvil and Penquite [95] and Gambelli and Auvil [96]. Their experiments were
carried out on molybdenum and manganese-containing catalysts supported on SiO, or Al,Os.
The reverse WGS reaction was exploited using a mixture of carbon monoxide and carbon
dioxide in the synthesis gas feed and high ratios of CO,:CO were found to be beneficial for
the production of acetonitrile. Additional alkali or alkaline earth metals in the catalysts
resulted in a further increase in selectivities towards acetonitrile [96]. In contrast to that, the
presence of alkali or alkaline earth metals was not necessary for the formation of acetonitrile
in [97]. However, the formation of higher nitriles was also observed in the patents described

above but no detailed information is given.

Acetonitrile selectivities up to 96 % were found by Kim and Lane [98] during the NH3-FT
experiments on Mo/SiO, catalysts. Beside the formation of nitriles, conventional organic
Fischer-Tropsch products were synthesized during the experiments, too. High temperatures
and high ammonia concentrations in the feed, increased and decreased the formation rates of

organic Fischer-Tropsch products respectively..

R OH
N\ /
CH N
m + 777%7 —> R—C=N + H,0
Nitrile
(1) (2

Figure 2.11: Formation of nitriles from an oxygenate intermediate (adapted from Sango [111]).

A more detailed analysis of the organic products especially the N-containing compounds was
conducted by Sango [111] and Sango et al. [12]. With a gas chromatograph equipped with a
mass spectrometer, it was possible to detect long chain nitriles up to carbon number Cy.
Sango used potassium promoted iron catalysts and the NHs-FT experiments were carried out

in a slurry reactor. When increasing ammonia partial pressure, the nitrile content of all
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N-containing compounds was decreased. Since oxygenates such as alcohols, aldehydes and
carboxylic acids disappeared during the co-feeding experiments with NHs;, Sango [111]
concluded that the formation of nitriles occurs via the same precursor (1) which is believed to
be a possible pathway to generate alcohols during the Fischer-Tropsch synthesis (Figure
2.11).

2.5.3 Amides

Amides are broadly used in organic synthesis or industrial industry as intermediates and raw
materials for detergents and lubricants [67][68]. Feedstock for the production of amides could
be nitriles, which can be hydrogenated to the corresponding amide. For example, the
hydration of acrylonitrile produces annually more than 2 x 10° tons of acrylamide and is the

most important technology for the production of this chemical [68].

Important fatty amides are prepared by the reaction of the appropriate fatty acid with
anhydrous ammonia. These amides are required as intermediates in the production of water

repellents or antislip and antiblock additives for polyethylene films [8].

Rausch [6], Sango [111] and Sango et al.[12] showed that it is feasible to obtain amides on
cobalt and potassium promoted iron catalysts from NH3-FT reactions. Their experiments were
conducted in a slurry reactor and the authors reported on the presence of long chain amides in
small quantities beside other N-containing compounds such as amines and nitriles in the

Fischer-Tropsch products.
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Figure 2.12: Chain termination step with NH; and formation of an amide as proposed by Rausch [6].

For the formation of amides, Rausch [6] postulated that the reaction pathway leads over the

same surface species ((1) in Figure 2.12) which is involved in the amine reaction step (see
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section 2.5.1, Figure 2.9). Instead of the addition of hydrogen, the chain termination step
towards amides occurs via the formation of a C=0 bond and back formation of the electron

pair of the nitrogen atom (3).

During the addition of NHj3 to the synthesis gas feed over potassium promoted iron catalysts,
Sango [111] and Sango et al. [12] observed that the amount of oxygenates such as alcohols,
aldehydes and carboxylic acids decreases with increasing ammonia partial pressure in the
system. From his findings he concluded the formation of amides occurs via an acyl
intermediate (1) as it was proposed by Schulz [61] and Cairns [14] for the formation of
carboxylic acids. Instead of the addition of a hydroxyl group the amides are generated due the
presence of NH, (2) species on the catalyst surface (Figure 2.13).

R\ /o
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C NH, ﬁ
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Figure 2.13: Chain termination step with NH, and formation of an amide as proposed by Sango [111].

2.5.4 Formation of other N-containing compounds

During the Fischer-Tropsch synthesis on iron catalysts carbon dioxide is formed from the
reaction of carbon monoxide with water (WGS reaction). When ammonia is present in the
reactor system, it can react between temperatures of 35 - 40 °C with CO, and is converted to

ammonium carbonate (equation 2.5) [100].
2NH, +CO, +H,0 0 (NH,),CO, (2.5)

The reaction normally occurs below temperatures of 58 °C as it was reported by Kim and
Lane [98]. The authors conducted Fischer-Tropsch experiments in the presence of ammonia in
a fixed-bed reactor using Mo/SiO; catalysts. Ammonium carbonate can plug the tubing from
the reactor equipment and heated transport lines were reported to be beneficial. If exposed to

air, ammonium carbonate is readily converted to ammonium bicarbonate (equation 2.6).
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NH, +CO, +H,0 I (NH,)HCO, (2.6)

During Fischer-Tropsch experiments in a slurry reactor with the co-feeding of ammonia,

Sango [111] reported the formation of ammonium bicarbonate during his experiments.

In general crystalline ammonium carbonate or ammonium bicarbonate is soluble in water and

decompose to CO, and NHs at higher temperatures [100].

2.6 Ammonia and transition metal catalysts

The reaction of CO and H, during the Fischer-Tropsch synthesis in general takes place on
transition metal catalysts such as iron, cobalt or ruthenium. These catalyst metals are also
active for the production of ammonia in industrial applications and they can facilitate NH3

decomposition to molecular nitrogen and hydrogen [70][72].

2.6.1 Ammonia synthesis

The reaction steps for the ammonia synthesis on a metal catalyst surface are object of many
investigations since 100 years when the synthesis of NH; from molecular nitrogen and
hydrogen was invented by Fritz Haber and Carl Bosch [69]. In industrial applications the
reaction takes place on metal catalysts such as iron (promoted with potassium and alumina
oxide) or with more interest today, carbon-supported ruthenium catalysts [70]. It was object of
discussions for years if the mechanism for the ammonia synthesis is of associative or
dissociative nature. Since it is known that the population of molecular N is very low and the
fact that pulsed-laser stimulated field desorption experiments showed the presence of
adsorbed N, NH and NH; species on the catalyst surface, it is believed that the reaction occurs
through dissociative steps [71]. In this context Strongin and Somorjai [72] proposed a model
where potassium decreases the concentration of adsorbed NH; on an iron catalyst surface via
decreasing the adsorption energy of ammonia (determined by means of temperature
programmed desorption). Consequently the number of active sites blocked by NHj is

decreased which leads to a higher activity during the ammonia synthesis. They also found that
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the rate of dissociative chemisorption of nitrogen over Fe(111) and Fe(100) surfaces is
enhanced by additional potassium.

2.6.2 Ammonia decomposition

The ammonia synthesis is reversible and ammonia can be decomposed to its reactants. Today,
the catalytic decomposition of ammonia is investigated as a method to produce hydrogen for

fuel cell applications [73][78]. The reaction is mildly endothermic (AH = 46 kJ/mol) and leads

though several surface intermediates similar to the ammonia synthesis (shown in Figure 2.14)
[72][73][74].

(1) NHa(@) + * == NH;—=*

(2) NHz—* + * NH,—* + H—x*

(.

(3) NH,—* + * NH—* + H—x*

(4) NH—* + * —— N—%* + H—x%
(5) 2N—% —= Ny—*
(6) No—* ——= Ny(9)

(7) 2H—* —/—= H,(g) + 2%

Figure 2.14: Reaction steps for the decomposition of NH5 to molecular N, and H, on a catalyst surface where *
donates an active site on the catalyst surface (this scheme originally attempts to show reaction steps of the
ammonia synthesis [74] and was converted for the purpose of this work).

The rate-limiting step is thought to be temperature-dependent and can be divided in two
regions. Tsai and Weinberg [75] reported that on Ru(001) surfaces below a temperature of
377 °C, the re-combinative desorption of atomic N (reaction (6) in Figure 2.14) is the rate
limiting step. At higher temperatures, the reaction rate is linearly dependent on the partial
pressure of ammonia and independent of the partial pressures of hydrogen and nitrogen.
Calculation of the equilibrium conversion by Yin et al. [80] at 1 bar shows that ammonia

nearly decomposes with a conversion of 100 % at temperatures around 350 °C (Figure 2.15).
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Figure 2.15: Calculated equilibrium conversion of NH; at different temperatures at 1 bar for the decomposition
to nitrogen and hydrogen (adapted from [80]).

From a thermodynamic point of view, it is feasible to decompose NH; and depending on
which metal is used during the process, the reaction can result in different ammonia
conversions. Ruthenium was reported to show high activities to decompose NH3 to nitrogen
and hydrogen, followed by Iridium and Nickel, whereas the use of iron catalysts seems to be
unfavorable since its activity is too low [73][78]. Cobalt can dissociate ammonia as well and
compared to its low activity during ammonia synthesis the decomposition rate is reported to
be higher than for iron [79]. Despite these findings it is possible to form N, and H, from
ammonia on iron catalysts. The formation rate of N, and H, can be increased when metal
nitrides as catalysts are employed. The use of iron nitrides for the decomposition of ammonia
leads to enhanced decomposition rates compared to the use of conventional iron catalysts
[85]. In contrast to the ammonia synthesis, potassium has no beneficial effect on the catalytic
performance on iron catalysts [84]. The impregnation of iron with potassium results in lower
activities in the NH3 decomposition process. From near-edge X-ray absorption fine-structure
(NEXAFS) and X-ray photoelectron spectroscopy (XPS), Strongin and Mowlem [77]
reported that when NHj is adsorbed on clean iron surfaces, the N-H bond is dilating. If
potassium is co-adsorbed this dilation is not observed and the N-H bond length is similar to
the N-H distance in condensed ammonia. Arabczyk and Zamlynny [84] also investigated
ammonia decomposition rates on iron nitrides and clean iron surfaces. They reported apparent

activation energies of the decomposition of ammonia over iron nitrides to be nearly two-fold
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smaller in comparison to clean iron. From UPS/XPS measurements on Ni(110) surface planes
a temperature dependency of different surface species during ammonia
synthesis/decomposition could be shown [81]. At temperatures T < -143 °C molecular
adsorption of NHj is observed and increasing the temperature above -123 °C results in partial
dissociation of adsorbed NHs. The intermediate species were identified by their photoelectron
spectra as NH-fragments. At temperatures above 77 °C only atomic nitrogen is observed to
populate the surface after NH3-exposure. In contrast to Grunze et al. [81] the evidence for a
surface equilibrium between chemisorbed NH;,, NH and H species was found by Gundry et al.
[82]. The decomposition reaction of ammonia is normally hindered by hydrogen but due to its
high heat of adsorption the inhibition by hydrogen on iron catalysts only occurs at low
temperatures [85]. Moreover, molecular hydrogen is found to alter the decomposition rate to
higher values which for high hydrogen partial pressures is independent of py,. However, the
decomposition of ammonia to hydrogen and nitrogen seems to be a structure sensitive
reaction. It was found that the stability of NH, and NH species is different on an Fe(111) and
Fe(110) surface. While on Fe(111) a mixture of NH,, NH and atomic nitrogen units populate
the surface at 27 °C, only NH species are present under comparable conditions on Fe(110)

surfaces [81].

