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Synopsis

In the Fischer-Tropsch process, valuable products consisting mainly of long chain hydrocarbons and water
as by-product are synthesized from the basic starting materials hydrogen and carbon monoxide, derived
from sources such as coal, gas or biomass [1]. Iron catalysts and cobalt based systems are the preferred
catalysts for the commercial Fischer-Tropsch synthesis (FTS) employed at PetroSA and Sasol in South
Africa [2]. The use of iron catalysts is not only influenced by the low price of the active material compared
Co and Ru, but also by higher activity and a wide window of FT operating conditions. Though the product
selectivity of iron-based FT synthesis can, to a certain extent, be controlled by changing the process
temperature, promoters are added to improve selectivity and activity of the catalyst by modifying structural

and/or electronic properties of the active phase [3].

Potassium is the most used among alkali promoters in iron-catalyzed FTS because of its Lewis acid nature
[4-6]. Alkali promoters simultaneously promote dissociative CO chemisorption and inhibit chemisorption
of H, by a charge transfer to the surface of the iron based active phase, resulting in a higher C/H ratio on
the catalyst surface and faster carburization rates, longer chain products and higher olefin content [5,7,8].
The addition of promoters is beneficial up to a certain amount, above which it becomes detrimental to the
overall activity of the catalyst due to coverage of active sites and/or excessive coking [9-11]. Its mobility
under reaction conditions is another challenge as it results in a highly dynamic system. The goal of the here
proposed study is to investigate the possibility of using a new class of supports (perovskites) that do not
only provide high surface area and enhance the dispersion of the active phase but also adopt the role
currently played by promoting elements without suffering from the disadvantages reported above (mobility

on catalyst, blocking active sites, etc.) [12].

Perovskites are mixed-metal oxides that have attracted much scientific attention due to their low price,
adaptability and thermal stability. They generally have the formula ABO3; or A,BO,4 (A and B are cations
of different sizes, and O is the anion that binds them), exhibiting a range of stoichiometries and crystal
structures. Their structural features make it possible to accommodate around 90% of the metallic elements
from the periodic table in positions A and/or B, without destroying the matrix structure. ‘A’ can be a rare
earth alkali (La, Ce, Pr) or alkaline earth metals (Cs, K, Ca) of a larger diameter than ‘B’ which is normally
a transition metal (Co, Fe, Cu, Mn, Cr) [13,14]. This study aims to incorporate selectivity and activity
promoters into the perovskite structure, anchor iron particles on the perovskite and investigate the

reducibility and activity/selectivity of the obtained model catalyst under Fischer-Tropsch conditions.



The model catalysts are developed by preparing a series of LaAlO3 perovskites with partial substitution of
lanthanum with 10 atom-% potassium, and 0, 10, 20, 60, and 100 atom-% substitution of aluminum with
manganese. The performance of iron supported on these materials is compared with the one on LaAlOs;
support with potassium promotion via impregnation (2, 1 and 0.5 wt.-%). EDS-STEM and XANES results
confirm the successful incorporation of potassium and manganese into the matrix of the LaAlOs. In situ
studies highlight the effect of potassium on the activation of the oxidic iron precursor. The iron supported
on the potassium incorporated perovskite exhibits a lower reduction temperature and a faster subsequent
formation of Hagg carbide (y-Fe2Cs). It is well reported that iron carbide is the active phase for the Fischer-
Tropsch synthesis [15-17].

The Fischer-Tropsch activity of the iron supported on the unmodified LaAlO; perovskite support compares
well with common supports such as SiO2, Al,O3, ZrO; and TiO- in terms of CO conversion and selectivity
towards FTS products. The incorporation of low concentrations of manganese into the perovskite support
results in a slight decrease in CO conversion but no significant change of the product selectivity was
observed. With a further increase in manganese concentration, CO conversion decreases accompanied by
an increase in C; and C»—C,4 product selectivity. The same phenomenon is observed with these high

manganese containing samples when the perovskite support is further modified with potassium.

Incorporation of potassium into the LaAlOs and LaMno..AlosO3 perovskites results in a substantial increase
in CO conversion, beyond 70%. At a CO conversion comparable to the promoter free perovskite catalyst,
the novel materials show a comparable CH, selectivity with lower CO, formation, resulting in a lower
overall undesired C1 product fraction suggesting a decoupling of the potassium enhancement of the FTS
activity versus the enhancement of the water gas shift reaction. Additionally, these materials also show
good stability under FT reaction conditions as no significant change is observed in the perovskite structure
post reaction. It can therefore be confirmed that perovskites can double as both the support and electronic
promoter via the incorporation of the known promoter elements within their structure, and their electronic

effects can surpass those of conventional promoters.
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ASF Anderson-Schulz-Flory (product distribution)
BET Brunauer-Emmett-Teller

BPR back pressure regulator

CSTR continuously stirred tank reactor
DOR degree of reduction

EDS energy-dispersive X-ray spectroscopy
fcc face-centered cubic

FIC flow indicator and control

FID flame ionization detector

FT Fischer-Tropsch

FTS Fischer-Tropsch synthesis

GC gas chromatograph

HAADF high-angle annular dark-field

GHSV gas hourly space velocity

IWI incipient wetness impregnation

MFC mass flow controller

NTP normal temperature and pressure (1 atm and 293 K)
NV needle valve

o/P olefin to paraffin ratio



PIC

PRV

STEM

STY

TCD

TEM

TGA

TIC

TPR

WGS

XANES

XRD

Notations

KI
N;

SV

Xii

pressure indicator and control

pressure relief valve

scanning transmission electron microscopy
average space time yields

thermal conductivity detector
transmission electron microscopy
thermogravimetric analysis

temperature indicator and control
temperature-programmed reduction
water gas shift

X-ray Absorption Spectroscopy

X-ray absorption near edge spectroscopy

X-ray diffraction

chain growth probability

response area of component i in chromatogram

Angstrgm

selectivity of hydrocarbons with a chain lengthn <5 Co—

Selectivity of hydrocarbons with a chain length 3<n <4

response factor
Kovats index
molar flow rate of component i

space velocity (STP, per gram of catalyst)



Wi,

mass fraction of a product consisting of carbon number n

Chemical formulas

Al;O3
Ar

C

CH;
CHjs
CH,
Co

CO
CO;
Co304
Fe
Fe203
Fes04
x-Fe2Cs
v-Fe20s
K2COs

aluminum oxide (alumina)
argon

carbon

alkenyl group

alkyl group

methane

cobalt

carbon monoxide or carbonyl

carbon dioxide

cobalt oxide
iron
iron (I11) oxide

iron (1, 111) oxide
Hégg carbide
maghemite

potassium carbonate

Xiii






1 Introduction

Liquid transportation fuels and other hydrocarbon products of various molecular weights can be produced
via a condensation polymerization reaction of CO. The process is a well-established catalytic reaction
termed Fischer-Tropsch (FT) synthesis. The catalysts for the FT synthesis are metals such as iron, cobalt,
nickel and ruthenium, because of their ability to form the carbon-carbon bond and support chain growth.
However, only iron and cobalt based catalyst systems are commercially used. The use of iron catalysts is
influenced by the low price when compared to Co, Ni and Ru, and by its high FT reaction as well as water-
gas-shift activity. It is therefore more suitable for a hydrogen lean syngas such as when derived from coal

gasification [1].

Though the product selectivity of iron-based FT can, to a certain extent, be controlled by changing the
process temperature, space velocity and partial pressures, promoters can be added to increase olefin and
long- chain hydrocarbon selectivity as well as FT and water gas shift activity by modifying structural and/or
electronic properties of the active phase [2]. Promoter elements include the acids of the 1A group metals
like potassium and transition metals such as manganese, calcium, zinc, copper and magnesium. Compared
with other promoters, potassium and manganese show complex structural and electronic effects [3]. Other
promoters like copper as well as high surface area binders/supports such as silica and/or alumina are added
mainly to facilitate iron reduction, stabilize a high metal surface area, and improve the mechanical properties.

They also modify the selectivity, but their effects are usually small in comparison with that of potassium
[4].

Alkali metal ions are the most used because of their acid nature, they regulate the acid/base sites on a
catalytic surface and simultaneously promote the dissociative CO chemisorption and inhibit chemisorption
of Hy, altering the surface concentration of desired adsorbates, leading to longer chain products and higher
olefin content [5-8]. The addition of promoters is beneficial up to a certain amount (e.g. for potassium
approximately 3 wt.-%) [9-11], above which it becomes detrimental to the overall activity of the catalyst due
to coverage of active sites and/or excessive coking. Promoter mobility under reaction conditions is another
challenge as it results in a highly dynamic system, making it difficult to know the amount and location of
the promoter during FT [12,13]. For optimum catalyst performance it is important to achieve maximum
promoter utilization. In the present work the possibility of using a new class of supports, lanthanum-based
perovskites, which do not only provide surface area and enhance the dispersion of the catalyst but also adopt
the role currently played by promoting elements without suffering from the disadvantages reported above

(mobility on catalyst, blocking active sites, etc.) was studied.



Perovskites are compounds chemically represented by a formula ABOs; or A.BO4 (A and B are cations of
different sizes, and O is the anion), and therefore form a large variety of materials. The cation A usually
has a bigger radius (1.0-1.9 A) while the B cation has a smaller radius (0.5-1.2 A). In the ideal perovskite
structure, the 12-coordinated A cation may be rare-earth, alkaline-earth, alkali or other large ions and the
6-coordinated B cations are usually transition metals. The anion may be oxygen, chlorine, sulfur or fluorine
[14,15]. The A site has a strong effect on stability of the matrix structure and can improve catalyst
performance through synergetic interactions with cations at the B site [16—18]. In the present study, the
perovskites are used as supports for iron catalysts empowered through the incorporation of selectivity and

activity promoters into their matrix.
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2 Literature Review

2.1 Fischer-Tropsch Synthesis

2.1.1 Background to the Fischer-Tropsch Synthesis

The current global supply of fuels and chemicals is based largely on crude oil and the International Energy
Agency (IEA) projected that the demand for liquid fuels will increase more rapidly in the transportation
sector than in any other end-use sector [1]. The depleting reserves of oil and volatile prices have shifted
interest to coal and methane with reserves exceeding that of oil by a factor of 2.5 and 1.5 respectively [2].
Methane, coal and biomass can be used to produce syngas, a mixture of gases containing mainly hydrogen
and carbon monoxide, which can be converted into a range of fuels and chemicals using the Fischer-Tropsch
process [3,4]. The Fischer-Tropsch process was first commercialized in Germany in the 1940s during World
War 11, and nine reactors with an annual capacity of over half a million tons of Fischer-Tropsch liquid were
in operation to provide the needed fuels for the German war effort [5]. However, these plants were closed
after the commercial viability waned with the end of the war and the restored access to crude oil. Worried
about the possible hikes in oil prices due to depleting reserves, a methane syngas plant with a capacity of
360 000 tons per year was built in Brownsville Texas during the 1950s [6,7]. The plant was shut down in
1957 because of increases in methane prices and the discovery of oil fields in the Middle East [8]. In the
same period, South Africa turned to the FT synthesis from coal gasification due to low cost and abundance
of domestic coal, to supply significant quantities of its hydrocarbon fuel and chemical needs. The first coal-
based plant was constructed 1955 in Sasolburg in South Africa [9,10]. To date, Germany produces no
synthetic fuel anymore, while various FT plants are active worldwide, operated by Sasol in South Africa

and Qatar, Sasol/Chevron in Nigeria, Shell in Malaysia and Qatar and several companies in China [11,12].

The FT technology is often referred to as coal-to-liquids (CTL) and/or gas-to-liquids (GTL) depending on
the syngas source. Current operating CTL plants include Sasol's Sasolburg | and Il plant. There are two
GTL plants in operation in Qatar; Oryx GTL which is a joint venture between Qatar Petroleum and Sasol,
and Pearl GTL which is a revenue sharing project between Qatar Petroleum and Shell [13]. Sasol also has
GTL projects in Nigeria and Uzbekistan [14]. The world's first commercial GTL plant, Shell MDS is in
Bintulu, Malaysia. In China, Synfuels China focuses on the technologies for indirect Coal Liquefaction or
Coal-to-Liquids (CTL) processes [15].



The economic viability of the Fischer-Tropsch process is highly dependent on the cost of the feedstocks
considering the depletion of fossil resources and the strong fluctuation of oil prices. The combustion of
fossil fuels releases over seven gigatons of CO; annually, adding to the global greenhouse effect [16]. To
meet the ambitious targets of the Paris agreement, governments have renewed the interest in FT synthesis
to exploit the CO; content in air through direct air capture (DAC) or capture CO, at point sources and
convert it into beneficial chemicals such as urea [17-19]. But the capture of CO. via DAC is very energy
intensive. It requires the same amount of energy as contained in the fuels producing CO; [20]. CO; storage
presents another challenge as geological formations like depleted oil and gas reservoirs are usually far from
the CO2source. The development of new technologies to capture CO;have provided new ways of valorizing
CO; providing an industry serving as a compliment to carbon capture and storage. These include the
production of syngas for use in the FT synthesis from recycled CO; by means of green hydrogen to close
the carbon loop and meeting the heat requirements by making use of heat released from the FT synthesis
reaction [21-23, 307].

2.1.2 The Fischer-Tropsch reactions

The Fischer-Tropsch synthesis comprises a set of highly exothermic primary and secondary reactions in
which CO and H; (synthesis gas) are catalytically converted into a mixture of linear and branched
hydrocarbons, mainly n-paraffins and n-olefins, as well as some oxygenates and aromatics, with water as
the main by-product [24]. The main reactions taking place in the FT synthesis, can be described by

equations 2.1 and 2.2.

2nH, + nCO - C,Hy, + nH,0 21

(Zn + 1)H2 +nCO - CnH2n+2 + nH20 2.2

Where n is an integer. Thus, for n=1, the reaction (eqn. 2.2) represents the formation of methane, which in
most applications is considered an undesirable product. Besides the formation of long chain hydrocarbons,
several side reactions take place to a varying degree owing to the nature of the catalyst, chosen reaction
temperature, and reactor configuration. The water-gas shift reaction (eqn. 2.3) takes place over iron catalysts
and unlike other side reactions, it provides means to tune the H,:CO feed ratio. This is of special interest if

synthesis gas is sourced via coal gasification often yielding a H»:CO ratio of below 2. The Boudouard
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reaction (egn. 2.4) produces carbonaceous deposits that can block the active sites, deactivating the catalyst
[25].

2C0 - CO,+C 24

Synthesis of certain products and their average carbon number can be achieved by using a selectivity
modified FT catalyst at a certain pressure and temperature. Industrial operation of the FT synthesis is
categorized based on the operating temperature. Industrial Low Temperature Fischer-Tropsch Synthesis
(LTFTS) takes place at typically 200-270 °C, 20-45 bar and H2/CO = 1.7-2.15, and mainly produces long
chain products and is thus predominantly employed for the production of diesel, kerosene and wax.
Meanwhile the High Temperature Fischer-Tropsch Synthesis (HTFTS) takes place at temperatures of 300—
350 °C, 20-40 bar and H2/CO < 2. Higher temperatures limit chain growth and shift selectivity towards
lower carbon number and more hydrogenated products. This may result in more branching and more
secondary products such as aromatics and ketones (see Figure 2-1) [26-28]. Iron, cobalt, nickel and
ruthenium have been found to be sufficiently active for the hydrogenation of carbon monoxide, however
only iron catalysts are flexible towards low hydrogen to carbon monoxide ratios in the synthesis gas because
of its water gas shift activity. Furthermore, iron catalysts can catalyze both HTFTS and LTFTS due to their

limited selectivity to methane even at high temperature operating conditions [29].

LowT Sasol Arge | HighT Sasol Synthol
| Japla=0.7) « lowC;~C, 13.3 |+ higherC, ~C, 43.0

< * lowC;-C,, 17.9 * higherC,-C,, 40.0
= * lowCy,=Cys 139 |+ lessCyy=Cio 7.0
v = o
° Tiowl0=0.88-0.95) |, 50 — 70% wax 51.7 * low wax 4.0
e . 220-270°C . 325-350°C
S *+ a=0.87+ * a=07+

* gasoline/diesel: 1:2 * gasoline/diesel: 2:1

* B80* Cetane # * 50-60 Cetane #

Carbon # * 0-200ctane# * 0-600ctane#

Figure 2-1: Dependency of Fischer-Tropsch synthesis on reaction temperature. Product selectivity (in C-
%) of the Sasol ARGE (220 °C) and Sasol Synthol (325 °C) processes. (from [28]).



2.1.3 Fischer-Tropsch Mechanisms

The FT reaction can be described as surface polymerization reaction, involving the following steps;
1. reactant adsorption on the surface of the catalyst
2. generation of a chain starter (chain initiation)
3. chain growth (propagation step)
4. chain termination and product desorption from the catalyst surface

5. re-adsorption of reactive products and further reaction

The first two steps of the FT reaction involve the adsorption and dissociation of CO on the catalyst surface,
and the reaction with hydrogen to form surface methyl and methylene groups, monomers of the overall
polymerization reaction [30]. During the chain growth, specific surface monomers polymerize to form long-
chained hydrocarbons. In the termination step, the hydrocarbon chain is transformed into an adsorbed

product on the surface of the catalyst. The product can subsequently desorb or further react [29,31].

The FT reaction mechanism has been under debate since its inception in the 1920s by Fischer and Tropsch.
In practice, the most challenging aspect is understanding how to achieve a high yield of long chain
hydrocarbons with low methane selectivity. Even though it is the simplest alkane formed during FT
synthesis, the formation mechanism of CHy is still under debate [31]. It is therefore postulated that not a
single pathway exists, but that there are several co-existing reaction pathways which occur with similar
probability during FT synthesis to explain the observed product distribution [32,33]. More widely

popularized pathways include the alkyl, alkenyl, enol and the CO-insertion mechanisms.

2.1.3.1 The alkyl mechanism

The alkyl mechanism is based on the classic carbide-mechanism originally proposed by Fischer and
Tropsch [34] and has for a long time been the most accepted mechanism for the formation of long chain
hydrocarbons in the FT synthesis. The proposed mechanism proceeds via the dissociative adsorption of CO

and H; on the catalyst surface to form hydrogen and carbon species (see Figure 2-2). The surface oxygen



reacts with adsorbed carbon to form CO- or with surface hydrogen to form the by-product water via a multi-

step reaction [33].

Chain Initiation:
co C CH CH, " CH,
A +2H = +H 5 +H ' _II_° ' +H B iy
e - — . —— — -
-H,0 ' ;
Chain Propagation: 5 Monomer Chain Initiator
|
R CH, CH,
Chain Termination:
CH,=CHR a-Olefin
CH,R -
| +H 5 n-Paraffin
CH, CH,-CH,R
Sk ik
+ OH CH,OH-CH,R TS

Figure 2-2: Reaction pathways proposed for the alkyl mechanism for the Fischer-Tropsch synthesis (from

[33D).

The surface carbon is hydrogenated to form CH, CH; and CHs surface species. The methyl surface species
are regarded as the chain growth initiator while the methylene, CH>, surface species are regarded as the
monomers. The actual chain propagation occurs through the insertion of the CH, monomer into a surface
alkyl species. There are two possible desorption pathways. First the alkyl species can terminate through -
H-elimination yielding a-olefins, secondly through hydrogenation yielding n-paraffins. The incorporation
of surface hydroxyl groups into the alkyl species yielding alcohols has been postulated [35], but there is no
experimental evidence to support this reaction pathway. The desorbed olefins can re-adsorb onto the
catalyst surface and further react to form longer chain hydrocarbons. The alkyl mechanism explains the

formation of n-paraffins and a-olefins in the FT product spectrum [33,36].



The experimental evidence given by Brady and Pettit [37,38] supports the chain propagation step in the
alkyl mechanism. They proved that the reaction between diazomethane and hydrogen over a FT catalyst
produces a FT product spectrum, while in the absence of hydrogen, ethene is formed. This is an indication
that CH. species are needed for chain formation in the presence of hydrogen. They can be a monomer or

be part of monomer formation for long chain hydrocarbons.

The alkyl mechanism does not explain the formation of branched hydrocarbons. However, Schulz et al.
[39,40] proposed a reaction pathway similar to the alkyl mechanism in which the formation of branched
hydrocarbons proceeds via the reaction of surface alkylidene and a methyl species (see Figure 2-3). They
also confirmed experimentally that olefins such as propene can reabsorb and react with CH; to form
branched surface species. The termination of these species results in methyl branched product molecules

[41]. This mechanism was also supported by work of Lee and Anderson [42].

CH,
CH; CH

< o
©
/

N\
0O
ar
+
(@)
o
-0
2

P
CH,=CH-CH,

Figure 2-3: Reaction pathways proposed for the formation of branched hydrocarbons in the Fischer-
Tropsch synthesis (from [33]).

2.1.3.2 The alkenyl mechanism

Maitlis et al. [43] proposed an alkenyl mechanism as an alternative reaction pathway for FT chain growth
(see Figure 2-4). The monomer is the CH- species, same as for the alkyl mechanism, formed through the
sequential hydrogenation of surface carbon. A vinyl surface species (CH=CHy) is the chain initiator formed
through the reaction between CH and CH> species. Chain growth is assumed to proceed by CH; insertion
into a metal vinyl bond to form an allyl species, followed by a subsequent isomerization to give rise to a

longer alkenyl species. Finally, hydrogen addition on the a-carbon results in chain termination in the form
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of a-olefins. The alkenyl mechanism cannot explain the full mechanism of the Fischer-Tropsch products
formation, as it describes a primary olefin selectivity of 100 mol.%, therefore an alternative co-existing

reaction pathway would have to exist to describe the formation of other Fischer-Tropsch products [44].

Chain Initiation:

0 c CH { CH,
—tle +2H | - +H +H
-H,0 \
CH,"
I
?H %HZ ?H Monomer

Chain Propagation:  Chain Initiator

CHR CH,R
I |
CHR CH CH
I / Y4
CH CH, CH, CH
N i . i [l
Chain Termination:
R
|
CH *H CH,=CHR a-Olefin
CH
Nl il

Figure 2-4: Reaction pathway proposed for the alkenyl mechanism in the Fischer-Tropsch synthesis (from

[33D).

2.1.3.3 Enol mechanism

The enol mechanism describes a reaction pathway explaining the presence of oxygenates in the FT product
(see Figure 2-5). This mechanism involves a relatively large enol surface species formed by hydrogenation
of chemisorbed surface CO constituting both the monomer and the chain initiator [45]. The CO molecule

does not dissociate. The chain growth occurs via an enol-condensation reaction, eliminating water followed
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by the subsequent hydrogenation yielding oxygenates and a-olefins. n-paraffins are formed in secondary

hydrogenation reactions of re-adsorbed olefins and their primary formation is not explained.

Chain Initiation: o ‘H OH "'H o H Alternative Monomer
Il £ N N
C ' C : CH
Il +2H % a . +H |
Chain Initiat~c.>.r-é Monomer R
[
: SR R OHH OH R OH H,C OH
Chain Propagation: \c o7 \c 7 \c—c 7 2%/
Il Il -H,0 T +2H 1
R
R OHH OH
Ty HC OH
?H El: +2H C
H,0
R
[
Chain Termination: H,C OH H OH
N i
4 c + R=CH, 22H__ RcH,
\ RCH,CHO Acids, esters
\_*2H _, RCH,CH,0OH

Figure 2-5: Reaction pathway proposed in the enol mechanism in the Fischer-Tropsch synthesis (from

[33D).

2.1.3.4 CO-insertion mechanism

The CO insertion mechanism is the most probable and widely accepted mechanism for the formation of
oxygenates in the Fischer-Tropsch synthesis (see Figure 2-6). Based on the CO insertion known from
homogeneous catalysis, the mechanism was first proposed by Sternberg and Wender [46], and later fully
refined by Pichler and Schulz [47]. The monomer is the chemisorbed CO while the chain initiator is a

surface methyl species. CO is first hydrogenated and only then the C-O bond is broken to give the chain
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initiator. The reaction between the monomer and the chain initiator results in chain propagation through the
insertion of CO into a metal-alkyl (methyl or methylene) carbon bond leading to a surface acyl species,
which can subsequently form longer alkyl species through the elimination of oxygen. The termination of
chain growth proceeds in various pathways yielding either paraffins and olefins, or aldehydes and alcohols

depending on the degree of hydrogenation of the alpha carbon [25].

Chain Initiation:

(I)H

?HZ +2H

-H,0

+ 3H 1CH3

CcO
I

Chain Propagation:

Chain Initiator

R O R OH R
\ 7/ NS/ |

R CO Ol o | N CH,
| | = R o3 #2H |

—  e— e—

Chain Termination:

CH,R -H CH,=CHR  a-Olefin
: k CH,-CH,R  n-Paraffin

R OH -H RCHO Aldehyde
—— m RCH,OH  1-alohol

Figure 2-6: Reaction pathway proposed for the CO insertion mechanism in the Fischer-Tropsch (from

[33]).

13



2.1.3.5 Recently proposed mechanisms

The four mechanisms described above do not fully describe the Fischer-Tropsch synthesis spectrum and
are still not fully accepted. A lot of research and the advancement of characterization techniques have

prompted the development of other potential mechanisms [48-50].

Using surface science data and DFT modelling, Weststrate et al. [50] proposed a chain growth mechanism
for the close packed Co surface. In the alkyl mechanism mentioned above, the generation of a new chain
starts by the surface reaction between the monomer CH, and the chain initiator CHz forming CH>CHs. In
the proposed alkylidene mechanism, the monomer CH is described as the most stable CiHx species on
several metal surfaces including Co (0001) [48]. The chain is initiated by CH + CH to form CH=CH, which
is also the most stable adsorbed acetylene species. This step is concluded by the hydrogenation of acetylene
to ethylidyne. The chain propagation is thought to proceed via the insertion of CH into the C;H3 to form
propyne, which is the most stable CsHx species on Co (0001). The propyne can further react with hydrogen
species to form propylidyne likely influenced by free surface species like CO (see Figure 2-7). Chain
termination involves one or more hydrogenation steps, either the alkylidyne or the alkyne is thus

hydrogenated to alkanes or alkenes [48-50].

C, analog of CH, i.e. both C-R
coupling = CH + CH

most stable CH, H
¢ N I;l He (l: -
\
H H H-c-H H H—C'H H
H & ¢ G C H & & H
O L
[ | (] -+ (i) (] +
methylidyne (+30 kd/mol) ethylidyne I:I propylidyne
H H H-c-H H further growth
easy, produces N ’ easy, produces A ’
most stable C,H, H c-C most stable C,H, H c-C (+31 kJ/mol)
acetylene propyne

Figure 2-7: Proposed FTS chain growth mechanism on a close-packed Co surface (from [48]).
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2.1.4 Fischer-Tropsch Product Distribution

Due to its polymerization nature, the Fischer-Tropsch reaction results in a wide variety of products. These
mainly include n-olefins (primarily a-olefins and some olefins with internal double bond) and n-paraffins,
with oxygenates (1-alcohols, aldehydes, ketones, carboxylic acids), branched compounds (mainly mono-
methyl branched) and aromatics as side products [51]. The composition of the FT product spectrum is
influenced by a number of variables including temperature, pressure, catalyst type, promoters and feed gas
composition [52]. Irrespective of conditions, the FT synthesis product spectrum forms by a constant

stepwise growth and desorption process.

The Anderson-Schulz-Flory (ASF) distribution, which can be applied due to the polymerization type nature
of the FT reaction, suggests that the product formation follows an arithmetical distribution whereby C; units
are successively added to the growing chains on the catalyst surface using carbon number parameters [40].
The synthesis proceeds through a constant stepwise growth and desorption process, over which the products

can either desorb or continue in chain growth on the catalyst surface (see Figure 2-8).

Product, Pr, Pr; Pry

desorption d d d

co —) Surface
H, species,

Figure 2-8: Fischer-Tropsch stepwise product growth process - a series of ideal chain growth and
formation (from [40]).

The ideal ASF growth process shown in Figure 2-8 is however different from the product distribution
observed in a real FT synthesis. For instance, it is widely reported that formed primary a-olefins can re-
adsorb on the catalyst surface as a function of their carbon number [33,53], and form secondary products
via chain growth, hydrogenation or double bond shift. Primary oxygenates like 1-alcohols and aldehydes
[33] can also further react through re-adsorption on the catalyst surface (see Figure 2-9) [54-57]. These
reactions can be summed up together with their chain length dependency in the proposed chain growth

mechanism (not accounting for branched hydrocarbon formation and the fact that there may be different
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surface species and different active sites) to give a model that explains some of the deviations from ideal

ASF distribution experimentally observed, such as higher methane and lower C, content.

Oxygenates
11 Oxy Olefins  Oxy oy
Surface 9growth g
- SpeCles B e sz— Sp3 — ....... — spN
Paraffins Par Par Par

Figure 2-9: Mechanism for chain growth of paraffins, olefins and oxygenates as product classes and one
class of surface species (Sp) (N: carbon number, g: growth) (from [33]).

The chain growth probability is described by the parameter o and is dependent of both the propagation and

termination rates as shown in equation 2.5.
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Where rg and rq are the propagation and termination rates respectively. According to the ASF distribution,
the weight content of the products of a certain carbon number Wy as a function of carbon number N¢ can

be expressed as a linear equation.

W, 1—x
log~ "= N¢.loga + log — 2.6
NC X

The average chain length of the hydrocarbon product produced in the FT synthesis depends on the value of
a. For the a value of zero, only methane is formed (see Figure 2-10). The maximum amount of Cs—Cg
hydrocarbons, for petrol production, that can theoretically be obtained is about 45% at an a- value of 0.75.
At higher values of a (o approaching 1), the fraction of the more valuable hydrocarbons (Cis— Cz) in the product

decreases sharply. Therefore, the best strategy to obtain the maximum amount of fuel fraction is to form longer
17



chain hydrocarbons (waxes) by maximizing a, and then hydrocrack them to the desired product chain length in a

subsequent process [58].
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Figure 2-10: Concentration of different product slates according to theoretical ASF distributions at
different chain growth probabilities (from [8]).

An increase in temperature increases the rate of desorption of surface species, shifting product selectivity
towards short chain hydrocarbons and methane. Therefore, when targeting long chain products, the low
temperature FT synthesis is beneficial. The effect of pressure is due to a combination of total pressure of
the feed and product gases. Increasing the total pressure generally increases the probability of high
molecular weight products. High H»:CO ratios result in high hydrogen coverage on the catalyst surface (see
Table 2-1). Hydrogen rich conditions increase the formation of hydrocarbons with high H:C ratio (CH4 and
paraffins), additionally, low olefin and oxygenate selectivity is observed due to increased secondary

hydrogenation of these products. Increased residence times result in a higher methane selectivity [36].
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Table 2-1: Effect of process conditions on product selectivity [59].

Temperature | Pressure H,:CO | Residence time Ka
Methane selectivity + - + + -
Chain growth - + - ~ +
Chain branching + - ~ ~ -
Olefin selectivity ~ ~ - - +
Oxygenate selectivity - + - - +
Carbon deposition + ~ - ~ +

+ increase with increasing parameter

- decrease with decreasing parameter
~ no clear effect

potassium loading for iron catalyst systems

2.1.5 Fischer-Tropsch Catalysts

Various transition metals (iron, cobalt, nickel, rhodium, and ruthenium) can be used as catalysts for the FT
synthesis, but most are not commercially viable due to high cost, limited availability as well as poor
selectivity and activity. Only iron and cobalt catalysts have successfully been used as commercial Fischer-
Tropsch catalysts [52,52,60]. Nickel catalysts possess a high hydrogenation activity under practical
conditions that leads to the formation of methane. Nickel also tends to form volatile nickel carbonyls under
Fischer-Tropsch conditions [61]. Ruthenium is the Group VIII metal with the highest activity for FT
synthesis forming high molecular weight products at very low temperatures. It is however not suited for
commercialization because of its limited availability and associated high cost [62—64]. Apart from
displaying good activity for FT synthesis, rhodium has very high selectivity towards oxygenates,
preferentially ethanol over other alcohols [65,66]. However, commercialization of rhodium is impractical

due to high costs of such catalysts, especially when high metal loadings are used [67].

Iron catalysts are reported to be more robust than cobalt catalysts, especially at more severe conditions
(higher space velocities and at higher reactor pressures) [62,68]. They show activity for both the high and

low temperature Fischer-Tropsch synthesis [52,69,70]. Iron catalysts are cheaper and more resistant to
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sulfur poisoning than cobalt catalysts. Iron catalysts are also known to catalyze the water gas shift reaction
(WGS), the conversion of CO and H,O to form CO, and H,, under Fischer-Tropsch conditions. In general,
the water gas shift reaction is undesirable as it results in a low carbon efficiency due to some of the carbon
being lost as CO,. However, the WGS reaction has the advantage of producing H that improves the H,:CO
ratio of hydrogen lean synthesis gas as is the case when derived from the gasification of coal. CO; is further
produced by the Boudouard reaction. This disproportionation of CO to form CO, presents two problems, it
increases the H,:CO ratio which could potentially promote hydrogenation leading to a decrease in chain
growth, and results in carbon deposition on the catalyst’s surface blocking the active sites [62,70-72].
Although the iron-based Fischer-Tropsch catalysts are loaded into the reactor in their metallic form after
hydrogen treatment at elevated temperatures, the catalyst is undergoing a phase change under Fischer-
Tropsch conditions. The active phase consists of iron carbide, iron oxides and to some extent, metallic iron.
At high FT synthesis conversions, the reaction mixture becomes oxidative due to the increased
concentration of product water and a magnetite phase is formed [58,73]. Promoters are added to iron-based
FT synthesis catalysts to enhance the catalytic performance, catalytic stability and selectivity towards

certain products and will be discussed in detail in section 2.1.7.

Cobalt catalysts are more expensive and are usually synthesized in small crystallites supported on structural
supports to maximize the available mass specific surface area. They have a very low WGS activity and are
therefore more suitable for applications with hydrogen-rich synthesis gas, which is today mainly produced
from natural gas [11]. Cobalt catalysts surpass iron catalyst in activity at low space velocities (high
conversion) [62,74,75]. It is believed that nanoparticles of the metallic cobalt are the active phase in cobalt
catalysts [52,62,70]. Cobalt catalysts have mainly been used commercially for the gas to liquids production
of long chain saturated hydrocarbons. Promoters are reported for cobalt-based catalysts for the direct
conversion of syngas to lower olefins, and for the suppression of methane and carbon dioxide [53,76,77].
Industrially, promoters are mainly employed to decrease the reduction temperature of the cobalt oxide

precursor [78-80].

2.1.6 The active phase of iron-based FT catalysts

Iron based catalysts transform into several phases during FT synthesis depending on the chosen reaction
conditions (see Figure 2-11). The higher the reduction temperature the higher the degree of reduction. The
same result was observed at higher space velocities [81]. In situ Mdssbauer spectroscopy showed that the

level of CO conversion increased with the formation of carbides (¢'-Fe,>C and x-FesC) on iron-based
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catalysts. It was also observed that the metallic Fe catalysts showed no activity before the formation of
surface carbides [82,83]. The carbide phases are usually intermetallic compounds made up of iron and
carbon with the composition ranging from FeC to Fe;C. During the Fischer-Tropsch synthesis, the iron
catalyst goes through a number of phase changes in which the iron carbide phases are interconverted from
one phase to another and oxidized (see Figure 2-12) [84]. Depending on the reduction conditions, these
phases may be a mixture of metallic iron (a-Fe) and iron oxides (hematite, a-Fe.Os, magnetite Fe;0,), and
different forms of iron carbides: monoclinic Hagg carbide (y-FesC,), pseudo-hexagonal iron carbide (é-
Fe22C), hexagonal iron carbide (e-FesC), cementite (8-FesC), and Eckstrom-Adcock iron carbide (Fe;Cs)
[85,86]. While it is well known that the active phase in cobalt catalyst to produce long chain hydrocarbons
is metallic cobalt, the active phase of the iron catalyst is still not fully identified and might well be an

interplay of different metastable phases.

Shroff et al. [87] confirmed that the formation of carbides is necessary for iron catalysts to be active in the
FT synthesis by demonstrating that neither magnetite nor hematite displayed any FT activity. However,
other researchers suggested that the observed FT activity may be due to metallic iron, FesO, and traces of
carbide phases [84,88,89].
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Figure 2-11: Evolution of iron phases in a fused iron catalyst during reduction and reaction (the content
of the individual phases was calculated from XRD) (from [81]).
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Different assumptions and hypotheses that exist today are based on the lack of surface sensitive in situ
techniques in the early years of the FT synthesis which can monitor changes of the catalyst in real time and
provide detailed information about the surface makeup. Today there are a number of powerful techniques
that have led to the identification of several carbides mentioned above and the consensus among researchers
is therefore that the carbidic phase of iron is the active phase [85,86,90], and to some extent metallic iron
[91]. However, it is still difficult to pin point the exact phases of carbide responsible for improving activity
or tuning selectivity towards certain products because of the parallel existence of carbidic phases which
evolve under FT conditions [92]. But the tools have brought to light the understanding of the carbon species
and their influence in catalyst performance. For instance, there are four kinds of carbon species identified,
namely surface atomic carbon, oligomerized carbon species, graphitic surface carbon and iron carbide [93].
While it is strongly believed that iron surface carbides are active for CO activation and hydrogenation [94—
97], bulk carbide does not really contribute to the FT synthesis [98,99]. Other carbon species are inactive

or catalyst poisons [93].
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Figure 2-12: Evolution of iron carbide phases during pre-treatment and FT synthesis reaction conditions
(from [84]).

2.1.7 Promoters in Fischer-Tropsch catalysts

The degree of reduction of the active phase plays an important role in optimizing catalyst performance.
Small amounts of promoters (Cu, Pd, Pt, Ru) are usually added during the catalyst preparation to improve
its reducibility. Additionally, the activity and selectivity can be improved by modifying the electronic

character of the active phase using metal oxides (MnO and ZnQ) and oxides or carbonates of alkali metals
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(Na, K, Rb, Li) [100-102]. Positive effects of other non-common promoters such as La, Mo, Ta and V have
been documented [103-106].

2.1.7.1 Promoters in iron-based Fischer-Tropsch catalysts

The following section discusses promoters reported for iron FT catalysts. They are classified as either
chemical, reduction or structural promoters [107,108].

i.  Chemical promoters

Almost all iron-based FTS catalysts are promoted with alkali metal salts to improve their activity and
selectivity. Studies by Dry et al. [68] suggest that potassium promotes the chemisorption of CO by
strengthening the metal carbon bond and weakening the carbon oxygen bond, while suppressing the
chemisorption of hydrogen, which in turn leads to lower FT synthesis rates, a higher product molecular
weight, and a greater olefin content [101]. Apart from promoting Fischer-Tropsch activity and selectivity,
potassium is reported to promote the water gas shift activity by keeping the iron catalyst in the active carbide
phase [109].

Despite the clear importance of potassium as a promoter for iron-based catalysts in the FT synthesis, it is
unclear how the potassium compounds (mostly K,COs3) and iron carbide species interact on an atomic level
to produce the proposed electronic effect. VVan Steen and Claeys [110] argued, using molecular modelling,
that the observed effect of potassium on CO conversion and selectivity is probably due to the electronic
interactions between K and the surface of Fe. The authors looked at the state and interaction of K with y-
FesC, carbide. However, under realistic FT synthesis conditions, there are other forms of carbide (6 and €)

and iron oxides that require understanding of their individual interaction with potassium.

Recently, Li et al. [90] explained the positive effects on activity and selectivity with regard to the
electronegativity of the alkali promoters. It causes a charge transfer towards the transition metal, thereby
simultaneously inhibiting adsorption of H, while enhancing adsorption and dissociation of CO [111,112].
Ngrskov et al. [113] supported, based on DFT calculations, this type of long-range interaction. They
observed that the main effect of the alkali metal is to transform the electrostatic potential of the surface

atoms in the vicinity of the adsorbed potassium atom.