2.6.3 Formation of metal nitrides

The decomposition of ammonia is linked to the process of nitriding of metal catalysts and
increases along with the increase of the nitriding potential [76]. The formation of bulk metal
nitrides is an endothermic reaction (Figure 2.16) and the process is reversible [108].
Thermodynamic calculations and experimental findings indicate that small amounts of
hydrogen are sufficient to suppress the reaction [99][109]. Calculations of equilibrium
constants for the nitriding reaction on different metals could show that in case of cobalt and
copper the nitriding agent (e.g. ammonia) has to be present in excess [6][106]. This is also
affirmed by Lo6ffler and Schmidt [85] and the authors could show that iron catalysts show a
higher tendency to form nitrides compared to cobalt and copper.
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Figure 2.16: Temperature dependency of the formation of metal nitrides (adapted from [99]).

On iron catalysts it was shown by Grabke [83] that for the nitriding process, the dissociative
adsorption of ammonia is the rate-limiting step during. Furthermore, the degree of nitriding is
only influenced by temperature and partial pressure of ammonia or rather hydrogen and not
by the catalyst composition [76][84]. During hydroamination experiments with 1-dodecanol
and dimethylamine on a Cu/Al,O3 catalyst, Baiker [104] found that the reaction behavior
strongly depends on the presence of hydrogen. By replacing hydrogen with nitrogen, the
conversion of 1-dodecanol and the amine selectivity decrease and after switching back to
hydrogen this trend was reversible. From the disproportionation of amines in the absence of
alcohols copper, nickel and cobalt catalysts, it was found that catalyst deactivation takes place
due the formation of metal nitrides [106]. Detailed temperature programmed desorption
(TPD) and reduction (TPR) experiments on deactivated catalysts then revealed the formation

of metal carbides and nitrides during the process [106][107].

In contrast to catalyst deactivation, nitride formation on iron and cobalt catalysts was reported
to have beneficial effects on the catalytic performance during Fischer-Tropsch reactions.
Shultz et al. [113] prepared iron nitrides by threatening freshly reduced iron based catalysts

with ammonia. They reported that e-iron nitride was formed which is isomorphous with e-iron
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carbide. During Fischer-Tropsch experiments, e-iron nitride catalysts showed higher
selectivities to oxygenates, lower chain growth probability as well as improved resistance
against oxidation and free carbon deposition. In the further progress of the reaction e-iron
nitride is transformed into carbonitrides due to the carbon monoxide-containing synthesis gas.
Iron nitrides were also used by Hummel et al. [97] as catalysts for the Fischer-Tropsch
synthesis. They observed with Mdssbauer spectroscopy that after the reactions no bulk
nitrogen atoms were found in the spent catalysts and iron nitride was transferred into iron

carbide within minutes under FT reaction conditions.

Different Fischer-Tropsch product selectivities were found by Yeh et al. [114] when
comparing potassium and nitrogen-containing iron catalysts. They prepared iron nitrides
directly after the reduction of iron oxides to the metallic phase by exposing the metal catalyst
to NHs. Both catalysts, the potassium promoted and the iron nitride, have higher olefin and
WGS selectivities, lower alcohol yields and a tendency to shift FT products to larger
molecular weight compared to pure iron catalysts. On cobalt nitrides as catalyst for the
Fischer-Tropsch synthesis, lower methane selectivities, higher chain growth probabilities and

higher selectivities towards Cs. hydrocarbons were observed by Lapidus et al. [105].

Yeh et al. [114] concluded that the promotion of iron with nitrogen also leads to an electron
donor effect such as the promotion with potassium. They found that the decrease of the iron
magnetic moment is higher in case of N neighbors compared to C neighbors from carbides
and it is believed that the charge-transfer into the partially filled iron 3d band is larger for
interstitial nitrogen than for interstitial carbon [115]. Therefore, promotional effects during the

FT synthesis on iron nitrides show similarities to that of potassium promoted iron catalysts.
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3 Experimental methods

3.1 Preparation of bulk iron and cobalt catalysts

Unpromoted bulk iron and cobalt catalysts were used during Fischer-Tropsch experiments at
ammonia partial pressures of 0.0 and 0.2 bar. Some of the bulk iron catalysts were
impregnated with potassium and the preparation methods of the catalyst materials is presented
in this chapter.

3.1.1 Precipitation of metal nitrates

Bulk iron and cobalt catalysts were prepared by precipitation from their metal nitrate solutions
with ammonium hydroxide. In a 2L glass beaker, an aqueous 1 molar solution of
Fe(NO3)3+9H,0 or Co(NO3)3+6H,0 was heated to 70 °C under constant stirring. Precipitation
was achieved by adding a hot (70 °C) 5 wt% ammonium hydroxide solution until a pH of 7 or
7.5 was reached respectively. The obtained metal hydroxides were filtered off and washed
with hot deionized water until the residue was nitrate-free. Subsequent the filter cake was
dried at 100 °C for 24 hours and calcined in a muffle furnace at 400 °C with a heating rate of

1 °C/min for 4 hours.

3.1.2 Impregnation with potassium

A portion of the bulk iron catalysts was impregnated with potassium using a 0.03 M solution
of KNOj3 (Table 3.1). The aqueous catalyst-potassium solution was heated to 55 °C and the
water was evaporated with a vacuum pump. Once again the impregnated catalysts were dried
in an oven at 100 °C for 24 hours and calcined at 400 °C for 4 hours with a heating ramp of
1 °C/min. Finally, the formed metal oxides were pressed, crushed and sieved to a mesh size

between 200 and 315 pum.
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Table 3.1: Bulk iron and cobalt catalyst prepared by precipitation: catalyst names and theoretical potassium
content per gre.

Catalyst Iron Cobalt Potassium  Potassium
() () (9) (Wt%)
Fe-OK 1.00 - 0.00 0.00
Fe-2K 0.98 - 0.02 2.00
Fe-5K 0.95 - 0.05 5.00
Co-0K - 1.00 0.00 0.00

3.2 Catalyst characterization

All promoted/unpromoted bulk iron and cobalt catalyst materials were characterized to
determine their composition, reduction behaviour, particle size and morphology. The
measurements were conducted at the Carl von Ossietzky Universitat Oldenburg (AAS, TPR,
chemical analysis of spent catalysts) and at the University of Cape Town (XRD, TEM) as a

part of a collaboration between the universities.

3.2.1 Atomic absorption spectroscopy

The potassium loading of the bulk iron was measured by atomic absorption spectroscopy

(AAS) using a Varian SpectrAA 300 (measuring inaccuracy is used to be + 0.1 wt %).

3.2.2 Temperature programmed reduction

The reduction behavior of the unpromoted/promoted bulk iron and cobalt catalysts was
investigated by means of temperature programmed reduction (TPR) with hydrogen. The main
parts of the experimental TPR equipment (Raczek Analysentechnik GmbH, Hannover) are a
quartz U-tube with an oven and a thermal conductivity detector (TCD). For the analysis, 30 g
of the metal oxide was mixed with 270 mg of SiO, and loaded into the quartz reactor. A

detailed outline of the experimental procedure can be found in Table 3.2.
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Table 3.2: Cycles for TPR experiments on bulk iron and cobalt catalyst materials and conditions (gas flows at

NTP).
Conditions
Reactor loading 30 mg metal oxide, 270 mg SiO,
Catalyst pretreatment 50 mL/min Ar,

150 °C isothermal for 60 min

Temperature 50 mL/min Hy/Ar (5 vol% H, in Ar),
programmed reduction 100 °C to 900 °C at 10 °C/min

As a pretreatment, the catalysts were purged with argon (50 mL/min) for one hour at 150 °C
to remove physisorbed water or oxygen. The reactor was then subsequently cooled down to
100 °C. A mixture of hydrogen and argon (5 vol% H, in Ar) at 50 mL/min was fed through
the reactor while the reactor temperature was increased from 100 °C to 900 °C at a heating
ramp of 10 °C/min. Using a thermal conductivity detector, the amount of hydrogen consumed

during the reduction was monitored.

3.2.3 X-ray diffraction spectroscopy

The average particle sizes of the calcined bulk iron and cobalt oxides were determined using
X-ray diffraction spectroscopy (XRD). Measurements were conducted in a Bruker D8
Advance laboratory X-ray diffractometer equipped with a cobalt source (A = 0.178897 nm)
and a position sensitive detector (Bruker Vantec). The International Centre for Diffraction
Data PDF-2 database was used to identify and compare all diffraction patterns. The average

particle size d was estimated using the Debye-Scherer equation:

K-\
B-cosO

(3.1)

where the X-ray wavelength is represented by A, the shape factor by k (k = 0.9) and the
diffraction angle in degrees by 6, while B is the line broadening at the angle’s full width at
half maximum intensity (FWHM).
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3.2.4 Transmission electron microscopy

To further study the particle’s size and morphology, the prepared metal oxide were
investigated by means of high resolution transmission electron microscopy (TEM or
HRTEM) using a FEI Technai F20 operated at 220 kV and equipped with a field emission
gun as the electron source. Small amounts of the catalyst materials were dispersed in ethanol
in an ultrasonic bath for 10 minutes. A drop of the dispersion was placed on a holey carbon
copper grid (200 mesh, SPI Supplies) and dried overnight in a desiccator.

3.2.5 Chemical analysis of spent catalysts

In order to investigate the formation of metal nitrides during the Fischer-Tropsch experiments
with co-fed NHjs, the spent catalysts were analyzed to determine the nitrogen content with a
Vario MAX CNS (Elementar).

3.3 Fischer-Tropsch experiments

The catalytic performance of the unpromoted/promoted bulk iron and cobalt catalysts during
Fischer-Tropsch synthesis was investigated in this work. In addition to conventional
Fischer-Tropsch experiments, ammonia was added to the synthesis gas feed to study its
influence on the Fischer-Tropsch product distribution and the formation of
nitrogen-containing compounds. These experiments were performed in a fixed-bed reactor

using both online and offline gas chromatographic analyses.