Ngantsoue-Hoc et al. [114] reported that K is the best performing promoter because of its ability to increase

CO conversion at all conversion levels while lighter alkali promoters like Li and Na only show an
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enhancement of CO conversion at low to moderate conversion levels relative to unpromoted catalysts. They
are ineffective or even decrease CO conversion in the high conversion levels. Heavier alkalis like Rb and
Cs result in lowered CO conversion over the entire conversion range [74,90,115]. An example of the effect
of different promoter elements on the product distribution of hydrocarbons produced over Fe based catalysts
is shown in Figure 2-13. Potassium promoted catalysts show the highest Cs. hydrocarbon and lowest CH,4

selectivity amongst the studied samples [90].
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Figure 2-13: CH4 and Cs. selectivity over alkali promoted iron catalysts. (from [116]).

Chemical promoters can seemingly enhance the reducibility of the iron catalyst or impede it depending on
the loading of the promoter [117]. Jiang et al [118] demonstrated using in situ diffuse reflectance FT-IR
that potassium species (potassium loading of 0.1 wt.-%) interact closely with the surface species of iron and
aid in the reduction of iron to form fine metallic conglomerates after reduction. At higher loadings,
potassium retards catalyst reduction due to a possible blockage of nucleation sites by the promoter [90].
Other studies also found that reduction of iron catalyst systems (Fe/SiO-, precipitated Fe-Mn, etc.) was
suppressed with an increasing amount of potassium [119-122]. Xiong et al. [123] studied the effect of three
group | alkali metals (Li, Na, K) on Fe/CNT catalysts in the Fischer-Tropsch synthesis with promoter
loadings of 0.04 wt.-% L.i, 0.14 wt.-% Na and 0.23 wt.-% K. Li showed a slight improvement (reduction)

of reduction temperature while Na and K increased the reduction temperature [121,124].
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Chemical promoters are also reported to have influence on the active species (iron carbides, iron oxides and
some metallic Fe) [125] of the working catalyst. The study of Li et al. [126] demonstrated that the presence
of either potassium or copper promotes the abundance of small nuclei of Fe;O4 that form small crystallites
leading to a quicker conversion of FezO4 to iron carbides due to shorter diffusion paths. Smaller iron
particles (6.1-7.4 nm) are reported to be composed of mostly y-Fe2>C, while larger particles around 10.1
nm are mostly x-Fe,sC [127]. Ribeiro et al. [128] used in situ TPR-XANES to study the influence of alkali
promoters (Li, Na, K, Rb, and Cs) on the carburization rate of FeSi. They found that after 10 hours of CO
treatment at 290 °C, the samples that are promoted with K, Rb and Cs were completely carburized while

the unpromoted and Li containing samples still contained iron oxide.

The use of manganese oxide (MnQ) as a promoter for iron-based Fischer-Tropsch synthesis catalysts has
widely been reported. The reports show that manganese can decrease the selectivity to methane and have a
higher light hydrocarbon fraction with more short-chain alkenes and less heavy wax even at a high Fe/Mn
ratio. Lower yields of heavy wax are important for the industrial slurry phase reactors as they can operate
continuously without the need to remove the wax during the reaction [129-131]. Manganese has also been
reported to improve the dispersion of the active species of iron [132-134]. These observations seem to
change depending on the amount of manganese loaded and reaction conditions. Yang et al. [135] studied
the effect of Mn promoter on the Fe-Mn-K catalysts over a wide range of Mn concentrations. Their results
show a low selectivity of light hydrocarbons at low Mn contents which increases with increasing Mn
content. The promotional effects of manganese on iron catalysts are tightly linked to that of potassium
except for the high evolution of CO; observed with potassium promoters. Storch et al. [45] promoted the
iron catalyst with small amounts of manganese oxide and observed the same promoting effect as observed
with potassium, with the olefin to paraffin ratio of both approximately three but methane and Cs.
selectivities slightly higher for catalysts promoted with potassium [136,137]. Manganese oxide is also
reported to possess similar surface basicity as alkali promoters, and the iron therefore also withdraws

electron density from manganese [115,138,139].

Koelbel and Tillmetz [140] studied the co-precipitated iron-manganese catalyst with a Fe/Mn ratio of 1 and
indicated in their patented literature that lower light olefins (C,—C.) would be formed in the fixed bed reactor
with trace amounts of methane, and a chain growth of only up to Cs. Their later work on Fe/Mn ratios of
up to 9 showed a significant decrease in light olefins selectivity and a shift to Cs. selectivity in a slurry
reactor. A combinatory effect of K and Mn promotion has also been reported [141-143]. The results show
that the addition of MnO to a potassium-promoted iron catalyst improved the selectivity to lower olefins,

although these results were not confirmed by van Dijk [144] who did not observe any reportable changes
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in selectivity. According to Wang et al. [145], the increase in MnO content changes the morphology of the
samples. With increasing MnO content, cubic structures which are visible in TEM are formed. In the FT
synthesis, these catalysts show a lowered CO conversion and light alkene selectivity. The poor performance
is believed to be due to the cubic crystallites in the catalyst. It was also evidenced that catalysts with the
same Mn content but prepared with different methods exhibit different catalytic activities. Coprecipitated
catalysts showed a twofold increase of C>—C, light alkenes while the sol-gel prepared MnO containing

catalyst did not show any notable increase when compared with a pure iron catalyst [145,146].

Studies on the phase composition of Fe/Mn catalysts with different manganese content show that a single-
phase solid solution of Mn was formed in o-(Fe1xMnx).Os during calcination at 500 °C. The same
observation was found in coprecipitated FeMn and FeMnK catalysts systems [141,145,146]. Several studies
also indicated that, depending on the amount of manganese oxide in the catalyst, manganese has the
propensity to migrate to the surface of the catalyst system during calcination or reduction [147-149].
According to Kreitman et al. [148], the co-feeding of water assists the segregation of MnO towards the
catalyst surface. The manganese enrichment on the catalyst surface is reported to be beneficial to the
reduction of FesO, to metallic Fe. Hughes et al. [149] used X-ray photoelectron spectroscopy and
temperature-programmed reduction to study the differences between unpromoted Fe and manganese
promoted Fe catalyst (-4 wt.-% Mn) in reducing atmospheres. They demonstrated that Mn promoted
catalysts with Mn surface enrichment achieved full reduction from FezO4 to Fe in H,. But at higher
concentrations of manganese, Leith and Howden [150] reported that the presence of manganese retards the
reduction of iron, yielding intermediates of mangano-wiistite phases (cubic FeMnOs or y-FeMnOs) before
the reduction to metallic iron [151,152].

Jensen and Massoth [136] studied the carburization of a pure Fe;O4 catalyst and a series of manganese
promoted iron catalysts with 15 to 40 mol.% Mn in a flow microbalance reactor. The pre-reduced catalysts
were carburized at 225 °C and 300 °C in a flow of H,/CO. The researchers observed that all catalysts in the
series carburized at the same rate at 300 °C, but at lower temperatures of 225 °C the carburization proceeded
at a lower rate in the presence of MnO. The catalysts were also decarburized in H; and the MnO containing
catalyst decarburized faster than the unpromoted catalyst. Catalyst with low Mn content showed a higher
mass specific activity for CO and hexene hydrogenation. Wang et al. [145] investigated the carburization
of pre-reduced iron catalysts and catalysts promoted with 1-4 wt.-% Mn prepared by coprecipitation and
sol-gel synthesis using temperature programmed surface carburization (TPSC) tests in a CO atmosphere.
Co-precipitated MnO containing catalysts had finer particles than pure iron catalysts prepared by the same

method or MnO containing catalysts prepared via the sol-gel technique. The results show that the samples
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prepared via the sol-gel route suppressed carburization, but ultrafine particles prepared via coprecipitation
carburized easily. It has been demonstrated that reduction and carburization proceed via diffusion of oxygen

in the bulk lattice [96,153]. The shorter the diffusion path, the faster the reduction or carburization.

La,03 has been reported to have an effect on iron-based Fischer-Tropsch catalysts both regarding activity
and selectivity. Zhao et al. [103] studied the effect of La;O; at different loadings on unsupported
precipitated iron catalysts. The XRD patterns showed a crystalline a-Fe,O3 phase that did not change upon
addition of La,Os as no lanthanum-containing phase was detected. The only noticeable change was the
decrease in crystallite size at lower loadings from 21.6 nm (Fe.Os) to 16.8 nm (Fe2La). The CO conversion
increased with increasing La,Os content, reaching a maximum at a La/Fe ratio of 0.01, above which the CO
conversion dropped sharply. With the increase in conversion, the selectivity towards light olefins (Co—Ca)
and CO; increased, as well as the formation of methane. Cs. hydrocarbons were suppressed except for a
higher lanthanum loading of Fe2La. The group reported that iron carbide formation was favored at low
loadings of La,Oz and suppressed at higher loadings. The presence of the carbide was also linked to the
dispersion of the catalysts owed to the addition of small amounts of La,O; [154-157]. Zamani et al.

[158] investigated the effect of La and Ba promoters on nanostructured iron catalyst in the Fischer-Tropsch
synthesis. The catalysts prepared by a microemulsion technique were 100Fe/4Cu, 100Fe/ACu/2La,
100Fe/ACu/1La/1Ba, and 100Fe/4Cu/2Ba with compositions in terms of the atomic ratios. The BET results
showed that the surface area decreased with the addition of the promoters. The addition of lanthanum
suppressed CH, selectivity and increased CO; selectivity, C,—C4 light hydrocarbons decreased while Cs—
C12 increased, implying that the addition of the promoter improved the chain growth probability and
suppressed hydrogenation similar to the effects observed with alkali promoters. The results are somewhat

contradictory to results obtained by Zhao et al. [103], probably due to the presence of Cu and Ba.

A handful of researchers have shown the promoting capabilities of sulfur in low concentrations for iron
catalysts in FT synthesis. However, such studies are limited due to the reported poisonous nature of sulfur
for FT catalysts, whether the mode of poisoning is electronic or purely geometric [159-162]. The majority
of these reports on sulfur compounds as poisons for FT synthesis catalysts are filled with contradictions and
ambiguities [6,163], prompting the need to look into positive effects sulfur might have on the FT synthesis.
Chaffee et al. [162] investigated catalysts whose general behavior had already been established and used
industrially (Co/ThO2/MgO/Kieselgel, Magnetite (fused iron), Fe/Cu/K,O/waterglass, Fe/Cu/K,0, Fe/Mn
and Co/ThO,/MgO/Aerosil) for their ability to resist sulfur. The catalysts were found to be tolerant to sulfur
in a hydrogen lean synthesis gas (H./CO = 0.5) and performed poorly in the hydrogen rich synthesis gas

(H2/CO = 2). The most promising of these catalysts was the Fe/Mn, with two orders of
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magnitude more sulfur tolerance than other catalysts, rationalized by a rapid reaction of sulfur with

manganese.

Amid these reports focusing on how sulfur acts as a poison for FT catalysts, there are growing numbers of
studies that show that sulfur can have a promoting effect. Several reports show that improved performance
of using catalysts that have been subjected to sulfur [164-166]. It is reported that with small amounts of
sulfur, the catalyst showed improved selectivity towards olefins, but at higher sulfur concentrations, the
catalyst is poisoned [167]. Galvis et al. [168] used the combination of sodium and sulfur (Na,S) on Fe/a-
Al,Os3 to investigate the promotional effects of sulfur on the lower olefin (C,—C.) selectivity. From the free
sulfur catalyst (L0Fe0.8Na), the addition of sulfur (L0Fe0.8Na0.1S) increased the CO conversion from 31.3
to 42.2%. The selectivity towards lower olefins improved from 8.7 to 30.9% with no significant change on
the selectivity towards methane and C,—C, paraffins. The increase in C—C, selectivity is the result of a
decrease in chain growth probability seen by the parallel decrease in Cs. selectivity from 67.2 to 53.0%.
With further addition of sulfur (S/Fe = 0.56/10), the CO conversion dropped from 49.9 to 12.1%.

ii. Reduction Promoters

The freshly prepared catalyst systems are usually in their oxidic form. They are therefore exposed to a
reductive pre-treatment in H, and/or CO at elevated temperatures to form the active phase, be it either in
metallic or carbidic form. Under hydrogen, hematite (Fe.O3) first reduces to magnetite (Fe;O4), followed
by the formation of metallic iron (Fe) [169]. In carbon monoxide atmosphere, Fe;Os reduces to FezO4
followed by subsequent reduction and carbidization to predominantly Hagg carbide (FesC;) [169]. At the
employed elevated temperatures, the risk of particle sintering increases, resulting in loss of active surface

area.

In commercial catalysts, copper is added as a promoter to decrease the required maximum reduction
temperature to facilitate the conversion to a zero valent iron in both a hydrogen rich and carbon monoxide
rich atmosphere [74,133,170,171]. This can reduce unwanted sintering during catalyst activation and
corresponding loss of catalyst activity, which is more relevant when activating in hydrogen as reduction in

the presence of CO leads to the formation of iron carbides that are not prone to sintering [172].

In a hydrogen rich atmosphere, the initial facile reduction of the copper promoter is very important for the
reduction of iron oxide as it can assist in hydrogen dissociation. The dissociation of hydrogen provides the
much needed atomic hydrogen for the reduction of iron oxide to metallic iron, in a type of hydrogen

spillover [173,174]. In carbon monoxide, copper assists in the reduction of iron oxide via the activation of
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CO on the surface of the reduced copper and reaction of oxygen from the metal oxide to form CO- and
metallic iron. The introduction of potassium to the iron-copper catalyst is believed to improve the rate of

carburization as potassium promotes the activation of CO [174].

iil. Structural Promoters

Structural promoters are well known as supports and are mainly used as a dispersing or spacing agent of
the active metal to avoid or minimize sintering and ensure maximum utilization of the costly metal catalysts.
Structural promoters can modify the surface properties by affecting the metal-support interaction, thus
improving the metal dispersion and number of active metals. They are usually high surface area
microporous metal oxide structures with a combination of high thermal and chemical stability (see Figure
2-14). They include but are not limited to Al,Os;, Cr,03, zeolites, activated carbon, SiOz, TiO2 and
perovskites [175,176].

Fischer-Tropsch catalyst particles are well known to undergo changes by physical attrition and chemical
stresses because of phase transformations that occur during formation and reaction [177]. Attrition resistant
iron catalysts are crucial, especially for slurry bubble column reactors or stirred tank slurry reactors that are
now being used industrially because of their lower capital and operating costs, capability of on-line catalyst
addition and removal and ability to efficiently remove the heat generated by the FT reaction. Vigorous
movements and collisions of particles in the slurry reactors result in fine catalyst particles that may
contaminate the product and limit the mass and heat transfer due to increased viscosity [178,179]. Structural
promoters also play an important role in attrition resistance of the active phase of the metal within the
catalyst. Silica has been widely used as a binder for many catalysts systems prepared using spray drying
methods. Silica is usually used with K and Cu because it hinders the reducibility and carburization of the
catalyst. [180-182]. Bukur et al. [183] prepared two catalysts with nominal compositions:
100Fe/3Cu/5K/16SiO; and 100Fe/5Cu/6 K/24SiO; and tested them for attrition. Compared with the silica
free catalysts, the two catalysts showed high attrition resistance. It is believed that silica (optimum content:

10-12 wt.-%) provides strong interlocking forces between primary particles [181,184,185].
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Figure 2-14: Schematic representation of a support and catalyst particles.

2.1.7.2 Promoters in the cobalt-based Fischer-Tropsch catalysts

The performance of cobalt based catalysts in the Fischer-Tropsch synthesis can be improved by the addition
of promoters such as rare metal oxides like La, Zr and Ce, and noble metals (Pt, Ru, Pd, Ir, Au, Ag, etc.)
[80,186-189]. Noble metals are usually used in very low concentrations (0.1-0.5 wt.-%), not only because
of their high cost but also to avoid site blockage. Zhang et al. [80] investigated the effects of platinum and
ruthenium on carbon nanotube supported cobalt catalysts. They found that the addition of small amounts of
ruthenium and platinum (0.2 wt.-% each) lowered the reduction temperature and improved the degree of
reduction, but there was no significant improvement of the catalytic activity. Ruthenium is regarded as both
an electronic and structural promoter [190,191]. As a reduction promoter, ruthenium is reported to increase
the number of active sites on the Co surface by facilitating hydrogen spill-over from ruthenium to cobalt
[188,190,192]. Many studies showed that the reducibility of Co promoted by noble metals proceeds either
via H; dissociation (H; spill-over mechanism) on the promoter surface and then spilled to the cobalt oxide
nanoparticles [193-197] or a direct interaction between the Co and the noble metal to produce a facile Co
reduction [198,199].

The crystallite size of the Co3O4 nanoparticles was also not affected by the promoters, the effect on size
seemed to come from the interaction between cobalt and the carbon nanotube support during the synthesis.

The results of Chu et al. [198] further confirmed that the promotion with small amounts of Pt on cobalt-
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alumina catalyst had no effect on the crystallite size. The size was only influenced by the support pore
diameter. The promoting effect of rare earth metals on the selectivity towards longer chain hydrocarbons

using cobalt catalyst was reported by several authors [200-203].

Haddad et al. [204] studied the promotional effect of La,O3 on Co/SiO.. The addition of La20Os reduced the
reduction temperature which was attributed to the fact that La,Osz moderates the strong synergistic
interactions between Co and SiO.. The observed increase in activity was linked to the increase in Co active
sites created during reduction. The results obtained from steady-state isotopic transient kinetic analysis
(SSITKA) showed that the residence times of CO on Co for both unpromoted and promoted catalyst were
similar. Thus, it can be concluded that La,Os did not have any effect on the nature of the active sites, just

their concentration.

Alkali metals generally used for iron catalysts were also investigated for cobalt catalysts. Alkali metals salts
(Li, Na, K, Rb, and Cs) generally have a negative effect on CO conversion, increase olefinicity of the
product, promote the WGS reaction and increase the Cs. selectivity when employed for Co based catalysts.
The decrease in activity is thought to be due to the strong adsorption of reactants on the catalyst surface
caused by the promoters. CO conversion decreased in the following order: un-
promoted>Rb>Li>Na>K~Cs, while olefin to paraffin ratio increased in the following order: un-
promoted<Li<Na<K [205-207].

2.1.8 Potassium mobility

Potassium is commonly utilized as a promoter of heterogeneous catalysts in a variety of reactions, including
the FT synthesis, ammonia synthesis and the water gas shift reaction among others [74,208,209]. Because
potassium atoms have a large radius, they do not dissolve in the iron crystal lattice and remain on the
catalyst's surface. As a result, potassium surface diffusion is a critical mechanism, especially important
when it comes to catalyst activation. Auger electron spectroscopy was used to investigate potassium
migration on model iron/alumina catalyst surfaces by Connell and Dumesic [210]. In a 3 wt.-% ammonium
tartrate solution, polished Al,O3 films were generated anodically on high purity aluminum foils. The
samples were calcined in oxygen for 24 hours at 600 °C to transform the amorphous alumina layer to y-
Al,Os. Finally, using a vacuum metal evaporator, a 20 nm iron overlayer was formed on one half of the
surface. Potassium was deposited by atomizing an aqueous solution containing 1.1 wt.-% KOH both on the

iron overlayer as well as the bare alumina. The sample was then treated in H,O/H>, H,, H>O/O and O, at
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400 °C for 72 hrs. The authors confirmed potassium mobility at 400 °C on the iron and the alumina surfaces.
This migration appears to be more extensive in hydrogen than in oxygen, and water has been found to boost
potassium mobility in both gases [211]. The method of transport is thought to be dependent on potassium

dispersion and crystallite size, with bigger sizes being more prone to gas phase transfer.

According to the authors, the poor mobility of potassium in O indicates higher surface bonding under
oxidizing circumstances. Iron, potassium, and aluminum are all present as oxides during the O, treatment.
Activation reduces the strength of potassium attaching to the surface of the metallic iron. A strong tendency
of potassium to segregate on the surface of the catalyst was reported by several authors [111,212,213].
Emmet and Brunauer [214] also indicated that at higher loadings, K,O promoter covers a large fraction of

the catalyst surface blocking the active sites.