3.3.1 Experimental setup

Figure 3.1 shows the physical setup of the Fischer-Tropsch apparatus which was build and
used in this work. The fixed-bed reactor itself is a U-tube stainless steel pipe (O.D. 1/4 , I.D.
0.5 mm), which is centered in an aluminum block containing two heating elements at the
edges to minimize temperature gradients. Two thermocouples measure and control the
temperature of the aluminum block and the reactor. The gas supply consists of the reactants

(carbon monoxide, hydrogen and ammonia), as well as nitrogen (pressure gas, balance gas)
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and a mixture of argon/cyclohexane as an internal standard (0.13 mol % cyclohexane in
argon, information to all gases can be found attached in chapter 7 Appendices). All gases are
controlled by mass flow controllers (MFC, F-1 - 5) except the nitrogen line which is used to
pressurize the reactor. Using a needle valve (NV), a pressure of 4.0 bar was adjusted and the
flow rate at the outlet of the reactor (synthesis gas, nitrogen/ammonia, argon/cyclohexane,
nitrogen/pressure) was controlled. A 4-way valve (4WV) allows the switching of the
synthesis gas/nitrogen/ammonia mixture from running through the reactor or through a bypass
line. In order to achieve a constant residence time over the catalyst bed in the experiments
with different ammonia concentrations additional nitrogen was used as a balance gas. When
the ammonia concentration within the synthesis gas feed was increased, the flow rate of
nitrogen was reduced in the same manner. To keep liquid products (Css) from the
Fischer-Tropsch synthesis in the gas phase for the online gas chromatographic analyses, all
lines after the reactor are heated to 180 °C until the gas chromatograph equipped with a
thermal conductivity detector (GC-TCD). A hot trap after the reactor is adjusted at 100 °C to
avoid blocking of the 1/16 * tubes at the gas chromatographs by organic products (Ciz+) or
eventually ammonium carbonate/bicarbonate. In order to minimize damages or fading of the
filaments of the thermal conductivity detector (TCD), residue Cs. organic products in the gas
phase are collected in a cold trap at room temperature before the TCD.
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Figure 3.1: Physical set-up of the experimental equipment for the Fischer-Tropsch experiments: CV-1 - 5 check
valves, F-1 - 5 flow control, LF line filter, NV needle valve, MV-1 - 4 magnetic valves, V-1 - 13 one way
valves, 4WV 4-way valve (shaded areas represent temperature controlled heated zones).

All temperatures (reactor and heated lines), mass flow controllers and magnetic valves were
controlled via a reaction control unit which was developed at the Carl von Ossietzky

University of Oldenburg (http://www.roessner.chemie.uni-oldenburg.de).

3.3.2 Experimental procedure

For every Fischer-Tropsch synthesis run the catalyst materials (iron and cobalt oxides) were
mixed with SiO, (pore volume: 0.5 g/cm® particle size: 2 - 4 um, corn
fraction: 200 - 315 um) in a ratio gmetal oxide/dsioz = 1.5. By choosing a similar grain size
between the catalyst materials and the diluent, pressure drops inside the reactor were avoided.
Due to the exothermic nature of the Fischer-Tropsch reaction, this procedure assists in
dissipating the heat of the reaction from the catalyst and, thus, minimizing sintering effects as
well as temperature “hot spots”. In the further progress of this work the metal (oxide)/diluent

mixture will be referred as ‘catalyst’. The isothermal zone of the reactor was determined by

38



3 Experimental methods

heating the aluminum block housing to 300 °C and an external thermocouple was positioned
inside the stainless steel U-tube where the temperature was recorded at every centimeter.
Along this isothermal zone, the catalyst was placed and the reactor in- and outlet were
plugged with glass wool to prevent the catalyst bed from moving during the experiments. It
should be noted that different amounts of catalyst were used in chapter 4.2.2.3, where the gas
hourly space velocity (GHSV) in the catalyst bed was varied during the experiments.

After the reactor is loaded and before the catalytic experiments the equipment was tested for
leaks or a pressure drop inside the catalyst bed. Here the needle valve (NV) was closed and
the system was pressurized with pure hydrogen to 4.5 bar. The flow rate of hydrogen was
observed using a MFC (F-3). At a flow rate of < 0.5 mL/min of H, it was assumed that the
system did not show any leaks and the pressure was released again. This was followed by
purging the reactor with 60 mL/min H, for 15 minutes. If no pressure rise occurred it was

assumed that the catalyst bed was efficiently packed.

Table 3.3: Parameter for the in situ reduction of bulk iron and cobalt catalysts before the FT experiments (gas
flows at NTP).

Reduction conditions

Bulk iron catalysts Bulk cobalt catalysts
Gas Hydrogen Hydrogen
Flow rate 60 mL/min (2880 h%)*? 60 mL/min (2880 h™)*
Temperature program 1) RT to 100 °C at 1 °C/min, 1) RT to 100 °C at 1°C/min,
60 min isothermal 60 min isothermal

2) 100 °C to 350 °C at 1 °C/min, 2) 100 °C to 350 °C at 1°C/min,
960 min isothermal 720 min isothermal

Pressure Atmospheric Atmospheric

Values in brackets represent the gas hourly space velocity (GHSV).
2 For the experiments in chapter 4.2.2.3, other H, flow rates were used in order to achieve a GHSV = 2880 h™.

Following this, the oxide phase of the catalyst was reduced in situ with 60 mL/min H, to the

metal phase for the Fischer-Tropsch experiments (Table 3.3). Since both catalysts, Fe,O3 and

Co304, show a different reduction behavior two different activation steps were used.
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Once the catalysts were reduced, the reactor was prepared for the Fischer-Tropsch
experiments. The reactor temperature used during the reduction treatment was decreased to
the corresponding reaction temperature (Table 3.4) under 32 mL/min of H,. The 4-way valve
(4WV) was switched to bypass and the system was slowly pressurized to the reaction pressure
of 4 bar using a nitrogen pressure line. Here, the needle valve was carefully opened to allow a
flow rate of 40 mL/min plus 5 - 10 mL/min N, from the pressure line. Once the pressure had
reached 4 bar the synthesis gas flow rate/ratio was adjusted to the desired conditions (Table
3.4) by replacing some H;, with CO. This results in the 4 bar remaining unaffected and with
32 mL/min synthesis gas, 8 mL/min N, (balance gas and transport medium for the heat of
reaction) and 5 - 10 mL/min N; (pressure line) the 4-way valve was switched back to the
reactor. This last step represents the start of every Fischer-Tropsch experiment. After 4 hours
of time on stream, 2 mL/min of N, (balance gas) were replaced with 2 mL/min of NH;
(5 vol%). All experiments were stopped after 8 hours of time on stream and the reactor was
allowed to cool down to room temperature. At the same time the 4-way valve was switched to

bypass again and blind runs of the reactant stream were taken on the GC-TCD.

Table 3.4: Reaction parameter for the FT experiments on bulk iron and cobalt catalysts (gas flows at NTP).

Reaction conditions

Bulk iron catalysts Bulk cobalt catalysts

Total flow rate 40 ml/min (1920 )2 40 mL/min (1920 h™)*

Flow rate CO + H, 32 mL/min 32 mL/min

H,:CO ratio 1:1,2:1,4:1 1:1

Flow rate N, 6 — 8 mL/min 6 — 8 mL/min

Flow rate NH; 0 -2 mL/min 0 -2 mL/min
Reactor temperature 250 °C - 300 °C 250 °C
Pressure 4 bar (gauge) 4 bar (gauge)

! Values in brackets represent the gas hourly space velocity (GHSV).
2 For the experiments in chapter 4.2.2.3, other catalyst amounts and consequently other GHSV were used.

Online samples of the gas phase were taken via 6-way valves on top of every gas
chromatograph and analyzed using different detectors (see chapter 3.4). A 1 mL sample loop
was filled with the product and brought onto the GC column by switching the 6-way valve.
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Liquid phase samples were collected after every Fischer-Tropsch experiment from the hot
trap and selected samples were analyzed offline (chapter 3.4.4).

3.4 Product analysis

This section describes the analytical equipment which was used and the evaluation of the
reported data. During the Fischer-Tropsch experiments online samples were taken on three
different detectors. An internal standard consisting of a mixture of argon and cyclohexane was
used to calculate the molar flow rates of the inorganic and organic compounds. Liquid phase
samples were taken offline after every Fischer-Tropsch experiment and were analyzed by
mean of two-dimensional gas chromatography at the University of Cape Town by Mr.

Christian de Vries.

3.4.1 Gas chromatographic analysis: GC-TCD (online)

The consumption of CO, H, and NHj3 as well as the formation of CO, and CH,4 were recorded
using a HP 5890 gas chromatograph equipped with a thermal conductivity detector
(GC-TCD) and nitrogen as a carrier gas. Separation and acquisition of these compounds was
performed on two columns both connected to a 10-way valve on top of the HP 5890 gas
chromatograph which allows for switching between the columns. The gases in the sample
stream leading from the reactor to the 10-way valve were collected previously using a 6-way

valve and a 1 mL sample loop as described above.

After the addition of ammonia to the synthesis gas feed, the 10-way valve was switched
regularly between a Column 1 and Column 2. Due their characteristic stationary phases of
each column, it is possible to calculate the conversion of CO and H; and product formation of
CO; and CH4 (Column 1: Carbosieve 11) as well as NH3 conversion (Column 2: Porapak P).
During the measurements the temperature of the detector was kept constant at 180 °C, while
different oven temperatures were used on both columns (Table 3.5).
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Table 3.5: Parameter for the analysis of inorganic compounds and methane on a HP 5890 GC-TCD.

Gas chromatograph Hewlett Packard 5890 (online)

Detector

Thermal conductivity detector (TCD)
Tpetector = 180 °C

Column 1
Stationary phase
Carrier gas

Flow rate

Injector

Oven temperature

Analyte

Packed column (3 mx 1/8’” O.D.)
Carbosieve S-11, 80/100

Nitrogen

15 mL/min

Splitless

150 °C isothermal

H,, Ar (internal standard), CO, CH,4, CO,

Column 2
Stationary phase
Carrier gas

Flow rate

Injector

Oven temperature

Analyte

Packed column (4 mx 1/8”” 0.D.)
Porapak P, 80/100

Nitrogen

15 mL/min

Splitless

130 °C isothermal

NH;

On column 1, argon acts as an internal standard which allows one to calculate the molar flow

rate n,of an inorganic compound and methane from the areas A and the calibration factor

frep,i:
. A
A =frep; ‘(A_Ar}‘nAr (3.2)
with
A, = XarVis (3.3)
VA
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The molar concentration of argon within the mixture argon/cyclohexane yar and the

volumetric flow rate V, are required to calculate the molar flow rate n,, . Va represents the

Avogadro volume in equation 3.3.

The TCD was calibrated in constant intervals and the according calibration factor frcp;
related to argon of a compound i was derived from:

freni= % A'Z:r (3.4)

For the determination of the calibration factors a known mixture of CO, CO,, H,, Ar and CH,4
was prepared and the flow rates were controlled by mass flow controllers. The obtained

calibration factors for the measurements with the GC-TCD are attached in chapter 7.