2.2 Catalyst Deactivation

Deactivation of heterogeneous catalysts is a ubiquitous problem that causes loss of catalytic activity and/or
selectivity with time. It can be very costly commercially, as the deactivated catalyst must be replaced or
reactivated resulting in a process shutdown. Deactivation times vary. For instance, the lifetime of a cracking
catalysts is a few seconds while iron catalysts in the ammonia synthesis are operated from 5 up to 10 years.

Mechanisms of deactivation described in literature can be divided into six categories [30]:
o thermal degradation
e poisoning (mainly sulfur)
o fouling (carbon deposition)
e  attrition/crushing
e vapor-solid and/or solid-solid reactions

e vapor compound formation accompanied by transport
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2.2.1 Thermal degradation

Thermal degradation is more commonly known as sintering. It typically results from loss of catalytic surface
area through structural modification of the catalyst. It is a thermally assisted process that takes place at high
temperatures and is physical in nature [215]. Sintering can manifest itself as a of loss of catalytic surface
area due to crystallite growth of the active phase or as collapse of the pore structure of the carrier (support)
[216]. Sintering can occur during the synthesis stage (calcination), activation (reduction) and during the

reaction and regeneration stages [217].

Figure 2-15 schematically shows the sintering of highly dispersed crystallites. The growth of crystallites
through sintering is the most occurring form of thermal degradation in heterogeneous catalysis. There are
two types of sintering proposed: particle migration and coalescence (PMC) [218] and Ostwald ripening
(OR) [219]. In PMC, particles move on the support surface in a Brownian-like motion (random,
uncontrolled movement of particles as they constantly collide with other molecules) followed by a
subsequent coalescence leading to crystallite growth. In OR, mobility of particles is largely driven by the
difference in free energy and local adatoms concentrations on the support surface. It has been suggested
that particle migration occurs with smaller particles and the operative mechanism changes to OR when the

particles become large and effectively immobile [220,221].

Sintering is dependent on a number of variables such as temperature, gas atmosphere, support surface area,
promoters and metal dispersion. Among all these variables, temperature has the highest impact as sintering
rates increase exponentially with temperature. Sintering was observed to occur at temperatures associated
with the melting point (Tmp) of the metals. These temperatures are defined as the Hiittig or the Tamman
temperatures. As the temperature increases and the Hittig temperature is reached, atoms at the defect sites
or kinks become mobile. At the Tamman temperature strongly bound atoms in the bulk become mobile.
Consequently, metal or metal oxide sintering is more prevalent at temperatures above Huttig and near the
Tamman temperature. As the temperature increases and reaches melting point, the atoms become highly
mobile and liquid phase behavior is observed [217,222] and sintering of crystallites becomes possible
through surface diffusion and crystallite growth. The surface diffusion will result in the formation of two-
dimensional clusters and subsequently 3D structures [217]. At even higher temperatures,
crystallites/particles can travel and coalesce with other crystallites through surface migration. The presence
of water vapor is known to enhance sintering processes. [216]. Table 2-2 shows the Hittig, Tamman and

melting temperatures of some metals and support structures. Semi-empirical relations for Hittig and
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Tamman temperatures are provided in equations 2.7 and 2.8.

THiittig = 0'3Tmelting 2.7
Tramman = O-STmelting 2.8
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Figure 2-15: Schematic of various pathways for the formation and growth of crystallites (from [217]).
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Bartholomew et al. [223] reviewed the effects of sintering on catalytic activity with respect to the crystallite
size. While small crystallites sizes can be advantageous to activity of the catalyst system by providing a
higher mass specific surface area, they are often associated with higher mobility. This can be explained
with a decreasing melting temperature of crystallites in the nanometer regime compared to bulk
characteristics [217]. Generally, it has been reported that the surface area decreases due to sintering with

increasing temperature [224].

Table 2-2: Melting, Huettig and Tamman Temperatures for common metal and metal oxides [225,226].

Compound Tmetting K Thitig K Tramman K
Fe 1808 542 904

Co 1753 526 877
LaAlO; 2031-2049 609-615 1015-1024
Al>O3 2318 695 1159

SiO; 1986 596 993

Zr0; 2988 896 1494

TiO; 2113 634 1057

2.2.2 Poisoning

Poisoning refers to the strong chemisorption of reactants, products and impurities on the active sites of a
catalyst causing deactivation [215,217,227,228]. Apart from poisons blocking the catalytically active sites,
reactants and products may also adsorb onto the catalyst surface inhibiting the reaction through the process
termed competitive adsorption. Competitive adsorption differs from poisoning in that it is a relatively weak
and reversible interaction with the catalytically active surface, while in poisoning the adsorbents have a
strong and permanent interaction with the surface. Furthermore, poisoning has a possibility of
reconstructing the active surface leading to a permanent change in catalytic activity/selectivity. There are
two different types of poisoning, namely selective and non-selective poisoning [217] (see Figure 2-16).
Selective poisoning describes the adsorption of the poison solely or predominantly on the active phase or

even active site. Non-selective poisons adsorb on all available surfaces of the catalyst equally. For non-
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selective poisons, the loss of catalytic activity and or selectivity is directly proportional to the concentration
of the poison in the feed stream [159,217,222].

Selective poisoning \
Support

1 edeeee

Non-selective poisoning

Figure 2-16: Schematic representation of selective and non-selective poisoning on a metal surface; P:
poison (from [217,229]).

Commonly known poisons listed in Table 2-3 are divided into four groups according to the origin and the
modes of interaction with the catalytically active surface. The most common poisons known in FT are H,S,
NHs;, metal carbonyls, carbonyl sulfide (COS) and arsenic [230]. The main source of the sulfur containing
compounds is coal from which the synthesis gas is derived [159]. It is reported that a part per billion
concentration of sulfur in the feed gas causes loss of activity and shortens the life of the catalyst. It is
therefore crucial to remove sulfur from the synthesis gas prior to the FT reaction [74,159,231]. Anderson
et al. [164] investigated the effects of sulfur compounds on fused iron catalyst in the FT synthesis. The
results showed that the severity of poisoning increased in the following order: COS < C;HsSH < H,S < SO..
There are a number of industrial processes in which catalysts are intentionally poisoned in order to improve
their selectivity. In the case of the FT synthesis, Wu et al. [232] demonstrated that iron catalysts containing

small amounts of sulfur show an exceptionally high olefin.
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Table 2-3: Common catalyst poisons classified according to chemical structure [216].

Chemical Type Examples Type of interaction with metals
Groups VA and VIA N, P, As, Sh, O, S, Se, Through s- and p-orbitals; shielded structures
Te are less toxic?
Group VIIA F, Cl, Br, | Through s- and p-orbitals; formation of
volatile bases
Toxic heavy metals and ions ~ As, Pb, Hg, Bi, Sn, Occupy d-orbitals; may form alloys
Zn, Cd, Cu, Fe
Molecules which adsorb CO, NO, HCN, Chemisorption through multiple bonds and
with multiple bonds benzene, acetylene, back bonding
other unsaturated
hydrocarbons
a decreasing toxicity for poisoning of a given metal by different sulfur species is H,S, SOz, SO 7",

i.e., in the order of increased shielding by oxygen.

2.2.3 Fouling

Fouling refers to the deposition of carbonaceous or any foreign material on the catalyst surface leading to
deactivation by loss of surface area due to blocking of active sites [216]. Even though the formation of
carbonaceous deposits proceeds via a chemical reaction, fouling is physical or mechanical in nature. Apart
from the carbonaceous deposits, blocking of active sites may be due to dust or other residues introduced
with reactants or found/formed in the reactor. Coking is the most widely reported form of fouling, also
prevalent in the potassium promoted iron-based FT synthesis. It originates from dissociative adsorption of
carbon monoxide on the catalyst surface [33,233,234]. Agrawa et al. [235] investigated the effect of
deactivation on Al,Os-supported Ni, Co, Fe, and Ru catalysts. The deactivation was worst on the industrially
employed active phases of Co and Fe, decreasing the activity by around 100-fold without being regenerable
in Hz. Graphitic carbon and bulk formation of carbide was observed using atomic emission spectroscopy
[98,99]. Carbon containing species can completely encapsulate a metal/active phase particle or block the

pores of the catalyst structure introducing severe mass transfer limitations. Deposits may also
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be due to the formation of filamentous carbon which is known to plug catalyst pores and, if allowed, to

accumulate in the pores even collapsing them [236-239].

2.2.4 Attrition

Attrition refers to the mechanical reduction of catalyst particle size, or breakup of catalyst pellets producing
fines [216]. This challenge is specifically prevalent in catalyst systems where moving/ fluidized bed or
slurry reactors are used [240]. Small spherical particles are reported to be more resistant to attrition
compared to other morphologies. In fixed bed reactors, expansion and swelling of catalysts due to thermal

expansion, fouling or phase changes, as is the case in the iron-based FT synthesis, can lead to attrition [216].

Slurry bubble column reactors are used extensively in the Fischer-Tropsch synthesis due to their excellent
heat removal capabilities, which solves reaction control problems caused by the highly exothermic CO
hydrogenation. However, attrition of the catalyst particles can cause filter plugging problems and lower
product quality because of catalyst fines being carried out with the product stream [241]. Spray drying has
been implemented in preparation of FT catalysts to improve their strength [184]. The strength of the catalyst
can also be enhanced by using stronger supports (y-Al.O3) or binders, changing of the catalyst loading on

the support and modifying the catalyst with promoters [242].

2.2.5 Vapor-solid and solid-solid reactions

In vapor-solid and solid-solid reactions, the active phase reacts either with gaseous species or solid
components (such as the catalyst’s support) forming less active and/or selective species. In the FT synthesis
for example, the active iron species have been reported to undergo an oxidation to FT inactive species if
the concentration of product water is high, i.e. at high CO conversion [26,51,74,97,125,243,244].

For cobalt based FT catalysts, the oxidation of bulk and nanocrystalline cobalt to CoO or Co304 was
evaluated using theoretical thermodynamic [245] and experimental studies [53,246—248]. These studies
proved that metallic fcc cobalt crystallites can be oxidized in the presence of water at 220 °C [245].
Moreover, it was proved that with increasing water partial pressure, the probability that metallic cobalt will
oxidize increases. The reoxidation of cobalt occurs readily at smaller crystallites sizes of about 4 nm at FT
conditions of 170-240 °C, 20 bar, H2:CO = 2, Xco+n2 = 50-70% [249,250].
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Strong metal support interaction formed by solid-solid reactions also play an important role in catalyst
deactivation. This type of phenomenon is prevalent in cobalt nanoparticles supported on alumina [249,251].
For the catalyst to lose activity, the cobalt atoms/ions get embedded into the support matrix (Al.Os) forming
cobalt aluminates in the presence of water [195,252—-254], although they are not kinetically favorable under
FT synthesis conditions [233].

2.3 Perovskites

Perovskites are compounds having a crystal structure related to the mineral calcium titanium oxide CaTiOs,
the first-discovered perovskite crystal. The mineral perovskite was named after the Russian statesman and
mineralogist Count von Perovski after being discovered by German scientist Gustav Rose in 1839 in the
Ural Mountains. Ideal perovskite compounds have the chemical formula ABXs, where A and B represent
cations and X is an anion (see Figure 2-17).
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Figure 2-17: Ideal perovskite structure with A and B cations and X anion.
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The inevitable rise of perovskites materials has been fueled by their robust chemical and structural
flexibility together with their physical and chemical stability [255]. Many compositions are possible from
combinations of cations on the two lattice sites. Researchers have been able to take advantage of this
flexibility to design a variety of materials for use in catalytical, optical and electrical applications. They can
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be modified by partial substitution of A and/or B cations forming an isostructural A:xA’xB1yB’yO3 [256].
A downside is their generally low surface area. Researchers have explored many synthesis methods,
including solid-state reaction, coprecipitation, freeze-drying, flame-hydrolysis, sol-gel processes, and nano-
casting [257] to increase surface area. As a result Brunauer-Emmett-Teller (BET) surface areas of 100 to
270 m?/g [257-259] have now been reported.

The traditional view of the perovskite lattice is that it consists of small B cations within oxygen octahedra
with a coordination number of 6 and larger A cations which are twelve-fold coordinated by oxygen. The
structure of an ideal perovskite is cubic, where the A cations are located at the corners of the cube, and the
B cation in the center with oxygen ions in the face-centered positions. The radius of the A cation ranges
between 1.0-1.9 A whereas the radius of cation B is between 0.2-0.5 A. The anion may be oxygen, sulfur,

chlorine or fluorine [260].

The stability of the perovskite structure can be predicted using the Goldschmidt tolerance factor based on

the formula ABXs, and the ionic radii, R;. The tolerance factor, t, is given by:

Ra+Rx = t\/2(RB + Rx) 29

The ionic radius of the cations A, B and an anion X are Ra, Rg and Rx respectively [261]. If the tolerance
factor is exactly equal to unity, the packing of the perovskite structure is said to be ideal. If it is greater than
unity, then there will be a large void for the B anion, causing distortions from the cubic structure. Depending
on the extend of the distortion, the resulting compound can be a perovskite or non-perovskite structure
[262-264].

2.3.1 Structural properties of LaAlOs

Lanthanum aluminate, LaAlOs, gained a lot of interest because of its variety of physical and mechanical
properties and perfect perovskite-type structure. The structure of the bulk LaAlOs is rhombohedral at room
temperature with the space-group R-3m. Luo and Wang [265] have confirmed that the rhombohedral
allotrope is energetically most stable using first-principles linearized augmented plane wave calculations.

Itis reported that LaAlOs undergoes a phase change from rhombohedral (R-3m) to cubic (PM-3m) phase at

39



elevated temperatures (T > 435 °C) [266] or with a volume change of 1% due to strain caused by applied
hydrostatic pressure of 154000 bar [265], agreeing closely with the experimentally determined value of
140000 bar [267] (see Figure 2-18). The transition pressure from one phase to another and the relationship
between pressure and volume are shown in Figure 2-18 C. When cooled, the phase transformation is
reversed [266,268]. Geller and Bala [268] investigated the phase changes between temperatures ranging
from 125 to 650 °C. They observed a gradual change from rhombohedral to a cubic structure with increasing

temperature up to 350 °C. No further phase changes were detected at higher temperatures.
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Figure 2-18: The crystal structure of rhombohedral LaAlOs (a) and the cubic structure (b) (from [260]).
(c) Relationship between pressure and volume for the two phases of LaAlOs (from [265]).

2.3.2 Perovskites as catalysts in the Fischer-Tropsch synthesis

La-based perovskites have attracted significant research interest in recent years as cheap and efficient
catalyst in various applications [269-273]. In the FT synthesis a number of studies and patents report on

the use of mainly La based perovskites as component of catalyst formulations [25,270,274-291].

2.3.2.1 Perovskites as catalyst precursor

Kiennemann et al. [25,274-279] published a series of studies focusing on La(Co,Fe)Os perovskites as
catalyst precursors for the FT synthesis. A series of perovskites with varying Co and Fe concentrations from

pure Co to pure Fe in the B site were synthesized via the decomposition of the respective metal propionates
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through boiling and evaporation followed by calcination in air at 600 to 1000 °C [274]. According to SEM
EDXS the targeted concentrations were achieved. Expectedly, the BET surface area was low ranging from

3.9 to 8.8 m?g™* with a near linear decrease with decreasing Fe content. From literature, it is known that
LaFeOs crystallizes in an orthorhombic space group, while LaCoOs crystallizes with a rhombohedral space
group. The difference between these two is limited to a distortion of the B site in the case of Fe. XRD
analysis confirmed a transition from orthorhombic to rhombohedral when the Co occupancy of the B site

increased over 50% (see Figure 2-19).
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Figure 2-19: XRD diffraction patterns of the as prepared samples. X is the atom fraction of Co in the B site
(from [274]).

TPR analysis of the samples evidences an increased low temperature reduction event (300-500 °C) with
increasing Co content and a high temperature reduction above 570 °C. In the absence of Co, reduction is
only recorded at temperatures exceeding 750 °C. The near linear relationship between H, consumption and
Co content suggests that only Co was reduced. Magnetic studies confirm the evolution of metallic cobalt at
the low temperature H, consumption range in the case of the orthorhombic perovskite (Co<50% of B site)
while for the rhombohedral samples, the observed low temperature reduction is apparently only a reduction
from Co*"' to Co™". Perovskites calcined at 600 °C showed higher degrees of exsolution and in the sample
with the lowest Co content and lowest calcination temperature some fraction of the Fe also exsoluted

forming a CoFe alloy. No analysis of the phase stability of the perovskite during or after the TPR treatment
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is provided. CO dissociation activity increases with increasing metallic Co content, with the alloy showing

lower activity compared to pure Co.

Under FTS conditions, at relatively low conversion (<10%), a very primary product slate, i.e. high olefin
content, was observed. Interesting is also a high WGS reaction (Scoz from 12.5 to 23.7%) and oxygenate
selectivity (Soxy from 17.3 to 7.9%, dominated by ethanol) which is related to the level of conversion (Xco
from 2.4 to 6.1% at 240 to 260 °C). Whether the presence of oxidized iron species in the perovskite played a
role in this is not discussed in detail. Again, no phase information was provided after reduction and reaction,
only that no metallic Co phase was detected in XRD which was attributed to a small crystallite size rather

than low levels of exsolution (2 to 8.6 wt.-% Co°).

In an attempt to increase the amount of exsoluted metal, a La deficiency was introduced in the synthesis. A
reduction of La content (up to 40%) resulted in a cubic crystallographic structure of the perovskite and
maghemite (y-Fe;O3, only visible in XRD at the lowest concentrations of La) [276,280]. It was proposed
that the iron oxide forms a core on which perovskite crystallites grow epitaxially forcing the cubic structure.
During reduction, the iron oxide cores reduced in part and formed an alloy with exsoluted Co. Another part
replaces the cation vacancy left by the exsoluted Co resulting in a cubic Fe enriched perovskite. Compared
with the non-La deficient catalysts, these systems exhibited a higher activity in the FTS and at iso
conversion (but lower reaction temperature) a lower CO, selectivity (still over 19%), a coupled higher
oxygenate selectivity (maximum of 12%) and a higher olefin to paraffin ratio in the short chain product. If
the reported effects are solely based on the new catalyst composition or at least in part affected by the range

in reaction temperature (280 to 230 °C) chosen to achieve iso-conversion is unclear.

A very similar set of catalysts, without La deficiency and with B site Co contents of <50% were prepared
by Escalona et al. [270] using the citrate method (calcination was conducted at 700 °C). The resulting BET
surface areas were relatively constant at 12 to 15 m?g™. In sharp contrast to the studies by the group of
Kiennemann et al. [274] the researchers concluded from TPR analysis that only the LaCoO3 sample exhibits
exsolution of metallic Co. In all other samples, only a partial reduction was reported. It was however
hypothesized that under reaction conditions (FTS with biogas feed) metallic Co is formed, although XRD
after reduction did not provide any evidence of a segregated Co° phase. FTIR was used to identify the
presence of rhombohedral species at Co concentrations as low as 0.3. The presence of this crystal structure
was also associated with the observed very low conversion levels. For the purely orthorhombic perovskites

(Co =0, 0.1 and 0.2) CO conversion increased with Co content.

The approach to improve exsolution by tuning the allotrope of LaCoO3; was further studied by displacing

up to 40% of La with Sr [281]. The perovskite precursors were prepared via co-precipitation from the
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nitrates with ammonia followed by drying and calcination at 800 °C. The resulting catalyst precursors all
had a low surface area below 6 m?g™. After calcination all samples showed the presence of small amounts
of Cos0.. It has to be noted that the concentration of the cobalt oxide was not calculated but only assumed
based on the low intensity of the XRD reflexes not accounting for amorphous or very small particles. Up
to a Sr concentration in the A site of 10%, the perovskite structure was rhombohedral, previously reported
to be stable and suppressing exsolution. At higher concentrations, the allotrope changed gradually to a cubic
space group. After reduction in a diluted H, stream at 450 °C the rhombohedral structures remained intact
with some peak broadening which might be an indication of exsolution and structural collapse. At higher
Sr contents, the cubic phase was decomposed yielding La,0s, LaSrOx and Co° (after FT reaction even

SrCOs3). This decomposition was accompanied with sintering as evidenced by SEM.