For column 2, argon as the internal standard could not be separated and the conversion of NH3
(Xnn3) was determined by doing blind runs at the end of every Fischer-Tropsch experiment.
Here the ammonia-containing synthesis gas was led through the bypass and the area of NH3
detected by the TCD is consistent with Xyys = 0 %. In order to calculate selectivities to
organic nitrogen-containing compounds based on ammonia, molar flow rates of NH3 were

derived from the ideal gas (see chapter 7).

3.4.2 Gas chromatographic analysis: GC-FID (online)

The formation of organic products during the Fischer-Tropsch experiments was observed and
recorded using two gas chromatographs equipped with flame ionization detector (GC-FID)

and mass spectrometer (GC-MS).

A HP 6890 gas chromatograph with equipped with a FID and an Agilent HP Plot Q capillary
column was used to analyze all n-paraffins and 1-olefins in the range from C; - Co formed
during the catalytic experiments (Figure 3.2). The injection of the samples was performed
online using a 6-way valve with a 1 mL sample loop. Unlike the GC-MS analysis, where
peaks of lower hydrocarbons from C; - C, overlap with inorganic gases such as CO, H,, Ar

and CO,, they can be nicely separated with the GC-FID.
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Plus:

1-Hexene
n-Hexane
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n-Heptane

Ethene

1-Octene
n-Octane

1-Butene

1-Monene
n-Monane

1-Hexene

1-Pentene

Acetaldehyde

*— 2-Methylpropane
-Hexane

n-Butene
2-Butene (ir)
2-Butene (cis)
n-Pentane

i
Cyclohexane (15)

P —
——— Ethane
gopane

%

Figure 3.2: Gas chromatogram for FT products (Y-scale: intensity and X-scale: retention time are not displayed)
on a potassium promoted iron catalyst in the absence of NH; obtained from online sampling on the HP 6890
GC-FID (Peaks for Cg - Cq 1-0lefins and n-paraffins ar not shown).

The Agilent HP Plot Q capillary column has the benefit to separate light hydrocarbon such as
methane, ethane or ethene even at higher oven temperatures and no cooling of the GC oven to
temperatures below 40 °C is necessary (Table 3.6). Due to better separation or the availability
of the compound for calibration of the GC-MS (chapter 3.4.3), acetaldehyde,
2-methylpropane and 2-butene were analyzed with the GC-FID, too.
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Table 3.6: Parameter for the analysis of organic compounds on a HP 6890 GC-FID.

Gas chromatograph Hewlett Packard 6890 (online)

Detector Flame ionization detector (FID)
Tpetector = 250 °C

Column Agilent HP Plot Q (15 m, 0.32 mm |.D.,
0.20 um film thickness)

Stationary phase Diviniybenzene/-styrol
Carrier gas Hydrogen
Flow rate 3 mL/min for 1 min

at 1 mL/min®to 1 mL/min

Column head pressure 1.4 bar
Injector Split

Tinjector = 230°C

Split ratio 1:1
Temperature program 40 °C, 3 min isothermal

at 8 °C/min to 120 °C, 5 min isothermal
at 8 °C/min to 230 °C, 10 min isothermal

When using a flame ionization detector for the analysis of organic compounds, carbon atoms
get ionized in a flame which results in a response signal from the detector. This response is
linear but detection of carbon atoms at different oxidation states (oxygenates) results in a
lower response signal. This can be compensated using response factors frp; for the

quantification of oxygenates such as acetaldehyde:

Nc

(3.5)

f .=
FID,i
NC(NOO) + NC(with 0)

Here N¢ represents the number of all carbon atoms and the response of carbon atoms which
are not bonded to an oxygen atom is 1. The response of carbon atoms connected to an oxygen
atom via a single bond is 0.55 and carbon atoms with a C=0 double bond are considered to
give no signal. All hydrocarbons detected by the FID in this work have the response factor of

1 whereas acetaldehyde as an oxygenate shows an exception with a feip acetaldehyde = 2.
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From the response factor fgp;, the carbon number N, the areas A; and the molar flow rate of

cyclohexane n,,, . the molar flow rates of an organic compound i can be calculated using

cyclohexane as an internal standard:

hF[ Ny, N feoi A J-ﬁcm (3.6)
Ni fFID,CHx 'ACHx
with
.= Xer " Vis (3.7)
VA

where ycux represents the concentration of cyclohexane in the mixture argon/cyclohexane.

3.4.3 Gas chromatographic analysis: GC-MS (online)

During the Fischer-Tropsch synthesis with additional NH; in the synthesis gas feed,
N-containing compounds such as amines and nitriles can be formed [12][94]. To indentify
and quantify this new compound class during Fischer-Tropsch synthesis a HP 6890 gas
chromatograph equipped with a mass spectrometer (GC-MS). Other organic products such as
oxygenated compounds and 2-olefins were analyzed by GC-MS, as well. The obtained mass
spectra of the organic compounds then were compared with a database (National Institute of
Standards and Technology, NIST).

Figure 3.3 shows the organic products in the range from C, - Co, derived from Fischer-
Tropsch experiments in the absence of ammonia, which were indentified and analyzed using a
GC-MS (1-olefins and n-paraffins in brackets are analyzed with a HP 6890 GC-FID). During
the gas chromatographic analysis, oxygenates and N-containing compounds showed longer
retention times than paraffins or olefins from the same C fraction. For example, ethanol does
not elute within the C, fraction but rather can be found within Cs Fischer-Tropsch products.
From this point of view, it is easy to quantify these compound classes by GC-MS since there
are not affected by the regulations described in section 3.4.2. However, the retention times of
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organic nitrogen-containing compounds, which are not shown in Figure 3.3 and other organic

products, are attached in the appendices (chapter 7).
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Figure 3.3: Gas chromatogram for FT products (Y-scale: intensity and X-scale: retention time are not displayed)
on a potassium promoted iron catalysts in the absence of NH3 obtained from online sampling on the HP
6890/5973 GC-MS (1-olefins and n-paraffins in brackets are analyzed on a HP 6980 GC-FID).

The injection of the samples was performed online using a 6-way valve with a 1 mL sample
loop. For an accurate separation of the long chain FT products the GC oven was cooled with
liquid nitrogen at -40 °C. To prevent any damages because of the filaments due to large
amounts of inorganic gases such as CO, Hy, Ar and CO,, a solvent delay of 12 minutes for the

analysis of each sample was used.
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Table 3.7: Parameter for the analysis of organic compounds on a HP 6890/5973 GC-MS.

Mass spectrometer Hewlett Packard 5973

Detector Mass selective detector (MSD)
Tpetector = 150 °C
Trranster line = 200 °C

Mode Electron-impact (EI)
Tsource =230 °C
Scan range 12 — 300 amu @ 4.83 scans/sec
Gas chromatograph Hewlett Packard 6890 (online)
Column Optima 1 MS Accent (60 m, 0.25 mm I.D.,

0.25 pum film thickness)

Stationary phase Dimethylpolysiloxane
Carrier gas Helium
Flow rate 2.7 mL/min
Column head pressure 1.18 bar
Injector Split

Tinjector = 230°C

Split ratio 1:1
Temperature program -40 °C, 3 min isothermal

at 8 °C/min to 120 °C, 5 min isothermal
at 8 °C/min to 230 °C, 10 min isothermal

Solvent delay 12 minutes

During the Fischer-Tropsch synthesis, a broad product spectra, consisting of paraffins, olefins
or oxygenates is typically produced making it difficult to separate and identify. It gets even
more complicated when adding ammonia to the synthesis gas feed and the product spectra is
enlarged due the formation of N-containing compounds. Here the GC-MS technique has an
advantage where characteristic ions from the organic molecules can be extracted and the
separation of several peaks becomes possible (Figure 3.4). A list of the extracted ions m/z

used in this work can be found in Table 7.3 within the appendices.
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Figure 3.4: Mass spectra (El) of ethanol and extracted ion chromatogram for ion m/z = 31 (alcohols) from a FT
experiment in the absence of ammonia.

However, the analysis of organic compounds with a mass spectrometer is more complicated
than with a flame ionization detector because a mass spectrometer does not show a linear
response signal with different concentrations. All organic products which are going to be
quantified by the GC-MS had to be calibrated (chapter 7.2). Due to the prices or the
availability of branched chemicals such as 3-methylpentane for example, this compound class
could not be calibrated on the GC-MS. Thus, branched hydrocarbons with the exception of
2-methylpropane (taken from GC-FID) were not included in the calculations for the

selectivity of organic products derived from the Fischer-Tropsch experiments in this work.

From the extracted ions and an internal standard cyclohexane, which is not a product from the
Fischer-Tropsch synthesis, calibration factors A and B can be derived (chapter 7.2) and the

molar flow rate of an organic compound n, can be calculated:

2
. A, A )
niz[AMS,i (A—j + B (A—j'nCij (3.8)
CHx CHXx
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The calibration factors Ays; and Bys; are obtained from a polynomial 2™ order from the
calibration of an organic compound i with cyclohexane.

3.4.4 Gas chromatographic analysis: GCxGC-TOF (offline)

Many different compound classes can be obtained in the organic product from
Fischer-Tropsch synthesis. The result is a complex mixture consisting of polar and nonpolar
organic compounds. When ammonia is added to the synthesis gas feed the situation becomes
more complex and the use of two-dimensional gas chromatography (GCxGC) is a powerful
analytical instrument to solve this issue. Here, after first separation on a first column, the
analyte is going to be analyzed on a second column with a different polarity after a couple of
seconds.

Masses: TIC
ins st L S i s Rt e S
Paraffins et | |

Oxygenate and .-
¥a N_-.c"ont_aining compdunds

Ret time 2nd dim (s)
4

200 1200 2200
Ret time 1st dim (s)

Figure 3.5: Chromatogram obtained from offline two-dimensional gas chromatographic analysis
(GCxGC-TOF) of organic products from FT and NH3-FT synthesis on a potassium promoted
bulk iron catalyst.

The organic analyte then can be identified with a mass spectrometer (Time-of-Flight detector,

TOF). Every single organic compound gives characteristic mass spectra which can be
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compared with a database (National Institute of Standards and Technology, NIST) in order to
identify the peaks (Figure 4.24). This gas chromatographic analysis, in the further progress of
the work referred as ‘GCxGC-TOF’, was performed by Mr. Christian de Vries at the

University of Cape Town.

Table 3.8: Parameter for the analysis of organic compounds on an Agilent 7890/GCxGC-TOF.

Mass spectrometer Leco Pegasus 4D

Detector Time-of-Flight (TOF)
TTransfer line = 250 °C

Gas chromatograph Agilent 7890 (offline)
Modulator T Modulation = 8 S
Injector Split

Tinjector = 225°C
Split ratio 80:1

Column 1 CP-Wax 52CB (30 m, 0.25 mm 1.D., 0.20

pum film thickness)

Stationary phase Polyethylene glycol
Carrier gas Helium

Flow rate 0.6 mL/min

Column head pressure 1.19 bar

Temperature program 40 °C, 1 min isothermal

at 4.5 °C/min to 215 °C, 5 min isothermal

CP-Sil 8 CB (1.8 m, 0.1 mm, 0.10 um film

Column 2
thickness)
Stationary phase Polyphenylmethylsiloxane
Carrier gas Helium
Flow rate 0.6 mL/min
Temperature program 72.50 °C, 1 min isothermal

at 4.5 °C/min to 250 °C, 5 min isothermal
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Liquid phase samples taken from the hot trap after the experiments (see chapter 3.3.2), were
dissolved in n-hexane and injected offline. During GCxGC-TOF analysis in this study, the
focus was on solely the qualitative identification of nitrogen-containing compounds such as

amines, nitriles and amides.

The injected samples were analyzed on two different columns. The first peak separation step
is performed on a polar CP-Wax 52CB capillary column (Table 3.8) and second separation
was performed on a nonpolar CP-Sil 8 CB capillary column. A thermal modulator exists
between the two columns which consist of jets to create two trapping zones by using liquid
and gaseous nitrogen. After the analyte has passed the first capillary column, the liquid
nitrogen holds back the injected sample in order to achieve accurate separation of the products

before it is injected on the second capillary column.

3.4.5 Calculations

With the molar flow rates of the Fischer-Tropsch educts and organic products in the gas phase
it is possible to calculate conversions and selectivities. The conversion of a reactant CO or H,

towards organic products or CO; can be derived as followed:

X =1 - M (3.9)

reactant — n
( reactant )in

To calculate the selectivity Sjc) to an organic product i on a carbon basis one have to consider

the stoichiometry v of the reaction:

n. Vol
§. = M (3.10)
© (Neo )y = (Neo)oe Vi
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Selectivities to nitrogen-containing compounds i based on ammonia as a reactant are

calculated with equation 3.11:

n. |Vaes|
S, = L - (3.11)
™ (M) = (Ma)owe Vi

The selectivity to an organic product i within organic compounds in the gas phase samples

can be calculated from:

(3.12)

_n
Si—Zhi

Equation 3.12 can be modified towards a selectivity based on a carbon number n from an
organic product i. As an example, the alcohol selectivity with a carbon number n is given in
equation 3.13:

haco ol,n
SaIc:ohoI,n = n + In & (313)

alcohol,n lin. hydrocarbons,n
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4 Results and discussion

4.1 Catalyst characterization

Bulk iron based catalysts were used in previous studies by Sango [111] during his
Fischer-Tropsch experiments in the presence of ammonia. For further studies on the topic of
the ammonia co-feeding during Fischer-Tropsch synthesis, this catalyst material can be used
and therefore more information about the catalyst (e.g. reduction behaviour, morphology,

composition and particle size) is necessary.

The bulk iron- and cobalt-containing catalyst materials prepared from the precipitation of
their metal nitrates with ammonia hydroxide (see section 3.1) were investigated with different
methods at the Carl von Ossietzky Universitat Oldenburg and the University of Cape Town

(chapter 3.2) and results from the catalyst characterization are discussed here.

4.1.1 Atomic adsorption spectroscopy

The potassium promoted iron catalysts were analyzed by means of atomic adsorption
spectroscopy (AAS) and results are presented in Table 4.1 (unpromoted iron and cobalt

catalysts are also listed in Table 4.1).

Table 4.1: Nominal potassium content and content found by AAS (per gge) of promoted iron catalysts.

Catalyst Nominal K content K content found by AAS

(Wt%) (Wt%)
Fe-OK ! 0.00
Fe-2K 2.00 1.52
Fe-5K 5.00 5.84
Co-0K ! 0.00

! Catalysts Fe-OK and Co-OK were not analyzed by AAS since their K content is already 0.00 wt%.
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It can be seen that the promotion with potassium was successful and K contents differ slightly
from the theoretically calculated values of 2 and 5 wt%. From the results it may be speculated
that an inhomogeneous potassium distribution on iron catalysts was obtained. Since only
small amounts of potassium promoted catalyst samples were analyzed, they might not reflect
the actual potassium content and are only screenshot of the average potassium distribution.
Therefore, the use of higher amounts of catalyst materials during AAS would probably lead to

more accurate results.

4.1.2 Temperature programmed reduction

The reduction behavior of the unpromoted/promoted bulk iron and cobalt catalyst materials
were investigated by means of temperature programmed reduction (TPR). The metal oxides
were reduced with hydrogen (5 vol% H, in Ar) to 900 °C and the reduction profiles are

presented in Figure 4.1.
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Figure 4.1: H,-TPR profiles of calcined iron and cobalt catalyst samples.

The unpromoted iron oxides Fe-OK shows two distinct peaks indicating the two steps
reduction of hematite (Fe,O3) to magnetite (Fe3O,) at 343 °C (Equation 4.1) and to metallic
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iron Fe at 588 °C (Equation 4.1) [40][116]. The transformation of magnetite to metallic iron is
a slow process which is exhibited by the broad hydrogen consumption peak [117][118].

3Fe,0, +H, — 2Fe,0, +H,0 (4.1)

2 Fe,0, +8H, — 6Fe+8H,0 (4.2)

With the addition of potassium to bulk iron catalyst samples the reduction curves change
slightly. For catalysts Fe-2K and Fe-5K the peak position of the first reduction step shifted
approximately 45 - 60 °C to higher temperatures, while for the reduction to metallic iron the
temperature increased to 607 °C. Furthermore this hindrance can be seen during the reduction

from Fe,O3 to Fe3O4, Where a broader peak results.

Compared to bulk iron oxides the reduction profile of cobalt oxide is different. Here, peak
positions for the two reduction steps from cobalt(ll,111) oxide (Co3z0,) and cobalt(ll) oxide
(CoO) to metallic cobalt (Equation 4.3 and 4.4) occur at lower temperatures [19][87]. The

first maximum appears at 291 °C and the second at 374 °C.

C0,0, +H, — 3C0o0 +H,0 (4.3)

3C00+3H, — 3Co+3H,0 (4.4)

From the H,-TPR curves of all four prepared catalysts it can be seen that second reduction
peaks are in accordance with the stoichiometry of the reactions and more hydrogen is

consumed during the second reduction step.

4.1.3 X-ray diffraction spectroscopy

The results of X-ray diffraction spectroscopy (XRD) on the calcined unpromoted/promoted
bulk iron and cobalt catalysts are shown in Figure 4.2 where it can be seen that catalysts have

been prepared and calcined successfully. The metal hydroxides were transferred into the oxide
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phases Fe,O3; (hematite) and Co3O4, and XRD patterns match very well with the reference
spectra. In case of catalyst Fe-5K a peak at 2 Theta = 31.6 ° appears which cannot be found
on the other iron oxide samples. However, this peak is not related to either potassium or

potassium oxide and, in turn, it is similar to the XRD pattern for iron oxyhydroxide

(FeO(OH)).
‘LM\ Fe DK
|
Fe-2K
B N
Co0K
JUD N Y U
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| ‘ T
Co,0,

2 Theta, °

Figure 4.2: XRD patterns of calcined bulk iron/cobalt catalysts with different potassium loading and reference
pattern (taken from International Centre for Diffraction Data PDF-2 database).

The average particle size of the catalysts was estimated using the Debye-Scherer equation

(Equation 3.1), where the FWHM was calculated from main reflexes for Fe,O; at
2 Theta = 38.6 ° and for Co304 at 2 Theta = 43 °. All catalyst materials exhibited an average

57



4 Results and discussion

diameter of 14-15 nm independent of the catalyst metal (Table 4.2). This was also with no

consequence to the average iron oxide particle size upon the addition of potassium.

Table 4.2: Average particle size of calcined iron and cobalt catalysts estimated using the Debye-Scherer
equation.

Catalyst Average particle size

(nm)
Fe-0K 14.63
Fe-2K 14.19
Fe-5K 14.86
Co-0K 14.84

4.1.4 Transmission electron microscopy

TEM micrographs of the calcined iron- and cobalt-containing catalysts (metal oxides) are
displayed in Figure 4.3. As discussed in the XRD results, the average particle size for all
materials was in the range of 14 to 15 nm. Although the particles are shaped uniformly, this
average size estimate reasonably agrees with what appeared in the TEM images and, again,
there appeared to be no influence on the iron catalyst with the addition of potassium. For bulk
cobalt oxides, randomness in the morphology can be observed from the TEM images and

some of the particles show nanorod-like structures [130].
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Fe-2K

Fe-5K Co-0K

Figure 4.3: TEM micrographs of the prepared iron and cobalt oxides.

4.1.5 Chemical analysis of spent catalysts

After 240 min of time on stream ammonia was added to the Fischer-Tropsch experiments in
this study. In order to determine if any nitrides have been formed from the reaction in the
presence of ammonia small amounts of spent catalysts were investigated for their nitrogen
content. Table 4.3 shows nitrogen contents in bulk iron and cobalt catalysts after they have

been exposed to ammonia-containing synthesis gas during the reaction.
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Table 4.3: Results of N — Analysis for NH; co-feed experiments on iron and cobalt catalysts.

Catalyst H,:CO ratio Pnhz N Duration Nitrogen content

during experiment synthesis gas NH; co-feed

(bar) (h) (Wt%)
Fe-OK 2:1 0.2 4 0.07
Fe-2K 2:1 0.2 4 0.13
Fe-5K 2:1 0.2 4 0.11
Co-0K 11 0.2 4 0.08

Only small nitrogen contents were detected during the analysis of spent iron- and cobalt-based
catalysts. From the results in Table 4.3, no statement can be given if metal nitrides were
formed during Fischer-Tropsch experiments in the presence of ammonia. The nitrogen could
also belong to residues from catalyst preparation where iron and cobalt nitrates were used
(chapter 3.1.1).

4.1.6 Summary

Little is known about ammonia co-feeding during Fischer-Tropsch synthesis and the influence
of catalysts onto the performance of the reaction. The literature which is available gives not
sufficient information about the catalysts used for reactions. In this work, bulk iron- and
cobalt catalysts were chosen to study the influence of ammonia on the Fischer-Tropsch
synthesis. In general cobalt catalysts are supported on metal oxides in order to increase their
catalytic activity but here catalytic performance was tested without any influence of a support
and will be compared with the results from the experiments on iron-containing catalysts.
However, for further investigations in the field of ammonia co-feeding during
Fischer-Tropsch synthesis the composition, reduction behaviour, particle size and

morphology of unpromoted/promoted bulk iron and cobalt catalysts were investigated.

It could be shown by means of XRD that metal oxide phases were successfully obtained from
the catalyst preparation step. Impregnation of iron oxides with different potassium loadings,
determined by AAS, had an influence on the H, reduction profile (TPR) where broader peaks
were observed and a shift towards higher temperatures occurred. An average catalyst particle
size between 14 and 15 nm was determined using the Debye-Scherer equation, whereas it was
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not possible to characterize particle sizes by means of TEM due to the non-inform shape of
the particles. From the chemical analysis of spent catalysts from Fischer-Tropsch experiments
in the presence of ammonia, small nitrogen contents were found. However, no statement can
be given if the observations are related to the formation of metal nitrides during the reaction

or if the nitrogen belongs to residue from catalysts preparation.