The catalysts were tested at high reaction temperatures of 300 to 350 °C and 30 bar. While the selectivity
remained relatively stable, at a high CO, formation rate, the CO conversion peaked at a Sr content of 10%
which was rationalized with the potential presence of small Co® entities after reduction compared to
relatively large (unquantified) metallic cobalt crystallites after decomposition of the perovskites with higher
Sr content. In an attempt to modify the selectivity of the best performing catalyst, Co on the B site was
replaced by Ni at 10, 50 and 100% [282]. After the synthesis, traces of Co304, NiCoOy and NiO were
detected in the XRD patterns for a theoretical Ni occupancy of the B-site of 10, 50 and 100% respectively
(see Figure 2-20). The authors concluded that Ni can only partially be incorporated into the perovskite
structure. After reduction at 450 °C only the perovskite samples with 100% Co or Ni retained their structure
albeit Ni® was detected, and the reflexes of LaCoOs suggest a partial collapse of the structure. The samples
containing mixtures or Co and Ni collapsed fully yielding a Co-Ni alloy, La;O3 and LaSrOx. After the FTS
(T =275°C, H,:CO =2, P = 30 bar) no perovskite structure remained with LaCO3OH as only phase besides
the metallic Co, Ni and the alloy. The highest CO conversion was recorded for the CoggNio1 catalyst.
Regarding selectivity the authors only focused on the alcohol fraction and tried to increase specifically the
fraction of Cy+ alcohols. It is therefore not possible to conclude on the overall product spectrum. The authors
reported optimum performance at a reaction temperature of 320 °C with over 70% of the alcohol fraction
C,+. Based on the provided space time yield (STY), gas hourly space velocity (GHSV) and Xco, a carbon-

based selectivity to alcohols of approximately 62% could be extracted.
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Figure 2-20: XRD diffraction patterns of Lag oSro.1Co,-.NixO3 perovskite catalysts (A) complete pattern, (B)
zoom in on the peak range and (C) zoom in on the Co-Ni oxide peak range. Phases: () perovskite (including
LapeSro1Co03 and LageSro1NiOs), (¢) Cosz04, (€P) NiO and (¥) Co-Ni oxide ( [282]).

In an attempt to further increase the selectivity to higher alcohols, 0.1 atom% of Co was replaced with the
more traditional alcohol synthesis catalyst metal Cu [283]. In addition, the perovskite was impregnated by
incipient wetness impregnation (IWI) with K or Na carbonate solution (targeted concentration of alkali 0.5
wt.-%). All resulting surface areas were below 3.5 m?g™. Addition of the alkali did not affect the
rhombohedral structure of the perovskite displaying only minor amounts of Cos04. However, the presence
of K/Na increases the observed reduction temperature in TPR experiments and decreases the overall H;
consumption, i.e. the extend of reduction. After reduction at 450 °C the perovskite phase was decomposed
and only La;Os, LaSrOx for the unpromoted sample, La,Os for the Na promoted and LaSrOx for the K
promoted sample remained besides a potential trimetallic alloy. From the intensity of the alloy reflexes the
authors proposed an increased dispersion with alkali promotion. After CO hydrogenation at 325 °C
LaCO30H is identified as reported in previous studies. In addition, La20,COs5 is found in the K promoted
sample as dominating phase. A transition from the carbonate to the carbonate hydrate is proposed via a
reaction with CO; and steam which appeared to be suppressed in the presence of K. The trimetallic alloy,
partially converted to CoC,. This formation seems to be enhanced in the presence of the alkali, as is widely

reported for iron based FT catalysts as well [284].
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Under high temperature FT conditions (T = 340 °C, H.:CO = 2, P = 30 bar), alkali promoted catalysts
slightly decreased in CO conversion but the unpromoted catalyst suffered from severe deactivation. The
methane selectivity was unchanged with an increased CO, formation. At the highest reaction temperature,
the deposition of C was identified as deactivating mechanism, which is suppressed by the presence of K, to
a much lesser extend by Na. It was hypothesized that K stirs the perovskite decomposition towards
La,0,CO3 which can in turn react with C to lanthanum oxide and CO. The carbonate was regenerated by
the subsequent reaction of the oxide with CO,. At reaction temperatures above 300 °C, the alcohol fraction
produced over the K promoted catalyst contained approximately 80% C,.OH. Again, little information is
provided on the overall C-selectivity of alcohols but based on the selectivity of CH4 and CO2, it must be
below 60 and 30% at conversions between 15 and 40% at reaction temperatures of 310 and 340 °C

respectively.

Liu et al. [285-287] also targeted the synthesis of higher alcohols starting from La(Co,Cu)Os; supported on
mesoporous SiO; and ZrO,. By using the perovskite as pure catalyst precursor to yield a CoCu alloy and
depositing it on a high surface area material, the commonly encountered challenge of low surface area was
overcome. Nitrate salt solutions of the metals La, Co and Cu together with citrate acid and glycol were
impregnated onto the support (IWI), dried and calcined at 600 °C. The perovskite had a targeted
composition of LaCoo.7Cuo.303 and no ‘free’ Co or Cu species were observed. The perovskite was formed
in 20 nm crystallites outside the pores of the SiO,. To force exsolution, the samples were exposed to a
hydrogen treatment at 600 °C yielding monometallic phases of Cu and Co as well as La;0;. HAADF-
STEM-EDS confirmed that a Cu shell around a Co core were formed when the sample was heated in inert
before switching to H.. When already heated in hydrogen, a Cu core with a Co shell is formed due to the
higher reducibility of Cu. The Co shell catalyst outperformed the Cu shell catalyst in the HAS, unfortunately
no catalyst characterization of the spent materials is provided. On the ZrO, support, no core shell structures
but a uniform mixture of Co and Cu is reported. Overall, Cu based systems from perovskites are described
by various other research groups as precursor for a bimetallic catalyst for the MeOH or HA synthesis [288—
290,292].

Looking at perovskites in the Fischer-Tropsch synthesis, Goldwasser et al. [291] synthesized Las.
xKxMnyFe1yO3 (x=0, 0.1 and 0.2 and y=0.1 and 0.2) to produce short chained alkenes. Perovskites were
prepared via co-precipitation and yielded BET surface areas of 3-13 m?g™* (one sample with 0.2 Mn and 0
K yielded 37 m?g™ no explanation is provided). The concentration of K and Mn in the calcined samples
was always lower than expected which they attributed, for K, to the volatility of K>O. Shifts in the IR bands

were used as indicator that doping of the B site was successful. Additional La oxide and hydroxide were
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Table 2-4: Mossbauer hyperfine parameters. (P): perovskite; (AS): as-synthesized; (Red): reduced; (R):
reacted; (CR): carburated-reacted [291].

Solid DI (mm s—1) QS (mms—1) Hpf (kG) Phase Percentage
LaFe (AS) 0.36 —0.08 519 Fe (P) 100
LaFe (R) 0.36 —0.09 526 Fe (P) 89
0.25 0.09 213 x-FesCa 11
LaKFe 1 (Red) -0.36 —0.07 522 Fe (P) 74
—-0.01 0 329 a-Fe 26
LaKFe 1 (CR) 0.36 0.09 529 Fe (P) 74
0.25 0.09 213 x-FesCs 26
LaKFe 2 (Red) 0.36 —0.07 525 Fe (P) 59
—-0.01 0 330 a-Fe 49
LaKMnFe (R) 0.34 —0.05 503 Fe (P) 100
LaKMnFe (Red) 0.38 -0.10 511 Fe (P) 39
0.32 -0.13 483 Fe (P) 25
-0.01 0 324 a-Fe 36
LaKMnFe (CR) 0.25 0.1 213 y-FesCs 37
0.38 0.1 520 Fe (P) 34
0.32 0.13 490 Fes04 23
04 0.2 460 FesO4 6

observed at increased levels of doping. The cell volume of the perovskite decreased although the doping

metals have larger diameters. This was attributed to a Mn redox couple and/or oxygen vacancies. No
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additional proof was provided that the promoting species, K and Mn, are confined to the perovskite structure
and not also present as free species on the surface of the materials. All samples were subjected to a H»
reduction at 450 °C to exsolute the iron followed by a carburization in pure CO at 350 °C. In the absence
of a dopant, only 11% of the Fe exsolutes during reduction/carburization/reaction and was identified as
Hiégg carbide. In the presence of Mn, no Fe was reduced. In the presence of K, 26% of the Fe phase was
reduced and subsequently carburized. When both Mn and K are present, 36% of Fe was reduced and
subsequently carburized (see Table 2-4). It appears that during reaction even more Fe exsolutes and forms
Fes04, probably in an equilibrium with the carbide phase. The location of K and Mn after reduction was
not studied. In the FTS, K enhances CO conversion significantly, reduces the WGS activity and shifts the
selectivity in favor of longer chains and away from methane. In the presence of both K and Mn, the activity
is still enhanced, but to a lower extent. However, the WGS was suppressed significantly and the selectivity

to short alkenes was hugely enhanced.

Amongst a variety of iron oxide matrices, the team of Landau investigated LaFeOj3 prepared via combustion
synthesis as potential catalyst for the direct hydrogenation of CO, to fuels and chemicals [293]. The
orthorhombic structure had to be activated at 900 °C in H> to exsolute some iron before carburization in a
diluted 1:1 H,:CO stream. After this treatment, a mixture of wistite, lanthanum oxide and iron carbide were
reported with some residual perovskite. Unsurprisingly after these pre-treatments, the catalyst hardly
exhibits any chain growth activity and only limited reverse WGS activity and was not further considered.
The perovskite was prepared from the nitrates of the precursors via the citrate method with a calcination

temperature between 700 and 900 °C. K was subsequently impregnated.

Most work in the field is concentrating on developing perovskite materials as catalyst precursors and
facilitating exsolution of Co, Ni and/or Fe through doping which in turn influences the crystal structure
rendering the material less stable against reduction. No attempts were found in the field of Fischer-Tropsch
catalysis to increase the generally low surface area of the perovskite. The work by Goldwasser et al. [291]
is the only study identified, incorporating common iron FTS promoters into the perovskite structure.
However, the active phase iron, was also incorporated and exsoluted during activation. The effect of this
drastic change in phase/structure on the location and speciation of the promoters was not investigated.
Whether the promoting element in the perovskite structure can act as a promoter during FTS therefore

remains unanswered.
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2.3.2.2 Patent literature

In a US patent application, the use of LaXosFeosOsis described as support for impregnated iron nitrate (20
wt.-%). X being Ti, V, Cr, Mn and Zr [294]. The perovskite was prepared via mixing and heating the solid
starting material to 900 °C for extended periods of time. It can therefore be assumed that the obtained
surface area is very low. The catalysts were activated in H, at 500 °C and then exposed to FTS conditions
at 320 and 340 °C, 20 bar and a H2:CO ratio of 1. In comparison to iron supported on La>Os; and LaFeOs,
the inventive catalyst compositions were reported to have a significantly increased CO conversion, but for
the Mn bearing sample. Selectivity remained relatively stable with some inconsistencies in the reported
alcohol fraction. It has to be noted that no CO is reported. At 320 °C, the Mn sample shows a slightly
reduced activity compared to the reference formulations but a significantly higher alcohol and lower
methane selectivity. At 340 °C, the Mn sample was not tested, but the Cr sample displayed a significant
increase in alcohol and a decrease in methane selectivity, which was not at all observed in the 320 °C
performance data. If the perovskites remain stable under reduction and reaction was not reported.

A World Intellectual Property Organization patent application by Shell claimed a wide variety of X,Y,Oc
structures to act as support and/or precursor for cobalt based FTS catalysts, but the actual examples only
describe stabilization of a common support, TiO, through incorporation of Co* forming a titanate [295].
These approaches had previously been reported several times in literature to avoid loss of active species

through the uncontrolled formation of metal support compounds [296].

A whole series of patents describing and claiming perovskites in the Fischer-Tropsch synthesis are jointly
published by the Fushun Research Institute of Petroleum and Petrochemicals and the China Petroleum and
Chemical Corp. in 2014 [297-302]. In applications from 2015, Sinopec appears as additional assignee
[303-305]. While all applications seem to be granted in China, none was submitted to any other national

patent office.

In other patents seemingly granted in China, an iron based FTS catalyst for high per pass conversion with
low CO- selectivity is claimed [297]. To this end, an ABO3 perovskite structure where A is mostly Ba but
can be any other alkaline earth metal and B is 85 to 95% Fe with the balance Mn (but can be Pt, Co, Ni,
Cu, Zn, Cr, V, Ti, Mo or Zr). 5-10% K was added outside the perovskite structure as promoter via
impregnation. The catalyst was reduced at 500 to 700 °C in hydrogen or preferably in a mixture of C1—Cs
hydrocarbons. Under MTFTS conditions (T = 280 °C, P = 20 bar, H,:CO = 2), after reduction at 650 °C at
10 bar in hydrogen or ideally in methane (highest conversion, lowest CHs and CO; selectivity), CO
conversions of 70 to 83% were achieved at a methane selectivity of below 4% and a CO; selectivity between

10 and 23% . The claims encompassed the catalyst composition and reduction process. A
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subsequent patent describes the same process of catalyst preparation, replacing Ba in the A site with
neodymium (Nd) and Mn with Ni [298]. Under MTFTS conditions (T = 260 to 280 °C, P = 20 bar, H,:CO
=1.5t0 2) conversion levels of 84 to 94%, methane selectivity was as low as 4 to 6% and the CO selectivity

between 22 and 29%. Again, activation in methane was advantageous.

A similar perovskite system, but Co based, was also described with Ba or Ca in the A site and Co with 5-
10% Mo in the B site to optimize diesel fractions [299,300]. The catalyst was also promoted by
impregnation with K. Reduction was carried out initially in H, between 300 and 450 °C and subsequently
for a shorter period with CH4 between 500 and 700 °C. LTFTS was conducted between 200 and 230 °C at
10 to 20 bar. Conversions between 60 and 83% vyielded a consistently low methane selectivity with Cs.
selectivity around 80% and the C1,—Cis (diesel) fraction up to 62%. A Ce, La and Nd, Co perovskite with
some displacement of the B site with Ti is also described [306]. Additional promotion was achieved by Zn
or Mo impregnation. Activation was again achieved by subsequent treatment with hydrogen and methane.
LaNi1.xCox03[301] and LaCu;-xCoxOs [302] were subsequently described. For both, only reduction in H;
was proposed, albeit at 10 bar. Under LTFTS (T = 200 °C, P = 20 bar, H,:CO = 2) at CO conversions of

over 85% a methane selectivity of below 4% and Cs. selectivity of over 85% was reported.

A LaZrCo1xO3 (with x<0.2) and a Lai.yKyNixC01xO3 (with y<0.3 and x<0.35) were synthesized using the
citrate method and subsequently reduced initially in H, at 300-350 °C and 10 bar followed by an activation
in a H2/CH4 mixture (Hz rich) closer to reaction temperature [303,304]. Under FTS conditions (T = 220 °C,
P =20 bar, H,:CO = 2) and CO conversions of 90 to 95%, a Cs. selectivity of over 92% at a CH4 selectivity
of 2-4% was achieved. In a recent different approach, a Co based LTFTS process was described in which
cobalt nitrate and a Pt precursor was impregnated onto a LaNiOs perovskite only acting as carrier [305]. If
any exsolution of Ni proceeded under a pure H; activation is unknown, but it can be expected as the degree

of reduction of Co was significantly enhanced.

The absence of reliable characterization data makes the evaluation of the patent literature challenging, as
actual catalyst compositions/structures under working conditions are not known. However, the majority of
the publications [288,297-304,306] rely on the perovskite structure as catalyst precursor and are using
exsolution of iron or cobalt to yield the active phase. Promoters are sometimes incorporated in the structure,
sometimes added externally. The internal promoters are not expected to exsolute, if they are actually fully
incorporated in the perovskite structures, and still provide the desired activity. The specification of these
species after reduction is totally unavailable. Only once, was the perovskite used as support, with potential

slight ‘promoting’ activity through the exsolution of Ni [305]. However, no effort is apparent to increase
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the surface areas of the perovskite structures. Most efficient seems to be the activation in hydrogen followed

by methane, which is claimed to increase the catalytic performance and stability.
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3 Scope and objectives

The Fischer-Tropsch synthesis is a well-established route to convert syngas (H, and CO) derived from coal
or natural gas to liquid fuels and petrochemical substitutes [1,2]. The iron-based catalysts are preferentially
used in commercial operations, especially for coal derived syngas with low H,/CO ratio, due to their water
gas shift (WGS) activity, low cost, flexible operation conditions as well as reasonable products distribution
[3-5]. To improve FTS performances (activity, selectivity and stability) of iron-based catalyst, promoters
are normally added to the catalyst in form of chemical or electronic promoters [6]. The effects of potassium
are explained in terms of electropositivity. The potassium is believed to transfer a charge to the metal
surface, thereby enhancing CO adsorption and dissociation but inhibiting H. adsorption [7]. The addition
of promoters is beneficial up to a certain amount (eg. Potassium < 3 wt.-%), above which it becomes
detrimental to the overall activity of the catalyst due to coverage of active sites. Excessive concentration of
promoters can facilitate carbon deposition and induce catalyst deactivation [8,9]. Their mobility under
reaction conditions is another challenge as it results in a highly dynamic system [10]. It is therefore
hypothesized that incorporation of the promoter(s) into a perovskite like structure will result in a well-
defined chemical speciation of the promoter species, contact with the catalytically active material, and will
suppress promoter mobility. More importantly, inclusion of the promoter elements in the perovskite like

structure will not change its promoting activity.

The objective of this study is to develop an empowered oxidic matrix material namely a perovskite, that
doubles as a catalyst support and promoter for iron catalysts in the Fischer-Tropsch synthesis. This is
achieved by incorporating promoters like potassium and manganese into the perovskite matrix to achieve
and hopefully surpass known performance enhancement abilities in common synthesis techniques.
Perovskites (ABQO3) exhibit a range of stoichiometries and crystal structures, and can accommodate around
90% of the metallic elements from the periodic table in positions A and/or B, without destroying the matrix
structure [11,12]. Due to this flexibility, it is therefore expected that the incorporation of the promoter into
the perovskite matrix can be achieved by changing the composition of the perovskite [13]. A successful
incorporation of the promoters (K and Mn) in the perovskite structure will solve the long-standing problem

of promoter mobility.

A facile technique for the synthesis of iron oxide nanoparticles with a mean crystallite size of 22 nm was
followed as described in literature [14]. The empowered support material was prepared via a citrate sol gel
auto combustion method [15]. The success of these synthesis method was determined by evaluating the

nature, composition, stability and reactivity of the prepared materials using characterization techniques such
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as X-ray diffraction (XRD), transmission/scanning electron microscopy (TEM/SEM), inductively coupled
plasma spectroscopy (ICP), atomic absorption spectrometry (AAS), temperature programmed reduction
(TPR) and X-ray absorption spectroscopy (XANES and EXAFS). The performance of the prepared model
catalysts was evaluated using a laboratory continuous stirred tank reactor under low temperature Fischer-
Tropsch reaction conditions. The deciding factor on good performance was the effect of the promoter on
CO conversion and selectivity towards the various Fischer-Tropsch product classes compared with the
promotion achieved via impregnation. The stability of the perovskites was also determined by

characterization of the spent catalyst.

Due to the low surface area of the bulk perovskites, an attempt was made to prepare three dimensionally
ordered mesoporous perovskites by filling in the voids of the template with the precursors of the target
perovskite materials. The subsequent removal of the template reproduces their replica. The synthesis
technique outlined by Arandiyan et al. [16] was adopted.
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4 Research Approach and Experimental Methodology

A series of LaAlO3 based perovskites with a fixed amount of K and varying amounts of Mn were prepared
using the polymeric precursor method. The perovskites were synthesized in bulk and with an elevated
surface area, namely as three dimensionally ordered mesoporous (3DOM) perovskites using a templating
technique. Iron oxide (maghemite y-Fe,O3) with an average crystallite size of 22 nm was synthesized using
a coprecipitation method and supported on the prepared perovskites. The composition of perovskites was
analyzed using inductively coupled plasma spectroscopy (ICP) and atomic absorption spectrometry (AAS).
Structure and particle sizes were extracted from transmission electron microscopy (TEM) and scanning
electron microscope (SEM). X-ray diffractometry (XRD) and absorption spectroscopy (XAS) were used to
study the crystalline phase and chemical state of the samples. In the following, a comprehensive description

of the techniques employed in the synthesis, characterization and testing of the model catalyst is outlined.