4.2 Catalytic Fischer-Tropsch experiments with ammonia

In this chapter the results of the ammonia addition to the synthesis gas (CO + H,) feed during
the Fischer-Tropsch (FT) experiments will be presented. It was reported in literature that the
addition of ammonia to the synthesis gas feed during Fischer-Tropsch synthesis on transition
metal based catalysts lead to the formation of N-containing compounds such as amines,
amides and nitriles (for further information and other literature see also chapter 2.5)
[6][10][11][12]. Amines, nitriles or amides are key chemicals and are used as
pharmaceuticals, agricultural chemicals, solvents or intermediates in a nhumber of industrial
applications [5][6][7][8]. The Fischer-Tropsch with its huge production capacities and
feedstock based on coal, natural gas or biomass could be beneficial for the production of such

N-containing compounds.

Most of the publications are found in patents and little is known about the influence of NH;
on the catalytic performance of transition metal based catalysts during conventional FT
synthesis or the reaction mechanisms which could explain the formation of amines, nitriles or
amides. In order to aid the fundamental understanding in this regard, catalytic experiments
were conducted in a fixed-bed reactor using unpromoted and potassium promoted bulk iron
catalysts (section 3.3). Reactions were also carried out on bulk cobalt catalysts and the results
will be used to explain and support the findings from the experiments on iron catalysts.
However, detailed information about the catalytic performance of bulk cobalt catalysts during
Fischer-Tropsch experiments at different ammonia partial pressures can be found in
chapter 7.4.4.

Prior to the catalytic Fischer-Tropsch experiments the metal oxides, Fe,O3 and Co304, Were
reduced in situ to the pure metal phase with hydrogen (see chapter 3.3.2). After the reduction

was completed, the reaction was started by switching the gas flow to synthesis gas and
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ammonia was added to the Fischer-Tropsch reaction after 240 minutes of time of stream. In
the further progress of this work these ammonia co-feed runs are also referred as ‘NH3-FT’
experiments, catalytic experiments without ammonia as ‘FT’ experiments and catalytic tests
at two different ammonia partial pressures (pnws = 0.0 and 0.2 bar) as ‘FT/NH3-FT’

experiments.

Gaseous organic and inorganic products as well as reactants obtained from the reactions were
analyzed by means of online gas chromatographic analysis (section 3.4) using different
detectors (GC-TCD, GC-MS and GC-FID). An exception is the analysis of selected liquid
phase samples which was performed offline by means of two-dimensional gas
chromatography coupled with a mass spectrometer (GCxGC-TOF).

4.2.1 Experiments on unpromoted/promoted bulk iron catalysts

It was reported in literature that the addition of ammonia during the Fischer-Tropsch synthesis
can improve the conventional FT product selectivity and high selectivities towards valuable
olefins could be obtained [6][112]. The addition of ammonia to freshly reduced transition
metal based catalysts can result in the formation of metal nitrides which show a better
catalytic performance during Fischer-Tropsch reactions with CO and H, [105][113][114].
Here, increased olefin and Cs. hydrocarbon contents were found. Moreover, the catalysts
showed an enhanced resistance against oxidation and carbon deposition onto the catalyst

surface.

When ammonia is added to the Fischer-Tropsch synthesis, the formation of valuable
nitrogen-containing compounds such as amines, nitriles or amides can be observed
[6][10][11] [111]. The reactions can be carried out on unpromoted or potassium promoted
transition metal catalysts and some authors reported about increased selectivities to these

compounds with high potassium loadings [95][96].

While potassium is known to have beneficial promotional effects during the Fischer-Tropsch
and the ammonia synthesis [3][39][40][63][72], little information is available on how the
conventional Fischer-Tropsch product selectivity is affected when both potassium and

ammonia are present [6][111].

From this point of view, a series of FT/NH3-FT experiments on bulk iron catalysts with

different potassium loadings was conducted and the results of the investigations will be
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presented in this section. Due to the complexity of the Fischer-Tropsch reaction, the results

from the ammonia co-feeding will be discussed in more detail in chapter 4.2.1.10.

4.2.1.1 Catalytic activity

The catalytic activity during the Fischer-Tropsch synthesis is represented by the conversion of
carbon monoxide to organic products and, on iron catalysts, carbon dioxide. Since the
influence of ammonia on the catalytic performance of iron catalysts within this work was
tested, this section also shows the conversion of ammonia and its influence on hydrogen

consumption during FT/NH3-FT experiments.

Carbon monoxide conversion

In Figure 4.4 the overall conversion of CO (organic products plus carbon dioxide) is

presented.
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Figure 4.4: CO conversion (Xco, C-%, organic products plus CO,) during FT/NHs-FT runs on iron catalysts
with different potassium loadings in: a) the absence of NH; and b) the presence of NH3 (Treactor = 270 °C,
Potal = 4 bar, pyps = 0.0 - 0.2 bar, GHSV = 1920 h™, H,:CO = 2:1).
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The influence of potassium on the conversion of CO during the ammonia-free FT experiments
(region a) in Figure 4.4) can be seen. With increasing potassium content in the iron catalysts,
a decline in the CO conversion can be observed. Measurements in the beginning of the
reactions up to 50 minutes of time on stream show fluctuations that are considered to result
from establishing certain FT regimes (chapter 2.4.3). However, decreasing CO conversion
with higher amounts of potassium could be related to catalyst deactivation due to the
formation of free surface carbon from the Boudouard reaction (equation 2.3) [15][17]. An
electron donor effect of potassium leads to enhanced CO dissociation and beside a mixture of
different iron carbides and magnetite, free surface carbon could also be formed (Figure 2.5)
[15]. These carbon species can block active sites for the reaction and conversion of CO is
lowered [128]. Potassium itself also has the ability to block active sites of the catalysts which

could lead to catalyst deactivation [41].

When ammonia is added to the synthesis gas feed, it appears that the CO conversion drops
slightly in case of the NH3-FT experiments on unpromoted iron catalysts and the decrease in
conversion for the catalysts Fe-2K and Fe-5K continuous. Although ammonia is known as a
catalyst poison which could lead to catalyst deactivation [13], the decrease of Xco for the
potassium promoted catalyst series could be still related to a deactivation process caused by
surface carbon and is possibly not induced by ammonia. This would be in agreement with the
results from Sango [111]. He conducted Fischer-Tropsch experiments in the presence of
ammonia using similar potassium promoted bulk iron catalysts as within this work. Sango
[111] observed that CO conversion is only affected at higher ammonia concentrations in the
synthesis gas feed (10 to 35 vol%).

In case of catalyst Fe-5K, which has the highest potassium loading, it may be hypothesized
that CO conversion becomes stabilized at a partial pressure of pyyz = 0.2 bar. In this context
Dry et al. [119] found that additional ammonia in the synthesis gas feed inhibits the
Boudouard reaction and consequently catalyst deactivation due to carbon deposition on the
catalyst surface is lowered. A decrease in carbon deposition was also reported by Shultz et al.

[113] during Fischer-Tropsch experiments on iron nitrides used as catalysts.

However, the different behaviour in CO conversion at an ammonia partial pressure of
pnns = 0.2 bar during the NH3-FT experiments on unpromoted/promoted iron catalysts will be
discussed in chapter 4.2.1.10.
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Hydrogen conversion

The hydrogen consumption for the conducted FT/NH3-FT experiments is shown in Figure 4.5.
Highest H, conversion (Xy2) can be observed at pnuz = 0.0 bar for unpromoted iron catalysts,

followed by iron catalysts with increasing potassium content.
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Figure 4.5: H, conversion (Xy,, %) during FT/NHs-FT runs on iron catalysts with different potassium loadings
in: a) the absence of NH; and b) the presence of NH3 (Treactor = 270 °C, Prota = 4 bar, pynz = 0.0 - 0.2 bar,
GHSV = 1920 h!,H,:CO = 2:1).

When ammonia is added to the system after 240 minutes of time on stream, the hydrogen
consumption on unpromoted iron catalysts is still the highest but is mostly affected by the
presence of NH3 and Xy, declines by approximately 10 %. In contrast to that, the hydrogen
conversion in case of FT/NH3-FT experiments on potassium promoted iron catalysts decrease
only slightly. Similar results were observed by Sango [111] during his NH3-FT experiments
conducted in a slurry reactor and using potassium promoted iron catalysts. The hydrogen
conversion was influenced by low ammonia concentrations in the synthesis gas feed
(2 -5vol%) and only ammonia concentrations up to 20 vol% led to decreased hydrogen

conversion.
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However, possible reasons for reduced hydrogen conversion in the presence of ammonia and
the different behaviour between the catalysts will be discussed in the further progress of this

work based on other results (chapter 4.2.1.10).

Ammonia conversion

Ammonia does not only act as a catalyst poison when exposed to transition metal catalysts
and it can undergo chemical reactions which can affect the ammonia conversion during the
NHs-FT experiments in this work. When ammonia is added to the synthesis gas feed during
Fischer-Tropsch synthesis, it can be converted to organic products such as amines, nitriles or
amides (chapter 2.5) [10][11][12]. Other side reactions such as the formation of ammonium
carbonate or ammonium bicarbonate could take place, too [98][111]. Transition metal
catalysts (e.g. iron or cobalt) are also known to catalyze the endothermic decomposition
reaction of ammonia to N, and H, (chapter 2.6.2) [72][73][74]. Furthermore, the parallel
reaction of the NHj3; decomposition could take place and metal nitrides may be formed
[113][114].
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Figure 4.6: NH; conversion (Xyps, area%) during NH3-FT runs on iron catalysts with different potassium
loadings (Treactor = 270 °C, Proe = 4 bar, pynz = 0.2 bar, GHSV = 1920 h?, H,:CO = 2:1).
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However, the conversion of ammonia (Xnnz) during NH3-FT experiments on bulk iron
catalysts with different potassium loadings is presented in Figure 4.6. In the beginning of the
ammonia co-feeding, high values for NH3; conversion (Xnn3) are observed which decrease
with time on stream until they are stabilized after approximately 340 minutes. To explain
initial high ammonia consumption, a blind run with the ammonia-containing synthesis gas
feed was performed. Here, it can be observed that high ammonia conversion in the initial
phase is related due to low ammonia contents. The amount of ammonia detected by the
GC-TCD is correlating with the residence time of ammonia from the mass flow controllers
(MFCs) to the GC-TCD. During the NH3-FT experiments this residence time is increased due
to the big volume of the hot trap which is mounted after the reactor (chapter 3.3.1).
Consequently full detection of the theoretical ammonia flow rate is achieved at higher time on
stream compared to bypass runs. However, from Figure 4.6 it is shown that an increase in
potassium loading, result in a decrease in conversion of NHs. More precisely, values for Xyns
can be found which are four times higher for NH3-FT reactions on unpromoted iron catalysts
compared to K doped catalysts. From these results it appears that potassium has an influence
on ammonia consumption during NH3-FT experiments. A possible reason can be found in
literature [72] where lowered populations of adsorbed ammonia on iron catalyst surfaces are
reported in the presence of potassium. Based on the results presented in the following
chapters, a more detailed explanation for the different ammonia conversion will be given in
chapter 4.2.1.10.