4.1 Synthesis of La based perovskites

The polymeric precursor method for the synthesis of bulk perovskites was first outlined by Pichini [1] as
an alternative to the commonly used ceramic method. The resulting materials from this method showed
considerably smaller particle size and higher porosity. The method used here is a citrate sol gel auto
combustion method fully described by Megha et al. [2] based on the polyesterification of citric acid and
ethylene glycol to synthesize the perovskite. Compared to conventional methods, this synthesis route is

relatively easy and allows good control of the product stoichiometry.

4.1.1 Synthesis of bulk perovskites

The LaixK«MnyAli,Os perovskite of the ABOs; structure was prepared using La(NOs)s-6H20,
AlI(NO3)3-9H,0, KNO3, Mn(NO3)2-4H-0, citric acid (all Sigma Aldrich), ethylene glycol and nitric acid
(Kimix) and deionized water without any further purification. The precursor solution was first prepared by
mixing equimolar amounts of precursor salts, 5 g La(NOs)3-6H,0 and 4.33 g AI(NOs)3-9H,0, with 4.83 g
citric acid, 1.5 ml nitric acid (assay min. 60%), and 150 ml deionized water. Citric acid acts as a chelating

agent and organic fuel during the calcination process. Nitric acid is used as a catalytic medium. The solution
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was ultra-sonicated to completely dissolve the salts followed by heating to 60 °C under stirring on a
magnetic stirrer at which point 4.28 g ethylene glycol was added. Ethylene glycol is used as a stabilizing
and capping agent to facilitate the control of particle size by retarding the particle growth after nucleation.
The solution was heated to 90 °C and held for 1 hr to allow for polyesterification, and then transferred to a
hot mantle at 100 °C for another hour to dehydrate and form a gel. The resulting gel was heated to 350 °C
on a hot mantle resulting in swelling, foaming and auto combustion, yielding a black powder. The powder
was well ground in a mortar and calcined at 800 °C for 6 hrs in static air in a Labofurn furnace (Kiln

Contracts) to produce the perovskite.

For compounds LagsKo1MnyAl1)Os (y = 0, 0.2, 0.4, 0.8), the same method was used with equimolar
amounts of metal cations on the A and B site of the perovskite structure (A = LagoKo.1, B = Mn,Al.y). For
instance, in the synthesis of LaggKo1Mno2AlpsOs, 4.33 g La(NOs)s-6H,0, 0.116 g KNOs, 3.5 ¢
AlI(NO3)3-9H,0 and 0.412 g Mn(NOs)2-4H,0 were used. Figure 4-1 illustrates schematically the steps

followed to synthesize bulk perovskites.

[y

Metal nitrates Nitric acid

v

Citric acid

[+ Deionised water

Aqueous solution: ultra-
sonicate, stir and heat to 60 °C

< Ethylene Glycol

r

Polyesterification kept at 90 °C

r

Heating mantle to form gel at
100 °C

r

Heating mantle to dry the gel at
350 °C

r

Calcination at 800 °C

Figure 4-1: Flow chart for the preparation of perovskites by the citrate sol gel auto combustion method.
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4.1.2 Synthesis of high surface area perovskites

The 3DOM perovskites were synthesized by infiltration of the target perovskite precursor solution into the
interstitial void spaces of the three dimensionally aligned monodisperse poly-methyl methacrylate (PMMA)
microspheres. The PMMA colloid consists of monodispersed spheres with face-centered (fcc) closed
packing. When the 3D network of the resulting voids is infiltrated with the perovskite precursor and

subsequently the PMMA spheres are removed, their replica is reproduced [3-6].

Well-arrayed colloidal template PMMA microspheres with an average diameter of approximately 250 nm
were synthesized by adopting the procedures described by Arandiyan et al. [7]. The chemicals used were
potassium persulfate (K2S;0s) and methyl methacrylate (CsOzHsg), (all Sigma Aldrich). 3 mmol of K;S,0g
was mixed with 1500 ml of deionized water under stirring (400 rpm) and heated to 70 °C while degassing
with nitrogen. K;S;0s was used as an initiator to synthesize the PMMA seed latex. After about thirty
minutes at 70 °C, 115 ml of methyl methacrylate was poured into the flask, and the resulting suspension
was stirred at 70 °C for 1 hr. The deionized water was evaporated in an oil or water bath at 80 °C to obtain
a wet dense material which was dried at room temperature for two days. The slow evaporation is essential

to obtain a packed colloidal crystal. The obtained template was ground with an agate mortar.

The diameter of the PMMA microspheres can be controlled by adjusting a number of variables. Increasing
the amount of the monomer or K;S,0s increases the microsphere diameter, while increasing the temperature
of the polymerization reaction or N, flow decreases the microsphere diameter. The particles obtained after

grinding can also be adjusted to a desired size using testing sieves.

3DOM perovskites structures are achieved by filling in the voids of the template with the precursors of the
target materials. The process of filling in the voids with the precursor solution is purely driven by capillary
forces [8-10]. The synthesis method uses an ethylene glycol — methanol mixed solution of the metal nitrates
as a precursor solution for the 3DOM perovskites. 10.0 g of LaNO3.6H.0 and 8.66 g AI(NOs)s3-9H,0
(equimolar) was dissolved in 5 ml ethylene glycol by very slow stirring in a 100 ml beaker at room
temperature (slow stirring overnight is essential to ensure a homogeneous solution). The produced ethylene
glycol solution was transferred into a 25 ml volumetric flask, to which 10 ml methanol and 10 ml ethylene
glycol were added. The crashed colloidal crystals were soaked in the solution and infiltration of the
precursor solution into the particles was observed. The process took between 24 and 48 hours and was
terminated once the color of the spheres changed to the color of the solution. The excess solution was

separated from the impregnated PMMA colloidal crystals by vacuum filtration. The obtained sample was
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allowed to dry in air at room temperature overnight. About 0.5 g of the sample was mixed with 2.5 g of
silicon carbide (10-15 mesh) and calcined at 800 °C for 5 hours in a glass tube reactor in an air flow of
about 50 ml/min. Removal of spheres in oxygen is an exothermic reaction so slow heating, high air
flowrates and dilution with SiC have proven to be very important for rapid heat removal to avoid the

collapse of the porous structure (see Figure 4-2) [11,12] .

1. Infiltration of
metal precursor

Colloidal crystal Opal

structure

2. Solidification of

3. Template removal
metal precursor >

4. Crystallization

Figure 4-2: Preparation of 3DOM materials using colloidal crystal templates (from [13]).

4.2 Synthesis of iron oxide nanoparticles

The method for the preparation of iron oxide nanoparticles of around 22 nm was reported by Yang et al.
[14]. The coprecipitation method described was based on a number of previous publications [15-18]. pH
played a very important role to obtain a stable system for the synthesis of iron oxide nanoparticles.
FeCl,-4H,0, hydrochloric acid (HCI) (Sigma Aldrich), and ammonium hydroxide NH3-H»O (Kimix) were
used for the synthesis. A 0.25 M FeCl,-4H0 solution, a 5.4 M NaOH solution, a 1.34 M NHs-H,O solution,
and a 0.1 M HCI solution were first prepared with deionized water. 40 ml of each of 0.25 M of FeCl,-4H.0,

5.4 M NaOH and 1.34 M NH3;-H2O solutions were mixed together (see Figure 3). The mixture was stirred
on a magnetic stirrer in the fume hood and heated up to 90 °C under an inert atmosphere of nitrogen. The
solution was kept at the temperature for 1.5 hours after which the pH was adjusted to 2.5 by dropwise
addition of 40 ml of 0.1 M HCI solution. The slurry was then washed 20 times with boiling deionized water

to remove residual chloride ions (see Figure 4-3) [19].
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Figure 4-3: Schematic representation of iron oxide nanoparticle synthesis (from [14]).

4.3 Preparation of model catalysts

4.3.1 Preparation of model catalyst using conventional supports

Four supports, y-alumina (Puralox SCCa 5-150, Sasol Technology), TiO, (P25) (from Evonik Industries),
ZrO; (US Nano) and SiO2 (Sigma-Aldrich, particle size 60—100 mesh, surface area 300 m?/g, pore diameter
150 A) were used to prepare baseline model catalysts. Before anchoring iron oxide on the support, the
powders were first calcined at 300 °C in a Labofurn furnace in stagnant air for 5 hrs to remove adsorbed
surface water and other contaminants. After cooling down to room temperature, the supports were removed
from the furnace and used immediately for model catalyst synthesis. To prepare a model catalyst of 20 wt.-

% Fe,0s3, 1.43 g of Fe,O3 was sonicated in 500 ml of deionized water for 1 hr to disperse the nanoparticles.
The support material was then placed in the suspension and further sonicated for 1hr. The nanoparticle
support mixture was subsequently dried in a rotary evaporator at 80 °C and 150 mbar. The catalyst was

finally dried on a watch glass at 120 °C in a Memmert oven overnight.

4.3.2 Preparation of model catalyst using bulk perovskites

After calcination at 800 °C (described in section 4.1.1), the perovskite supports were either used
immediately for catalyst synthesis or stored in a closed crucible at 120 °C in a Memmert oven. The

supporting method outlined in section 4.3.1 was followed to deposit the iron oxide nanoparticles.

To develop a system to compare the promoted perovskites by incorporation with traditionally promoted

systems, a LaAlO3 perovskite was impregnated with KNOs. In this synthesis, 0.38 g of KNO3 was dissolved
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in 100 ml of deionised water and poured into a LaAlO3; powder in a rotary evaporator to obtain an overall
potassium loading of 1.92 wt.-%, which is the absolute amount incoporated in the potassium containing
perovkites. The evaporation was carried out at 80 °C and 150 mbars. The sample was then allowed to dry
overnight in a Memmet oven at 120 °C followed by calcination at 350 °C in air in a glass fluidized bed
reactor for 5 hours, using a ramp rate of 2 °C/min. Lower loadings of 1.0 wt.-% and 0.5 wt.-% K were also
prepared following the same procedure. The K impregnated LaAlOs; were then used as support for the iron

oxide nanoparticles following the procedure described in section 4.3.1.

4.3.3 Preparation of model catalyst using 3DOM perovskites

Incipient wetness impregnation [20] was used to deposit the iron precursor onto the 3DOM perovskites.
The metal salt, 7.49 g Fe(NO3);-9H,0, was dissolved in 30 ml of deionized water and then added to the
3DOM perovskite support to obtain a loading of 16 wt.-% Fe. The incipient wetness was achieved by
saturating the dry support with the metal precursor solution until a paste formed. The volume of solution
required to form a paste was noted. The catalyst was then dried in the rotary evaporator at 80 °C and 150
mbars. The remaining precursor solution was topped with deionized water to the volume used in the first
impregnation step and the second impregnation is carried out with the dried material. After drying in the
rotary evaporator, the sample was dried overnight in a Memmet at 120 °C. The catalyst was finally calcined

at 300 °C in flowing air for 5 hours with a ramp rate of 2 °C/min.

4.4 Characterization of prepared materials

4.4.1 X-ray diffraction

Offline XRD analysis was performed on all the prepared samples to determine the species and phases
present in the sample. The diffraction patterns were compared with known diffraction patterns listed in the
International Centre for Diffraction Data (ICDD) Powder Diffraction File-2 (PDF-2) database. The
diffraction patterns were acquired on a D8 Advance diffractometer (Bruker, Germany) equipped with a
position-sensitive detector (LYNXEYE) in Bragg Brentano geometry with a Co anode in the 26 range of
20—120° (1/d = 0.19-0.97 A™") using a step size of 0.043° and with a time per step of 0.75 s. The total scan

time amounts to 30 min.
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4.4.2 Transmission electron microscopy

To determine the size distribution of the iron oxide nanoparticles and study the structure of the perovskite
support samples, transmission electron microscopy (TEM) was used. For the supported material, TEM was
also used to determine how well dispersed the nanoparticles were on the support. 100% ethanol was first
added to the powder sample and the mixture was sonicated in an ultrasonic bath for 15 minutes in order to
obtain a suspension. A droplet of the suspension was then transferred on to a carbon coated copper grid.
The grids were allowed to air dry before analysis in a Tecnai F20 transmission electron microscope operated
at 200 kV.

Scanning Transmission Electron Microscopy (STEM) was also used to characterize the perovskites. An
Energy Dispersive X-ray Analyzer (EDX or EDA) was employed extensively to provide elemental
identification and quantitative compositional information on the surface of perovskite samples. STEM
EELS (electron energy loss spectroscopy) which allows the fine structure of ionization edges to be
observed, was used for elemental mapping. These analyses were performed using a field emission FEI
Tecnai F20 microscope, operated at 200 kV, and equipped with a high-angle annular dark-field (HAADF)
detector for Z-contrast imaging. Before conducting any measurements, the powder samples under
investigation were sonicated in 100% ethanol and the suspension supported onto lacey carbon coated copper
grids (SPI Supplies, 200 mesh). TEM and STEM micrographs were analyzed using the freeware imageJ to
obtain particle size distributions [21]. An attempt was made to measure at least 300 particles to ensure
statistical relevance of the data. Selected samples of bulk perovskites were analyzed at the Centre for High-
Resolution TEM at the Nelson Mandela university (NMU), in South Africa. The images were taken in a
JEM-ARM200F microscope (Jeol) equipped with a field emission cathode and an integrated correction of
the spherical aberrations of the objective and condenser lenses. The instrument is fitted with an advanced
GIF electron spectrometer with dual EELS capabilities, as well as with an XMax 100 TLE high collection

angle, ultra-sensitive detector (Oxford Instruments) for analysis by means of EDS.

4.4.3 Atomic absorption spectroscopy and inductively coupled plasma optical emission
spectrometry

Atomic absorption spectroscopy (AAS) and inductively coupled plasma optical emission spectrometry
(ICP-OES) were used to determine metal loadings and perovskite compositions. For AAS, the sample is

first ground, and then 0.1 g is placed into a wide-mouthed 250 ml Erlenmeyer flask. The digestion of the
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sample was carried out by adding 10 ml of a 4:1 HCI/HF mixture and bringing the mixture to boil, after
which 10 ml of HNO3; was added to the flask until the sample volume was reduced through evaporation to
approximately 2 ml. 5 ml of HCIOs was added and again boiled until approximately 2 ml of sample
remained. At this point a white cloud was observed indicating that a reaction had taken place. The solution
was allowed to cool before transferring the sample into a 100 ml volumetric flask and filled up to 100 ml
with distilled water. The liquid sample was filtered through a Whatman No. 1 filter paper and submitted to

the AAS spectrometer for analysis.

For the ICP-OES analysis, the samples were digested in 3 ml of HCI, 3 ml of HF and few drops of HNO;
in a reactor containing bi-distilled water. The mixture was then heated to 130 °C, stirred for about an hour
and then cooled under a jet of water. To make sure that there is no residue, 60 ml of HsBO3z was added under
stirring. The solution was subsequently filtered and transferred to a volumetric flask. The solution was
injected into a Varian OES 730 Series spectrometer. Elements could then be identified and quantified based

on the standards available [22].

4.4.4 Brunauer-Emmett-Teller surface area measurement

N physisorption analysis was conducted to determine the mass specific surface area and pore size
distributions of both the bulk and 3DOM perovskites using a BET Micrometrics TriStar 3000.

0.5 g of sample was loaded into a glass tube and pre-treated to remove water. The sample was first kept at
90 °C for 1 hr and then heated to 350 °C at a constant heating rate of 10 °C/min, holding it for 4 hrs. The
sample was cooled and transferred to a BET machine where it was further cooled to cryogenic temperature
(-196 °C). Nitrogen was introduced to the sample in a series of precisely controlled pressures. As the
pressure increased, the number of gas molecules adsorbed on the surface also increased. The equilibrated
pressure (P) and the saturation pressure (P°) are determined to obtain the relative pressure ratio (P/P°) which

is recorded, together with the quantity of gas adsorbed by the sample at each equilibrated pressure.

445 Temperature programmed reduction

Temperature programmed reduction (TPR) was used to determine the reduction behavior of the supported
samples. The reduction was carried out in a U-type quartz reactor on a Micromeritics Auto Chem 2910
(Micromeritics Instrument Corp., USA) equipped with a thermal conductivity detector (TCD) to measure

hydrogen consumption. 50 mg of a supported iron sample was first dried by flowing argon (10 ml
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(NTP)/min) through the system and heating it to 110 °C (heating rate: 10 °C/min) and holding for 60
minutes. The system was then cooled to 60 °C. 5% hydrogen in argon (50 ml (NTP)/min) was flown through

the sample and the system was heated to 900 °C at a heating rate of 5 °C/min.

4.4.6 X-ray absorption spectroscopy

X-ray absorption spectroscopy (XAS) experiments were performed at the Diamond Light Source, UK’s
national synchrotron science facility, located at the Harwell Science and Innovation Campus in Oxfordshire.
Access to the B18 beamline was granted via the UK catalysis Hub’s Block Access Group. The samples
were bulk perovskites incorporated with potassium and/or manganese as prepared, after exposure to
activation conditions used for reduction of FT iron catalyst (16 ml-min™-geaayyst™ at 450 °C with a ramp rate
of 2 °C-min* and held for 15 hrs) and after 48 hours under FTS conditions mentioned in chapter 4.5.2. The
analysis was performed at the potassium and manganese K-edges and compared to references KOz, KHCO;,
KAIO,, K:MnO4 and LaMnQs. All references were chosen based on their possible presence in the samples
under investigation and the chemical nature of the potassium and manganese atom. For each sample, the
average spectra of 3 scans was analyzed to improve the signal/noise ratio. The as prepared and pre-reduced
samples were deposited onto sticky Kepton film prior to analysis. The spent samples are encased in wax
and were analyzed as is. Data processing was performed using Athena from the Demeter software package
[23].

4.4.7 Insitu X-ray diffraction

The in house developed in situ XRD capillary cell [24,25] was used to monitor the bulk reduction and
formation behavior of the selected supported y-Fe,O3 nanoparticles under the following conditions. The
reduction was conducted in a continuous H, flowrate 40 ml-min™-geatays* While heating the cell to 450 °C
at 2 °C-min’* and held for 15 hrs to simulate the offline model catalyst activation. Following reduction, the
formation of carbide species was done simulating reaction conditions of the FTS in the continuous stirred
tank reactor. The reduction temperature was subsequently reduced to 240 °C, and the catalyst exposed to a
2:1 mixture of H, and CO allowing the pressure to increase from atmospheric to the pressure of 13.5 bar.
The catalyst was held at these conditions for 250 min at a space velocity of 383 ml-min™-geatays* While
taking the scans at the narrow scan range of 1/d = 0.2948 to 0.6583 A to reduce the amount of time per
scan. The in situ XRD cell is attached to a laboratory XRD (Bruker D8 Advance) operated at 47 kV and 35
mA equipped with a molybdenum source (A = 0.7107 A) and a position sensitive detector (Bruker AXS
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Vantec). The obtained diffraction patterns were evaluated against the reference patterns recorded in the
ICDD PDF-2 and analyzed using Rietveld refinement techniques [26] available in the TOPAS 5 (BRUKER)

software.

4.5 Fischer-Tropsch Synthesis Experiments

45.1 Experimental setup
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Figure 4-4: Experimental reactor set up. PR1-4: pressure regulators, MFC1-4: mass flow
regulators/controllers, 3WV1-2: three-way valves, NV1-2: needle valve, BPR: backpressure regulator,
PIC: pressure indicator and control, FIC: flow indicator control, CSTR: continuously stirred tank reactor,
OV1-3: one way valve.

The schematic representation of the slurry reactor test unit used to carry out FT runs is shown in Figure 4-4.

Before each FT run, the slurry type 600 ml continuous stirred tank reactor (CSTR), pre-loaded with wax
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and reduced catalyst (see chapter 4.5.2 for details), was pressurized with argon through mass flow controller
MFC4 and the temperature was ramped to 240 °C. The pressure of the system was controlled by a dome
loaded back pressure regulator with Ar as pressurizing gas. During operation, syngas with some nitrogen

as internal standard was fed to the reactor through mass flow controllers MFC1 to 3.

Liquid products were collected as wax from the hot trap and as mixture of water and lower hydrocarbon
liquids in the cold trap. Gaseous samples were collected in pre-evacuated ampoules from the ampoule

sampler [27].

4.5.2 Experimental procedure

5 g of supported iron oxide catalyst was activated or reduced ex situ in a tubular furnace. The temperature
was increased to 450 °C using a heating ramp rate of 2 °C/min and the catalyst was kept at 450 °C for 15
hrs fluidized in a hydrogen flow of 80 ml/min. At the end of reduction process, the reduced catalyst was
cooled to room temperature and the gas was changed to argon. Meanwhile, 50 g of wax (Sasol H,
specifications in Table 4.1) was melted at 140 °C under a blanket of argon. The catalyst was carefully
transferred into the wax, making sure to avoid any contact with air. After the molten wax was cooled to
room temperature a wax pellet containing the reduced catalyst was obtained. This pellet was added to a 600
ml stainless steel CSTR pre-loaded with 300 g of molten wax at 140 °C and slowly flushed with argon. The
reactor was then sealed, slowly pressurized with argon to 15 bar and heated to 240 °C at a stirring speed of

150 revolutions per minute (rpm).

Upon reaching the reaction pressure and temperature, the stirring speed was increased to 350 rpm and
synthesis gas (H2/CO = 2) with 10 vol.% of nitrogen, acting as internal standard for the gas chromatograph,
was introduced to the reactor. The gaseous products after the hot and cold traps were analyzed online with
a gas chromatograph (GC) fitted with a thermal conductivity detector (TCD) detector to determine the
relative amounts of products and educts in the gas product stream to determine CO conversion and CO; and
CHy. selectivity (see chapter 4.6 for more details). The GC-TCD was programmed to take a sample every
10 minutes for the duration of the FT run. The system took three to four hours to reach steady state. Gaseous
samples after the hot trap were collected in pre-evacuated ampoules every 24 hours of the 48 hours FT
synthesis run [27]. The samples in the ampoules were analyzed off-line using a gas chromatograph equipped

with a flame ionization detector (GC-FID).
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Table 4-1: Sasol wax specifications [28].

Wax properties Units Specification Typical values
Congealing point °C 96 - 100 97
Color Saybolt + 15 min + 22
Oil content mass% - <0.2
Molecular weight Dalton - 880
Brookfield viscosity at 135 °C cP 6-10 8
Penetration at 25 °C 0.1 mm 1 max 1
e
Water out
—
Water in —
44/55 Soxhlet Vapor
extractor -

Xylene and wax

Figure 4-5: 1000 ml Glass Soxhlet Extraction set up.
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At the end of the run, the gases were switched off, the reactor was cooled to 140 °C and the contents of the
hot and cold traps removed. The reactor was depressurized, sending the gases to the vent. The spent catalyst
was allowed to settle at the bottom of the reactor and the wax free of the catalyst was scooped out. In
selected cases, parts of the wax encased catalyst was transferred to a Soxhlet extraction unit to remove any
organics (see Figure 4-5). A round bottom flask was half filled with 500 ml of xylene and secured in a
heating mantle. A 44/55 Soxhlet, in which a cellulose thimble containing the wax covered spent catalyst,
was inserted on top of the flask. The set up was completed with a condenser placed on top of the Soxhlet,
attached to a water inlet. The xylene was heated to boil (140 °C), at which point the vapor travelled up the
bypass arm and was condensed into the Soxhlet. The unit was left to reflux for 4 days after which the sample

was washed from the thimble into a beaker with ethanol and allowed to dry in the fume hood.

4.6 Product analysis

The tail gases were sampled in an Agilent Technologies 7820a GC-TCD with two parallel columns (column
1: Porapak Q 80/100 SST, column 2: MolSieve 5A, 60/80 SST) fitted with a single-filament design that
provides lower noise and higher sensitivity. The detector and oven are heated to 250 °C and 50 °C
respectively, with a run time of 10 minutes. This allowed real time monitoring of the conversions and
product yield. Conditions of the analysis are listed in Table 4-2. The GC is calibrated periodically using a
standard calibration gas mix, with a known content of hydrogen, carbon monoxide, nitrogen, argon,
methane and carbon dioxide. The response factors (f;) for CHs, CO and CO, were calculated using N> as

an internal reference (see Equation 4.1).

=fi, 41

Where; f; is the response factor for compound i.
n; and ny, are the molar flow rates of compound i and N, respectively.

A; and Ay, are the areas in the TCD chromatogram of compound i and N, respectively.

The CO conversion can be calculated according to
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Xco = _ 42

Where; X is the conversion of CO.

Nco.in aNd n¢p oue are the molar flow rates of CO in the feed and tail gas respectively.

The methane selectivity (Scu,) and CO; selectivity (Sco,) were calculated according to

S _ nCH4,out
CHa 43
Co,jin CO ’
S _ nCOg,out
co, — 4.4
Co,in  CO ’

Where; ncu, oy and nco,, 0 are the molar flows rates of CH4 and CO: in tail gas respectively.

Nco.in 1S the molar flow rate of CO in the feed.

Table 4-2: Experimental conditions of GC-TCD Agilent Technologies 7820A.

Oven temperature 70 °C

Detector temperature 250 °C

Column 1 Porapak Q 80/100 SST

Column 2 MolSieve 54, 60/80 SST

Carrier gas argon

Reference gas argon

Reference flow 15 mil/min

Makeup flow 3 ml/ min

Analyzed gases Column 1: N2, CHy4, CO
Column 2: CO»
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A GC with a flame ionization detector (FID) (Varian CP-3800 GC) was used for offline analysis of organic
products in the gas phase under reaction conditions. The glass ampoules collected during the FT
experimental run were broken at the tip and the sample collected in a GC syringe to be injected into the

column injector.

The FID is carbon specific in its response. The signal intensity of hydrocarbons in the FID is proportional
to the number of carbon atoms, however the response of all carbon atoms is not equal. For instance, carbon
atoms bonded to an oxygen atom result in a weaker response. Kaiser [29] developed an incremental method
of calculating the response factor by assigning every carbon-carbon bond a value of 1, a carbon-oxygen

single-bond a value of 0.55 and a carbon-oxygen double bond is assigned a value of 0.

The response factor of a specific compound can be calculated according to

N

fi=y +055(N ) 45
C(no0) Cc(co)

Where; f; is the response factor for compound i.
N is the total number of carbon atoms.

N¢mooy is the number of carbon atoms not bonded to an oxygen atom.

N¢(co) is the number of carbon atoms with a single bond to oxygen.

To quantify the data collected, methane quantified in the online GC-TCD was used as the internal reference

component. The quantity of compound i could thus be calculated on a molar basis according to

Necew, Ji-Ai

n; = Ncy, . 4.6
N¢i fensAch,

Where; n; is the molar flow rate of compound i.
N¢ ch, is the number of carbon atoms in methane (equal to 1).
N ; is the number of carbon atoms in compound i.
A; is the peak area of compound i in the FID chromatogram.

f is the response factor for compound i described in equation 4.5.
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Using the calculated molar flow rates of reactants and products, the selectivity can be determined.

The selectivity (S;) can be determined according to

S = 4.7

Vie= 48

On a carbon basis, the S; ; can be determined by

ric

Sic = Xco 49

The selectivity of hydrocarbons in the Cs. range is calculated by

4

Cs. = 100 — 3 S, 4.10
i=1

The chain growth probability between Czand Cg can be determined according to

Alog(ni)
a= 10 4G 411

Where n;j is the molar flowrate of component ‘i’ C, is the Carbon chain with ‘n’ chain length.
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5 Results and discussion

5.1 Characterization of unsupported nanoparticles

Iron oxide nanoparticles were synthesized by the coprecipitation method outlined in section 4.2. The
morphology and phase compositions of the nanoparticles was analyzed using X-ray diffraction (XRD) and

transmission electron microscopy (TEM).

The obtained diffraction patterns were compared to the reference patterns for maghemite, hematite and
magnetite available in the ICDD database. The presence of a pure maghemite (y-Fe,Os) phase was
concluded (see Figure 5-1). The crystal structure of maghemite and magnetite is very similar and just
diverges by minor differences in the position of the reflexes. The identification of maghemite was aided by

the reduction behavior observed in in-situ XRD (see Figure 5-14).

A H | h Fe,0; (maghemite)
A\ N P~

Intensity (a.u.)
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Figure 5-1: XRD diffraction pattern of unsupported y-Fe,O5 particles and reference pattern for maghemite.

To confirm the success of the synthesis technique in yielding well defined iron oxide nanocrystallites,
transmission electron microscopy was used. The obtained micrographs show that the obtained crystallites
have a truncated spherical morphology with a mean crystallite size of 22 nm, which is outside the range in
which a change in crystallite size has been reported to have an effect on the activity and selectivity in the

FT reaction (see Figure 5-2) [1].
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Figure 5-2: TEM micrographs and particle size distribution of the synthesized y-Fe,O3 nanoparticles.

5.2 Characterization of perovskites

Several characterization techniques were employed to fully analyze the synthesized perovskites to make

sure that the targeted phase, structure, and elemental compositions are achieved.

The XRD pattern of the LaAlO3; sample shows that the sample is a pure perovskite with a rhombohedral
structure (see Figure 5-3). The data is in good agreement with the reported reference diffraction peak
positions (LaAlOs; PDF 01-085-1071). With the partial substitution of the aluminum cation with manganese
on the B site, the XRD patterns remain monophasic with rhombohedral symmetry (space group R-3m
(166)). LaMnOs perovskites calcined in excess air have been reported to have a rhombohedral structure
while calcination in N leads to an orthorhombic structure [2,3]. The XRD peaks progressively shift to lower
20 angle values with increasing amount of manganese due to a lattice expansion (interplanar distance),
which increases the unit cell volume as the smaller AI** (0.670 A) is replaced by the larger Mn** (0.785 A),
(see Table 5-1) [4,5]. The shift is a confirmation that the manganese cations have been successfully
incorporated into the perovskite lattice [6]. Some diffraction reflexes associated to La,Os are observed for
the sample LaMnosAlo4O3 suggesting that not all La is forming part of the perovskite structure. The average
crystallite size of the perovskites is estimated using Rietveld refinement. The results show that the crystallite

sizes are markedly decreased with increasing Mn substitution (see Table 5-1).
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Figure 5-3: XRD diffraction patterns of prepared LaAlOs, LaMng2Alp 503, LaMng Al 403 and LaMnOs and

reference patterns of LaAlOs;, LaMnO3; and Laz0Os.

Table 5-1: Average LaMn,Al;xOs crystallite size and lattice parameter distance obtained from Rietveld

refinement.
Sample a[A] c[A] D [nm]
LaAlOs 5.36 13.08 64.8
LaMng2AlosO3 5.38 13.14 41.9
LaMnosAlo403 5.43 13.20 415
LaMnOs 5.51 13.33 13.2

With the partial substitution of lanthanum with potassium in the structure of the LaAlO3 perovskite, and

further in the LaMnsAl1«O3 (x=0.2,0.6,1) perovskites lattice, the samples still retain the structure of the

perovskite. Only LaggKo1MnOj3 showed traces of La,O3 (see Figure 5.4). Because the Goldschmidt ionic
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radii of La®" (0.122 nm) and K* (0.133 nm) are not very different, substituting small amounts of K* into the
A-site of the perovskite is expected to have little effect on the crystalline phase and the degree of
crystallinity of the perovskite [7]. As observed in the absence of K, the reflexes also systematically shift to
lower 20 angles with the addition of Mn due to the expected increase in cell dimension. Fang et al. [8]
reported for a their La:.xKxCo01yMgyOs3 perovskites system (x=0 — 0.4; y=0 — 0.2), that the substitution of
La** with K* caused unstable occupancy of the La site by K* leading to segregation cobalt in the oxide
form, especially with no Mg substitution. The partial substitution of La®*" by K* causes a charge imbalance

within the perovskite, and oxygen vacancies are created as a charge compensation mechanism [9].
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=
§ “"L L A A R A Lag oKo.1Mng 2Al; 505
c A ;
\ Y, N VR W e LageKo.1MngAlo 403
— A ). A - N Lao_gKo_ancis.

i I i LaAlO, PDF 01-085-1071
20 30 40 50 60 70 80 20 100 110 120
26 (°)

Figure 5-4: XRD diffraction patterns of LaAlOs, LaogsKoo2AlOs, LaggKo1AlOs, LagsKo1Mno2AlgsOs,
Lao.sKo.1MngeAlo4Os and LaosKo1MnOs of the prepared samples and reference patterns of LaAlO; and
Laz0s.
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The surface morphological and microstructural details of the prepared samples were obtained from TEM
and SEM micrographs. The images show a porous material for both LaAlOs; and LaMngsAlo.4O3 samples
with uneven shapes and sizes which may be a result of an uneven temperature during the combustion
process. The TEM images of the other Mn containing samples are provided in Appendix B. LaAlO3 has
larger grains than the manganese substituted sample with pore diameters in the rage of 10-50 nm (see Figure
5-5). The pores increase with increasing manganese content but disappear at higher substitutions (80 mol.

% Mn) as particles break into smaller nearly spherical grains, which are not dispersed but appear fused.

Figure 5-5: TEM micrographs of (a) LaAlOsand (b) LaMngAlg4Os.

Toum Latat

Figure 5-6: SEM EDS elemental mapping micrographs of LaMngsAlg.40s.
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To confirm the homogeneity of elements in the samples, elemental mapping was performed using SEM-
EDS analysis. The mapping revealed that the contained elements were distributed evenly in the structure of
the perovskite (see Figure 5-6 and Appendix B). Compared to the XRD patterns in Figure 5-4 above, no

evidence of La enrichment due to free La;Os is evident besides for the sample Lag.sKo1MnOs.

For the K containing samples, Energy Filtered Transmission Electron Microscopy (EF-TEM) was used to
investigate the homogeneity of the samples. For LaogKo1AlO; all elements seem evenly distributed
throughout the entire sample without any apparent enrichments (see Figure 5-7). This could mean that the
10 atom-% substitution of La with K on the A site is possible and that the K cation is fully incorporated in

the perovskite structure or that K is highlight dispersed on the surface of the perovskite.

Figure 5-7: Energy Filtered Transmission Electron Microscopy micrographs of Lag Ko 1AIO3 sample.

Higher potassium concentrations in the A site and impregnated potassium on LaAlOs; were also
investigated. Images a and b in Figure 5-8 represent the normal TEM images and images labelled K, La and
Al are the elements present in a or b. It can be clearly seen that potassium compounds form a physical
mixture with the perovskites for the potassium impregnated sample, distinctly showing areas of high
potassium. The most probable forms of the potassium promoter are K;O, KOH and K,COs, rather than

metallic potassium [10,11].

The K rich phase is present in rod-like grains with a length of > 1 um and a thickness of approximately 20
nm. Similar rod-like structures (circled in red) were observed in the sample in which 20 atom-% of K was
substituted in the A site of the LaAlO3 perovskite, targeting a composition of LagsKo2AlO3. However, these
structures were also associated with increased aluminum content, suggesting that a potassium aluminate
was formed during synthesis. It is apparent that an increase in potassium substitution in the A site beyond
10 atom-% is unfeasible. This is attributed to the structural distortion caused by the increased concentration

of K* as well as the increase charge difference which AI** cannot compensate. Similar effects were found
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in earlier research whereby elevated K substitution (> 10 atom-%) resulted in the B-site cation forming
oxide structures external to the perovskite upon calcination [12—14]. Tsounis et al. [12] studied the change
in chemical properties of LaxKi-xNiOs (x = 0-0.3) using XPS analysis. They observed peaks believed to

correspond to K-O group, which were likely due to K,O formed during the sample calcination in air [15,16].

Figure 5-8: Energy-Filtering Transmission Electron Microscopy micrographs of (a) potassium
impregnated on LaAlO; and (b) LagsKo2AIOs.

Lanthanum Potassium Lanthanum N Potassium

Aluminium

Figure 5-9: TEM EDS elemental mapping of A: LagsKo1Mng2Alps03 and B: Lag.gKo.1MnosAlg4O3 samples.
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The purity and homogeneity of the perovskite samples was further analyzed using high resolution
transmission electron microscopy (HRTEM). Figure 5-9 shows the elemental maps of Lao.sKo.1Mno2AlosOs.
The results clearly confirm that the La, K, O, Al and Mn atoms are evenly distributed throughout the sample.
The sample Lao.sKo.:Mno.sAlo.4O3 was found to have manganese deficiencies in regions circled in Figure 5-
9B.

In an attempt to increase the surface area, three dimensionally ordered macroporous (3DOM) perovskites
were prepared by impregnation of PMMA spheres with the precursor solution. It is reported that the pore
diameter of the porous perovskite is smaller than the diameter of the PMMA spheres [17-19]. The spheres
shrink when the temperature goes beyond their glass transition temperature with is typically in the range
from 95—-110 °C. Above this temperature the polymer spheres are completely destroyed as they change
from being hard and brittle to being rubber [17-19]. SEM imaging of the 3DOM perovskite structures
LaosKo1AIOs and LaAlOs containing an interconnected macroporous framework, show an average pore
diameter of about 200 nm while the polymer spheres have a diameter of approximately 250 nm (see Figure
5-10). During calcination, heat control is crucial as the removal of PMMA spheres in air is an exothermic
reaction that can lead to the collapse of the 3DOM structure. Zheng et al. [20] reported that the structural
collapse is due to the crystallite size of samples growing rapidly with a spike in temperature. This was
overcome by diluting the samples with silicon carbide and using increased air flow rates during calcination
to quickly remove the generated heat. Sadakane et al. [21] proposed that the use of ethylene glycol in the
perovskite synthesis further weakens the walls in the interspace between the spheres as the precursor

solution is unable to completely fill the voids in the spheres because of its high viscosity.

Figure 5-10: SEM micrographs of 3DOM (high surface area) perovskites, (a) LaosKo1AlOs, (b) LaAlOs
and (c) PMMA spheres.
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Table 5-2: Specific BET area and ICP/AAS Elemental compositions of prepared samples with theoretical
values.

ICP/AAS wt.-% Targeted wt.-% Seer (M2 Q)

Sample/Element
support

La K Al Mn | Fe” | La K Al Mn only

Fe-LaAlO3 849 00 151 00 |121|837 00 163 0.0 4.5

Fe-LaosKo02AlO3 604 09 59 115 134|831 05 165 00 -

Fe-LaooKo1AlIOs 823 22 155 00 |131|800 25 170 0.0 28.8
EZ;.gKO.anozAlosOs 797 15 137 51 |136| 770 20 130 7.0 20.5
EZ;.gKo,ano,eA|o,403 76.7 1.2 75 146 | 139|720 22 6.0 190 17.8
Fe-Lao9Ko1MnOs 785 15 00 199 140|680 21 00 230 114
Fe-LaMnO3 760 0.0 00 220 120|740 00 00 280 13.8
Fe2K-LaAlOs 837 19 144 00 |135|800 25 170 0.0 4.5
FelK-LaAlOs 829 16 122 00 |138|829 10 161 0.0 4.5
Fe0.5K-LaAlO; 848 10 142 00 |140|833 05 162 0.0 4.5
Fe-LaAlO33DOM" | 835 00 164 00 |122|837 00 163 00 10.9

Fe-LapoKo1AlO;
3DOM

Fe™: Iron oxide target loading = 15.0%

789 30 185 00 |133|800 25 170 00 34.7

3DOM’: Three-dimensionally ordered macroporous

The elemental compositions of the as-prepared samples were determined by atomic absorption

spectroscopy and inductively coupled plasma optical emission spectrometry. The results compiled in Table
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5-2 demonstrate that the lanthanum and aluminum contents are close to the targeted values. This is often
the case when the sample synthesis method does not include any separation step like crystallization or
filtration [22]. Potassium and manganese contents are however lower than the theoretical values.
Goldwasser et al. [23] report a similar trend for the composition of perovskites, and the assertion was made
that the lower than expected K was due to the volatility of K,O at elevated temperatures. The low Mn
content could be due to the hygroscopic nature of the precursor (manganese nitrate), therefore leading to an

underestimation of the measured mass of Mn during sample preparation.