4.2.1.2 Formation of carbon dioxide

The formation of carbon dioxide (CO,) from the Water-Gas Shift (WGS) and the Boudouard
reaction is possible in the FT synthesis (equations 2.2 and 2.3 in chapter 2.1.2) [2][17][18].
Iron catalysts show a high activity towards the formation of carbon dioxide during the
Fischer-Tropsch process [18] and the presence of potassium in the iron catalysts increases the
CO,, formation rates during FT reactions [15][128].

Figure 4.7 shows CO; selectivities for all three FT/NH3-FT experiments on bulk iron catalysts
with different potassium loadings. Since carbon dioxide was calibrated using mass flow
controllers instead of a commercial calibration mixture the calibration factor frcpcoz IS

probably too high and CO, selectivities above 50 C-% were observed. From that point of
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view, CO, selectivities in this work will only show a trend and the Y-scale will be displayed

dimensionless.
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Figure 4.7: CO, selectivity (Sco) during FT/NH3-FT runs on iron catalysts with different potassium loadings in:
a) the absence of NHzand b) the presence of NH3 (Treactor = 270 °C, Proa = 4 bar, pynz = 0.0 - 0.2 bar,
GHSV = 1920 h?, Hx:CO = 2:1).

It can be seen from Figure 4.7 that in case of potassium doped iron catalysts, higher CO,
selectivities compared to unpromoted iron catalysts are achieved (pnwz = 0.0 bar ). It appears
that with increasing potassium content the tendency to form carbon dioxide is enhanced. This
can be as a result of higher Boudouard and WGS reaction rates since potassium facilitates
CO adsorption and dissociation (chapter 2.1.2 and chapter 2.4.1) [15][128]. Lower carbon
monoxide and hydrogen conversion due to possible carbon deposition and WGS reactions
during FT experiments on potassium promoted iron catalyst were already observed in this
work at an ammonia partial pressure of 0.0 bar (Figure 4.4 and Figure 4.5) and would support
the findings.

When ammonia is added to the synthesis gas feed, a gain in CO; selectivity can be observed
during NHs-FT runs on all tested iron catalysts. This effect is more pronounced for non

potassium doped iron catalysts and decreases with increasing potassium loading.
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Since it was reported by Dry et al. [119] or Shultz et al. [113] that additional NH3 in the
synthesis gas feed or the use of metal nitrides can inhibit the Boudouard reaction and a lower
H. conversion was observed during FT/NH3-FT experiments on unpromoted iron catalysts in
this work (Figure 4.5), it seems that the gain in CO, selectivity could be more related to an
enhanced WGS reaction. However, this can be only speculated and nor the WGS and the
Boudouard reaction as a reason for high CO; selectivities can be excluded.

From the results, it appears that additional ammonia in the synthesis gas feed has a similar
effect on the CO, selectivity to that of potassium as a promoter in iron catalysts and higher
CO;, selectivities can be obtained during the NH3;-FT experiments. In this context, a
correlation between the potassium loading, different CO, formation rates and different
ammonia conversions during NH3-FT experiments on unpromoted/promoted iron catalysts

(Figure 4.6) can be hereby assumed and this will be discussed in section 4.2.1.10.

4.2.1.3 Formation of methane

From all organic products methane is the most unwanted but the thermodynamically most
favored product during Fischer-Tropsch synthesis [32]. In general it is tried to keep the
methane selectivity as low as possible and in commercial applications, CH,4 selectivities
between 4 and 8 C-% can be found [31]. Therefore, in the FT synthesis on iron catalysts,
potassium is added to the catalyst in order to lower its activity towards methane. It is believed
that methane is formed via associative desorption of a methyl species and surface hydrogen.

Moreover, the methyl unit can also act as a chain initiator (Figure 4.8).

CH,
A
+H

CHs

H,/CO —> W —— Chain start

Figure 4.8: Scheme of the formation of methane or chain start from a methyl surface species in the FT
synthesis(adapted from [32]).
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The methane selectivities (Scus) in C-% for FT/NH3 experiments on unpromoted and
potassium promoted bulk iron catalysts are shown in Figure 4.9 (obtained from GC-TCD
analysis). Highest methane selectivities (up to 20 C-% after 240 minutes) at an ammonia
partial pressure of 0.0 bar can be observed when the reaction was carried out on potassium-
free iron catalysts (Fe-OK). In case of the iron catalysts with a potassium content of 2 and 5
wit%, less methane was formed (approximately 5 C-% after 240 minutes) during the FT
reactions. These effects of potassium are known in literature [15][31] and could be explained
using Figure 4.8. There, it can be seen that methyl surface species and additional hydrogen is
necessary for the formation of methane. This methyl surface species could be formed via the
addition of hydrogen to a ‘CH,’ monomer as it was described in the most accepted alkyl
mechanism (Figure 2.1) [16][24]. Potassium in the catalyst metal is lowering the
hydrogen-metal binding strength [15] and consequently less hydrogen or methyl units are

populated on the catalyst surface which results in a lower methane selectivity.
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Figure 4.9: CH, selectivity (Schs, C-% ) calculated from overall X¢o (CO, and organic products) during
FT/NHs-FT runs on iron catalysts with different potassium loadings in: a) the absence of NH3 and b) the
presence of NH3 (Treactor = 270 °C, Pro = 4 bar, pyps = 0.0 - 0.2 bar, GHSV = 1920 h?, H,:CO = 2:1).

70



4 Results and discussion

In the presence of ammonia (pnus = 0.2 bar) the methane selectivity during NHs-FT
experiments on unpromoted iron catalysts decrease, whereas Scnsa remains unaffected on the

potassium doped catalysts Fe-2K and Fe-5K (Figure 4.9).

From the results in this chapter it appears that additional ammonia in the synthesis gas feed
during Fischer-Tropsch experiments on potassium-free iron catalysts shows similar
promotional effects to that of potassium which can decrease the methane selectivity during FT
synthesis. In contrast to this, with the use of potassium promoted iron catalysts, Scuys IS not

altered by additional ammonia.

Similar results were found by Sango [111] during his FT/NH3-FT experiments in a slurry
reactor. The observed methane selectivities of approximately 4 C-% were not altered by the
presence of ammonia in the synthesis gas feed using potassium promoted bulk iron catalysts
during the studies. When the used catalysts are not doped with potassium, positive effects of
ammonia on the methane selectivity can be found in this work, too (Table 4.14). Similar
observations during FT/NH3-FT experiments on supported cobalt catalysts in a slurry reactor
were found by Rausch [6]. Ammonia also had an indirect effect on the methane selectivity
during Fischer-Tropsch experiments performed by Lapidus et al. [105]. When ammonia was
added to cobalt metals after the reduction, cobalt nitrides were formed, which showed lower
formation rates of methane during their Fischer-Tropsch experiments.

However, a possible explanation for this behaviour will be given in section 4.2.1.10 based on

further results.

4.2.1.4 Chain growth

The Fischer-Tropsch synthesis is a surface polymerization reaction as it was described in
chapter 2.3. Surface species ‘Sp’ can undergo hydrogenation reactions to form paraffins or
react further to longer chain hydrocarbons (Figure 2.3). This chain growth probability o can
be described by the Anderson-Schulz-Flory (ASF) distribution (equation 2.4) assuming a
carbon number independency. In this context, it is known that potassium can increase the Cs.
product selectivity during Fischer-Tropsch synthesis and higher values for o can be found
[15][31].
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Table 4.4: Chain growth probability o during FT/NH3-FT runs on iron catalysts at different NH; partial
pressures and potassium loadings (Treactor = 270 °C, Pro = 4 bar, pyys = 0.0 - 0.2 bar, GHSV = 1920 h?,

H,:CO = 2:1).
Catalyst K loading Chain growth probability
(Wt%)
aca_cs (Pnrz = 0.0 bar) s cg (Pama = 0.2 bar)
Fe-0K 0 0.45 0.50
Fe-2K 2 0.64 0.64
Fe-5K 5 0.66 0.67

From the results of FT/NH3-FT experiments on iron catalysts in this work, the chain growth
probability o (for linear hydrocarbons in the range from Cz - Cg where a linear behaviour
could be found) is presented in Table 4.4. At ammonia partial pressures of 0.0 bar, o increases
from 0.45 (Fe-0K) to 0.66 (Fe-5K), indicating the formation of long chain organic products
when potassium is used as chemical promoter. These a values would be in agreement with the
work of Cairns [14] and Sango [111] who carried out Fischer-Tropsch experiments using

similar potassium promoted bulk iron catalysts.

It is speculated that chain growth during Fischer-Tropsch synthesis could occurs according to
the alkyl mechanism where surface ‘CH,’ units are believed to act as chain growth monomers
[16][24]. When potassium is used as a promoter in iron catalysts, the bond between adsorbed
‘CH2’ species and the catalyst surface could be strengthened and high numbers of the chain
growth monomers could be populated on the catalyst surface. Furthermore, due to the same
interactions of the promoter with the 3d-band of the metal, higher CO coverages can be
achieved which could produce more ‘CH;’ units [15]. At the same time the hydrogen-metal
binding strength is lowered and less hydrogenation reactions to methyl surface units or
methane could take place. It should be noted that this explanation is not the only reaction
mechanism for chain growth during FT synthesis and that there are other possibilities, too.
Additionally to ‘CH»’ as chain growth monomers, olefins or alcohols were reported to have

the ability to initiate chain growth or can get incorporated into the chain [21][34].

When NHjs is added to the synthesis gas feed after 240 minutes of time on stream, o values
remain unaffected during the reaction on potassium doped bulk iron catalysts. In contrast to
this finding, increased chain growth probabilities o can be found (ocs - cs = 0.50) when

NH;s-FT reactions are carried out on unpromoted iron catalysts. From these results one could
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speculate if additional ammonia in the synthesis gas feed during the FT/NH3-FT experiments
shows similar promotional effects to that of potassium. Moreover, as it was shown in the
chapters before, potassium doped iron catalysts are somehow resistant to additional ammonia

and its influence.

In this context, increased chain growth probabilities were also found during FT/NHs-FT
experiments on bulk cobalt catalysts in this work (Table 4.14), too. Here, a values of 0.63 at
an ammonia partial pressure of 0.0 bar were obtained which rise in the presence of ammonia
to 0.71. During FT/NH3-FT experiments on supported cobalt catalysts, Rausch [6] observed
increased chain growth with additional ammonia in the synthesis gas feed whereas o values
remained constant during FT/NH3-FT experiments on potassium promoted bulk iron catalysts
performed by Sango [111]. Similar results can be obtained when cobalt nitrides are used
during the reaction. Here, increased o values were found by Lapidus et al. [105] during

conventional FT experiments.

A more detailed discussion about the observed influence of ammonia on the chain growth
probability during the Fischer-Tropsch experiments within this work can be found in chapter
4.2.1.10.

4.2.1.5 Formation of olefins

The main primary organic products of the Fischer-Tropsch synthesis are 1-olefins and they
are formed via a B-H elimination reaction of a surface alkyl species before hydrogenation
reactions towards paraffins can take place [23]. However, olefins can re-adsorb and undergo
hydrogenation, double bond shift isomerisation, chain branching or can be incorporated into
growing chains (Figure 4.11) [34][21][35]. In this context, potassium is known to suppress
mainly these secondary reactions and increased olefin selectivities can be found when metal

catalysts are doped with potassium [3].

Formation of 1- and 2-olefins

The olefin content (1- and 2-olefins), formed during FT experiments can be derived from
diagrams showing the fraction of olefins in the total linear hydrocarbon products (olefins and

n-paraffins). In Figure 4.10, olefin mole fractions in linear hydrocarbons (olefins and
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n-paraffins) for FT/NHs-FT runs on iron catalysts with different potassium loadings are

presented.
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Figure 4.10: Mole fraction of olefins in all linear hydrocarbons (olefins and n-paraffins) during FT/NHs-FT runs
on iron catalysts at different NH; partial pressures and potassium loadings (Treactor = 270 °C, Prota = 4 bar,
Prms = 0.0 - 0.2 bar, GHSV = 1920 h™, H,:CO = 2:1).

Generally, on promoted iron catalysts olefin contents of around 70 — 90 mol % are found and
indicate primary olefin selectivity [35]. Within this work, this is found for olefins in the
carbon number range of C, - Cg during FT runs on potassium promoted iron catalysts with K
loadings of 2 and 5 wt % in the absence of NH3. Olefin mole fractions between 0.84 and 0.87
(C, - C3) are observed and with increasing chain length, the olefin content decreases
(0.61 - 0.64 for Cy). In contrast to this, during FT experiments on unpromoted iron catalysts
maximum olefin contents of 0.14 (C,) are found and mainly n-paraffins are synthesized. This
difference in molar olefin fractions between promoted and unpromoted iron catalysts is
contributed to the properties of potassium which is able to force back secondary reactions
such as the hydrogenation to the corresponding paraffin [3]. Due to lower hydrogen-metal
binding strengths, less hydrogen is available on the catalyst surface to hydrogenate olefins to

the corresponding paraffins [15].
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Figure 4.11: Scheme of secondary reactions from olefins in the FT synthesis (adapted from [35]).

It is notable that during FT/NH3-FT experiments in this work high mole fractions of ethene
can be found when the reactions are carried out on potassium promoted catalysts (at
pnuz = 0.0 and 0.2 bar). Due to the high reactivity of ethene to undergo hydrogenation
reactions or further chain growth, low olefin contents are often found for C, fractions
[34][35]. This could be as a result of a low surface coverage with atomic hydrogen since
potassium is lowering the strength of metal-hydrogen [15]. However, with increasing carbon
number of the olefins, there is an increased possibility that olefins remain on the catalyst
surface to undergo side reactions (e.g. hydrogenation to the corresponding paraffin, double
bond shift isomerisation, chain branching or incorporation into growing chains). Enhanced
secondary reactions of long chain olefins were reported by Iglesia et al. [36] and were be

explained by diffusion limitations.

After 240 minutes of time on stream and the addition of ammonia to the synthesis gas feed,
the mole fractions of olefins do not change during NH3-FT experiments on potassium
promoted iron catalysts (Figure 4.10) while increased olefin contents in the presence of NH3
on potassium-free iron catalysts can be observed. For example, for C4 hydrocarbons the mole
fraction of produced olefins increases from 0.14 (pnwz = 0.0 bar) to approximately 0.65
(pnms = 0.2 bar). Only a small gain of ethene contents can be observed and over the range for
the C,-Cy olefins, a maximum appears at Cs (mole fraction of 1-pentene = 0.68). After the

carbon number n =5 less olefins are produced and the curve declines.
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It seems that ammonia in the synthesis gas feed has promotional effects on the olefin
selectivity since increased olefin contents are observed during NH3-FT compared to the FT
experiments on unpromoted iron catalysts. In contrast to this, the formation of olefins is not
influenced by ammonia when additional potassium is present in the iron catalysts. From the
results of FT/NH3-FT reactions on cobalt catalyst in this work, a gain in the olefin selectivity
of 59.1 mol% (for carbon numbers C, - Cq) was observed (Table 4.14).

Similar results during FT/NH3-FT experiments on supported iron-and cobalt-containing
catalysts were found by Rausch et al. [6][112]. During FT/NH3-FT experiments in a fixed-bed
and slurry reactor, he could clearly show, that on cobalt catalysts olefin contents increased
significantly during the addition of ammonia. When the reaction was carried out on supported
iron catalysts, ammonia influenced the formation rates of long chain olefins (C;- Cyo) only
slightly. With the use of potassium promoted bulk iron catalysts during FT/NH3-FT studies,
the mole fraction of olefins is not affected by low ammonia concentrations in the synthesis
gas feed (2 - 10 vol%) as it was reported by Sango [111]. After ammonia concentrations were
raised between 20 and 35 vol%, the amount of olefins increased, too. Increased olefin
selectivities were observed by Yeh et al. [114], too, when iron nitrides as catalysts were used

during conventional Fischer-Tropsch experiments.

Formation of 1-olefins

1-olefins are the main products formed during Fischer-Tropsch synthesis and they can
undergo secondary reactions such as double bond shift isomerisation. As a result, a mixture of
1- and 2-olefins can be obtained (Figure 4.11) and mole fractions of 1-olefins in all total

olefins for carbon numbers C, - Cy are presented in Figure 4.12.

From Figure 4.12 it can be seen that high amounts of valuable 1-olefins are obtained during
FT runs (pnws = 0.0 bar) on potassium promoted iron catalysts. 2-olefins could be obtained
from re-adsorption of 1-olefins (Figure 4.11) and it is known in literature that potassium is
forcing back this side reaction [3]. Due to its interaction with the 3d-band of the iron catalyst,
the CO binding strength is increased and consequently the coverage of the catalyst surface
with CO is increased. Re-adsorption of 1-olefins is possibly hindered since carbon monoxide
may block active sites of the catalyst. In case of FT experiments on unpromoted iron catalyst
low amounts of 1-olefins in the range of C4- Cg are produced. Low chain 1-olefins are may be

too reactive and can easily re-adsorb onto the catalyst surface to form 2-olefins.
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Figure 4.12: Mole fraction of 1-olefins in all linear olefins (1- and 2-olefins) during FT/NHs-FT runs on iron
catalysts at different NH; partial pressures and potassium loadings (Treactor = 270 °C, Prota = 4 bar,
Pns = 0.0 - 0.2 bar, GHSV = 1920 h*, H,:CO = 2:1).

The presence of ammonia (pnns = 0.2 bar) does not alter the 1-olefin content in case of
NH;-FT experiments on potassium-containing catalysts Fe-2K and Fe-5K, whereas smaller
concentrations of 1-olefins are synthesized on potassium-free iron catalysts. A low value for
1-nonene (Fe-OK at pyns = 0.2 bar) which can be seen in Figure 4.12, can be led back to an
analytical error since product peaks become more difficult to integrate with higher organic

products during gas chromatographic analysis.

From the results in this chapter it could be seen that ammonia in the synthesis gas feed can
change the olefin selectivity during FT/NH3-FT experiments on potassium-free iron catalysts.
It appears that the catalytic performance of potassium promoted iron catalysts is not
influenced to the effects caused by ammonia as it was already described in the chapters before

and possible reasons will be discussed in chapter 4.2.1.10.
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4.2.1.6 Formation of branched products

During Fischer-Tropsch synthesis the formation of branched hydrocarbons is feasible and two
possible routes are believed to be involved (Figure 4.13). Branched hydrocarbons can be
obtained from secondary reactions of 1-olefins (1) as it was shown by Schulz et al. [60] with
co-feeding experiments of **C-labelled propene molecules. The re-adsorption of 2-olefins
followed by chain growth to branched compounds was concluded to occur only in initial
periods where the intrinsic selective inhibitions of the FT system are not yet developed [35].
Another pathway towards branched hydrocarbons is the combination of an alkylidene with a
methyl species (2) via primary product formation [101][102]. When transition metal catalysts
(e.g. iron) for the Fischer-Tropsch reactions are doped with potassium, the formation of

branched hydrocarbons can be suppressed [3][23].

R— CH=CH,

R CH;
Secondary reaction (1) \ /
R CH, CH
N\ / +CH, |
R CH CH,

Primary reaction (2)

Figure 4.13: Scheme of the formation of branched hydrocarbons during Fischer-Tropsch synthesis via different
mechanisms (adapted from [23]).

For the reasons described in chapter 3.4.3, it was abstained to calculate molar flow rates for
branched hydrocarbons for carbon numbers Cs.. To describe the influence of promoters such
as potassium and the influence of ammonia onto the formation of branched hydrocarbons the
C, fraction was chosen. Here 2-methylpropane could be identified using a GC-FID (chapter

3.4.2) and shall represent the degree of branching in this work.

Figure 4.14 attempts to show the molar ratio of branched C, hydrocarbon/linear C,
hydrocarbons (iso/lin) during FT/NH3-FT experiments on bulk iron catalysts with different
potassium loadings (in wt%). When comparing the formation of 2-methylpropane for FT
reactions in the absence of NHj3 the influence of potassium as a promoter can be clearly seen.
The molar ratio of branched to linear hydrocarbons decreases from around 0.09 (Fe-0K) to
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0.02 (Fe-2K) when the iron catalyst was impregnated before with potassium. Promotion of
iron catalyst with alkali metals is known to reduce side reactions during the Fischer-Tropsch
synthesis [3]. Considering that the formation of branched hydrocarbons takes place via a
secondary reaction as proposed by Schulz et al. [60], the decrease of iso/lin could be
explained. Potassium as a base can neutralize acid sites on the catalyst surface which could
catalyze the isomerisation of re-adsorbed olefins [23]. Normally these acidic sites are
introduced by supports such as alumina [15]. The bulk iron catalysts used in this work are not
supported and no information of the acid sites on this catalyst system is available. Moreover,
in chapter 4.2.1.5 it was argued that re-adsorption of 1-olefins is hindered and less 2-olefins
were formed when potassium as a promoter is present in the iron catalyst. From this point of
view, it is assumed that the formation of branched hydrocarbons via secondary reactions

seems to be unlikely during this study.
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