A number of selected perovskite samples were analyzed with X-ray absorption spectroscopy in the near
edge region (XANES) of the K and Mn K-edge to investigate the surface enrichment of K or Mn on the
perovskites. The analysis was performed on two sets of samples; the as synthesized samples and the same
samples treated in hydrogen fluidized bed at 450 °C, simulating the reduction procedure used to activate

the iron FT catalysts.

Normalized intensity (a.u.)
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Figure 5-11: A: Mn K-edge XANES spectra of LaooKo1MnoeAlosO3zs and LaggKo1MnOss samples as
synthesized and after reduction. B: Mn K pre-edge energies of LaogoKo1MngeAlo4Os and LaggKoiMnOs
samples as synthesized and after treatment in reductive atmospheres together with LaMnO3, Mn3z04, Mn;O3
and MnO; references from literature as function of mean Mn oxidation state.

110



Mn K-edge XANES was used to confirm that the Mn species are representative of those found in the
perovskite structure. Figure 5-11 A shows the LaggKo1MngsAlo4O3; and LaggKo1MnOs as prepared and
after exposure to hydrogen at 450 °C for 15 hrs. The spectra of these samples before and after reduction
agrees with that of LaMnOs reported elsewhere [24-26]. However, from the summarized threshold energies
(Eo) (see Table 5-3) it can be observed that there is a chemical shift to higher energies for the as synthesized
LaooKo1MnoeAlp4O3 and LagsKo1MnOs samples and a shift to lower energies when these samples are
reduced, with respect to LaMnQOs. These are due to higher oxidation states for the as prepared samples,
possibly to compensate for the charge imbalance upon K incorporation into the LaMnOsand LaMngsAlo 403
matrix. Upon reduction, the oxidation states decrease from 3.5 and 3.6 to the same value of 3.2 respectively
(see Figure 5-11 B). The pre-reduced samples still maintain the general shape of the LaMnO3; perovskite
spectra.

Table 5-3: Threshold energies (Eo) for LaMnOs and the as synthesized and reduced Lag sKo.1MnosAlg403
and LaggKo1MnO3; samples.

Compound Eo (eV)
Lao.9Ko.1MnOs (not reduced) 6553.72
Lao.sKo1MnOs; (reduced) 6552.60
Lao.oKo.1MnosAlo.4O3 (not reduced) 6553.68
Lao.oKo.1MngsAlo 403 (reduced) 6553.00
LaMnOs 6553.59

To confirm the successful incorporation of potassium promoter into the perovskite by partial substitution
of La with potassium, potassium K-edge XANES was used. The spectra of the potassium incorporated
samples was compared against the spectra of the possible potassium compounds including a commonly
present K.CO3; and a database of K standards (See Figure B. 5, Appendix B) [27,28]. Only the as
synthesized LagoKo1AlO; XANES shows an indication of K,COs; contributions to its spectra. Upon
reduction these disappear. It is assumed that the reductive treatment results in partial oxygen removal in the
perovskite, reducing the charge imbalance induced by the potassium incorporation, allowing all potassium

species to be incorporated into the crystallographic lattice. In the presence of Mn in the B site of the
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perovskite, the flexibility of oxidation state provides sufficient buffer for the charge imbalance even in the

calcined state.

A A A A
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Figure 5-12: Potassium K-edge XANES spectra of LagsKo1MngeAlo4Os and LagsKo1AIO; samples as
synthesized and after treatment in reducing conditions and of the K.COj3 reference.

The reducibility of the model catalysts, simulating catalyst activation in the Fischer-Tropsch synthesis, was
studied using H2-TPR. The samples were heated in a diluted hydrogen stream (5% H: in Argon) from 60 to
900 °C, recording the hydrogen consumption as a function of temperature. The XRD results discussed
previously show that the iron oxide is present on the supports as a y-Fe2Os. Ho-TPR results of maghemite
in the work of Mou et al. [29] and Mogorosi et al. [30] showed that the reduction of y-Fe,Os to Fe proceeds
in three sequential steps. Generally, the hydrogen peak centered at around 350 °C is attributed to the surface
lattice oxygen, while the peaks and around 620 and 780 °C are attributed to the bulk lattice oxygen [31].
First y-Fe,Os reduces to FesOa, FesO4 reduces to FeO and then finally FeO reduces to metallic iron (Fe)
[32-34]. The H,-TPR experiment is therefore expected to have three peaks with a peak area ratio of 3:2:3
due to the number of moles of Fe oxide reduced (see eqn. 5.1-5.2), especially when the reduction

temperature increases beyond 570 °C [33,35,36]:

3Fe,03 + Hy — 2Fe;04 + HO

Fes04 + H; — 3FeO + H,O

FeO + H, — Fe + H,O
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Below 570 °C, the reduction only takes place in a two-step process with magnetite reducing directly to
metallic iron [37]. However, Pineau et al. [38] reported that the presence of wistite (FeO) has been detected
in the temperature range 450-570 °C, but it is unstable [39], especially without a support which works as a
stabilizer [40,41]. The exact peak position of the individual reduction steps may vary depending on the

catalyst support used and experimental conditions (heating rate, reducing gas composition, etc.).

Similar to other supported iron catalysts [42,43], there is no reduction observed at temperatures below 250
°C except for the unsupported y-Fe.O;3 (see Figure 5-13). The unsupported nanoparticles start reducing at
238 °C, reaching maximum hydrogen consumption at 332 °C. Its second peak starts at 388 °C and strongly
overlaps with the third peak, resulting in a broad peak with two shoulders reaching maxima at 596 °C and
817 °C for the second and third reduction events respectively. These peaks are very broad indicating that
the second and third reduction steps are rather slow.

For the supported catalysts, the onset of reduction, in the temperature range of 250-300 °C, is due to the
reduction of y-Fe,Os to typically FesO.. The peaks in this range appear at different temperatures depending
on the support material, i.e., composition of the perovskite support. The onset of reduction for the Fe-
LaAlOs is recorded at 290 °C, higher than the unsupported nanoparticles probably because of metal support
interactions and decreased mobility of surface oxygen species. It is important to note that although the
second peak also starts at a higher temperature (435 °C) when compared to the unsupported sample, it is
centered at the same temperature (596 °C). The same behavior is observed on the third peak (817 °C).
Beyond the third the peak is another shoulder indicative of the fourth peak which is possibly the partial
reduction of the support. If perovskite reduction plays a role in the lower temperature hydrogen

consumption events could not be excluded.

Upon addition of potassium into the LaAlOs; matrix, the onset of reduction for the Fe-Lag 9Ko.1AlO;3 catalyst
appears at a lower temperature of 270 °C. Of note is also the fact that the presence of potassium lowers the
temperature of reduction of Fe;O. to FeO from 596 to 580 °C when comparing the peak maxima. For this
catalyst, the third and the fourth reduction event are completely convoluted resulting in one broad peak
centered at 817 °C, same as the third reduction step of Fe-LaAlOs. Thus, the presence of potassium in the
support does not reduce the high temperature required for the deep reduction of metallic Fe to be achieved.
On conventional supported catalysts impregnated with potassium, potassium either retarded the reduction

to Fe30y, shifting the reduction temperature to higher temperatures, or had no effect [44—46].

The presence of Mn resulted in the Fe-LaMnoAlpsOs catalyst exhibiting a significant decrease in the
reduction temperature of iron species, showing that the addition of small quantities of Mn can enhance the

reduction of iron oxides [47]. The inception of reduction is at the temperature of 260 °C reaching a
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maximum at 344 °C. The first peak contains a shoulder at 378 °C, signifying two overlapping reduction
events. The subsequent peaks are completely merged showing shoulders at 500 °C and 600 °C, indicating
a substantial peak shift to lower reduction temperatures. It is worth noting that hydrogen consumption has
decreased in the presence of manganese when compared with the Fe-LaAlO; catalyst. Even though the onset
of reduction is at the lower temperature, the reduction takes place very slowly. Chern et al. [48] observed
the formation of manganowdstite in the reduction of a manganese containing catalyst, that prevented some
iron species from complete reduction to Fe. The reduction profiles of the samples with complete substitution
of Al with Mn, are quite different from the lower manganese or the promoter free catalysts. It is also
observed that the reduction peaks associated with the reduction of Fes0s—FeO and FeO—Fe are more
distinguishable and less intense when compared to the Fe-LaMno2AlosOs catalyst. This suggests that a high

manganese content retards the full reduction to metallic Fe [49].

Addition of small amounts of both manganese and potassium (Fe-LaggKo1Mng2AlpsO3) leads to almost
complete suppression of the first reduction peak. The first reduction peak of Fe-LaMng2AlosO;3 catalysts is
also suppressed although not to the same extend, showing decreased hydrogen consumption. The same
behavior is observed with increasing levels of Mn while keeping K constant (Fe-Lag9sKo.1MngsAlo403). The
significant difference is seen for the Fe-LapgsKo1MnO; catalyst with more prominent peaks showing
increased hydrogen consumption. The Mn containing catalysts noticeably show a broad first peak. Li et al.
[50] explained that any MnO formed during reduction migrates to the surface and encapsulates FeO
preventing it from further reduction [51-53]. Manganese is also reported to have a tendency of inhibiting
hydrogen chemisorption [54], explaining the reduced hydrogen consumption on the Mn containing samples.
In summary, the structure of the reduction profiles of all manganese containing catalysts point to the

presence, partly to a superposition, of various reduction reactions.

The impregnated catalyst Fe-2KLaAlO3 shows the inception of H, consumption around the temperature of
300 °C and slowly reduce with increasing temperature, reaching a maximum at 400 °C (see Figure 5-13).
The second and third peak are smaller than the first peak, indicating that the reduction of FeO to Fe is
suppressed due to high promoter content. The fourth peak is also visible under the shoulder at 760 °C, and
possibly associated to the reduction of the support. All the supported catalysts show four peaks, with three
belonging to the reduction of maghemite, while the fourth peak is the reduction of the support or metal

support complex.
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Figure 5-13: TPR traces of the calcined model catalysts.

To better understand the TPR profiles of the iron oxide on the prepared perovskites supports and investigate
the role of potassium and manganese, three of the catalysts described above were further analyzed with in
situ XRD (Fe-LaAlOs3, Fe-LagoKo1AIOz and Fe-LagsKo1Mno2Alrs03). An in house developed in situ XRD
cell was used to analyze the catalysts and the results are presented in Figure 5-14. The reduction and
carburization conditions used for activating and testing the model catalysts in the reduction rig and slurry
reactor were simulated. In the iron oxide supported on LaAlOs (see Figure 5-14 A), y-Fe,Os starts reducing
to Fez04 at 260 °C reaching completion within minutes. The sample is reduced directly to metallic a-Fe
from 400 °C onwards without the formation of wustite, probably due to the low reduction temperature of
below 570 °C [37]. With the partial substitution of lanthanum with potassium (10 atom-%) on the A-site of
the perovskites, the reducibility of y-Fe,Os is improved by lowering the onset of reduction temperature
to 180 °C, however, the reduction to metallic a-Fe is not affected in agreement with the trend observed

from the TPR results and reported in literature [55].

Additional substitution of Al with 20 atom-% manganese, resulted in an increase of the reduction
temperature from maghemite to magnetite compared to the promoter free sample, which could be attributed
to a poorer hydrogen chemisorption in the presence of manganese [54]. The reduction of Fe304 to a-Fe is
not affected. Following the reductive treatment, the samples were exposed to a mixture of hydrogen and

carbon monoxide (H2/CO=2) at a temperature of 240 °C to simulate Fischer-Tropsch conditions.
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The catalyst supported on the LaAlOs perovskite shows first signs of carburization after 75 minutes on
stream and requires a further 40 minutes for a complete conversion of a-Fe to x-Fe,Cs (Hagg carbide). Upon
incorporation of potassium in the perovskite structure (LaogKo1AlOs), the rate of carburization is
significantly enhanced, achieving full phase conversion after only 20 minutes. For conventional catalyst
promotion, it is widely reported that potassium improves carburization of the iron catalysts through a
donation of electron density from the potassium metal to the iron phase selectively enhancing CO over H,
adsorption and weakening the carbon oxygen bond [56-58]. This shows that potassium incorporated in the
perovskite can directly influence the formation of the catalytically active phase. The presence of Mn does

not show any significant enhancement or suppression of the carburization.

5.3 Catalytic performance in FT reaction

All the prepared perovskite samples were used as supports for the maghemite nanoparticles and tested in a
600 ml slurry reactor for a period of 48 hrs under FTS conditions. The reaction temperature and pressure
were 240 °C and 15 bar respectively with a gas hourly space velocity of 2.4 L/(h-gca) referred to here as
the original space velocity (SVorg). A maghemite loading of 20 wt.-%, which translates to 15 wt.-% Fe°,
was targeted (see Table 5-2 for actual loadings achieved). Traditional supports such as Al;Os, SiO2, TiO;
and ZrO; were tested under the same conditions as benchmark. The reported CO conversion and products
selectivity were recorded after 48 hrs on stream. CO conversion and selectivity as function of time are
provided in Appendix C (see Figure C.1-C.7).

The promoter free catalyst Fe-LaAlOs reached a CO conversion of 44.4% while the benchmark catalysts
Fe-Al,O3, Fe-ZrO,, Fe-SiO; and Fe-TiO; yielded conversions of 45.8, 36.3, 22.3 and 10.4% respectively
(see Figure 5-15). The significantly lower activity of the TiO, supported catalyst could be the result of active
phase encapsulation by partially reduced titania species as has been reported in related systems [59]. The
iron nanoparticles supported on LaAlO3 and AlO3; show very comparable conversion levels. The product
composition of these two catalysts is also similar, with slight differences in the olefin to paraffin (O/P) ratio
and the calculated chain growth probability (a). At the lower conversion levels of the SiO, and ZrO,
supported catalysts, a lower CO; selectivity was measured, compared to both LaAlO; and Al.O; supported
catalysts. The hydrocarbon fraction is of a slightly heavier slate, which for Fe-SiO, mostly manifests in an
increased C,—C,4 fraction, while Fe-ZrO; produces a higher concentration of Cs. product. The olefinicity, a

measure of secondary hydrogenation activity, is hardly distinguishable from Fe-LaAlOs. The very similar
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catalytic performance of Fe-LaAlO; and the benchmark catalysts, with the exception of Fe-TiO,, suggests

that the unsubstituted perovskite merely acts as a support and does not influence the activity of the catalyst.
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Figure 5-15: Catalytic performance of Fe-LaAlO3, Fe-Al;O3, Fe-ZrO,, Fe-SiO, and Fe-TiO; at the original
space velocity (SVorg) after 48 hrs TOS. Top chart displays CO conversion and chain growth probability
(o). Middle bar chart depicts the normalized CHa, C,-Ca, Cs+ selectivity (hydrocarbon fraction in the
product stream) and CO; selectivity. Bottom chart represents Cs-olefin to Cs-paraffin ratio (O/P).
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A partial substitution of the aluminum cation on the B-site with 20 atom-% manganese as a promoter does
not show any improvement in catalyst activity. The CO conversion for Fe-LaMng,AlosOs levels off at
38.7% at the end of the 48 hr FT run, 6% points lower than the unmodified Fe-LaAlO3 (see Figure 5-16).
The selectivity towards CO; and CH, is somewhat suppressed by the incorporation of manganese. The CO;
selectivity decreases by 1.8 C-% points from about 12.7 C-% for Fe-LaAlO; to 10.9 C-% for Fe-
LaMng2AlosOs. Similarly, selectivity towards CHy is slightly decreased from 8.1to 7.5 C-%. The enhanced
chain growth is manifested in a smaller fraction of C,—C4 and a slightly increased Cs. selectivity. The O/P

ratio is unaffected.

Further substitution of aluminum with manganese significantly decreases the activity of the catalysts by
about 50%. In parallel, a significant increase in water gas shift activity is observed, i.e. the selectivity to
CO; increases to approximately 20 C-% of all carbon containing products. Amongst hydrocarbons, a shift
to a lighter product slate (C>—C4 fraction) is observed. The shift to light hydrocarbons (C,—C.) at higher

levels of Mn was also previously reported by Tingzhen et al. [50] and Barrault et al. [60].

Classic promotion with small amounts of manganese either via impregnation or precipitation is reported to
increase the rates of reduction and carburization of the catalysts by maintaining the structural integrity
thereby preventing agglomeration during hydrogen reduction [50,51,61]. The suppressing effect of low
levels of manganese on CH, selectivity and a slight shift to heavy hydrocarbons was reported by Barrault
et al. [62]. This is reported to be due to the increased surface basicity of the catalyst [63]. The presence of
manganese enhances the surface basicity which in turn selectively improves CO dissociative adsorption
over that of H; to facilitate chain growth. At higher contents of manganese, CO,-TPD studies of Yang et
al. [64] indicated that the surface basicity decreased due to manganese enrichment on the surface, affecting
the chain growth and blocking active sites. The observed shift of hydrocarbon selectivity to lighter

hydrocarbons at higher levels of Mn is also reported elsewhere in literature [50,65].
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Potassium incorporation (10 atom-%) into the perovskite support by partial substitution of lanthanum with
potassium was observed to enhance the rate of carburization of metallic iron to Hagg iron carbide via in
situ XRD, which has been widely reported to be the active phase for CO activation and C-C chain growth
in the FT synthesis [66—69]. The Fe-LaooKo1AlO3 catalyst shows a substantial increase in CO conversion
to 75.8% compared to 44.6% in the absence of K (see Figure 5-17). A comparable enhancement of CO
conversion is observed in the presence of an additional small amount of Mn in the B site of the perovskite
structure (Fe-LagoKoi1Mno2AlosOs). Further increases in Mn content, result in sharp decreases in CO
conversion, below the unpromoted reference catalyst. Product selectivity, especially in complex reaction
networks such as the FT synthesis, is generally a function of conversion, therefore the selectivity of different
catalysts should be compared at similar conversion levels. To allow for comparison with the other catalysts
tested in this study, the CO conversion of Fe-LagoKo1AlO3 and Fe-LagsKo1Mng2AlpsO3 was adjusted by

increasing the space velocity by a factor of 3.75. The new high space velocity is termed 3.75* SV .
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Figure 5-17: CO conversion of Fe-LaAlOs, Fe-LaooKo1AlOs, Fe-LaoosKoiMno2AlosOs,  Fe-
Lao 9Ko.1MnosAlo403 and Fe-Lao oKo.1MnO3 at original space velocity at original space velocity (SVorg).

The increase of space velocity reduced the CO conversion of Fe-LaggKo1AlOzand Fe- LaogKo.1Mng2Alps03
to 34.0 and 30.0% respectively (see Figure 5-18), still representing a much-enhanced rate of CO conversion
but at a similar overall conversion level allowing for selectivity comparisons. Fe-LaggKo1AIO3 shows a
slight increase in CO; selectivity (from 12.7 to 15.6 C-%), which suggests a moderate enhancement of the
water gas shift reaction. In parallel the methane selectivity is reduced in favor of the Cs. selectivity resulting

in an increased chain growth probability. The olefinicity of the hydrocarbon product is drastically increased
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from 0.7 to 3.2 in the C3 product suggesting a reduced hydrogenation efficiency of primarily formed olefins.
All these effects have previously been reported for K promotion in iron-based FT catalysts. The presence
of the lowest studied concentration of Mn in the perovskite further improves the product composition. The
COgselectivity, i.e. the WGS reaction, is less enhanced representing only 14% of the product bound carbon.
The methane selectivity is even lower compared to Fe-LaogKo1AlO3 and the product slate shifts towards
the Cs: hydrocarbons now comprising 75.7% of the carbon bound in the hydrocarbon product. The olefin
to paraffin ratio is not affected by the additional presence of Mn. Potassium and manganese are frequently

used to improve olefin selectivity [70,71].

Besides the previously discussed detrimental effect on activity, the increase of Mn content also does not
improve the product composition. The WGS activity is enhanced, resulting in 40 to 45% of all product
carbon to be bound in CO,. At the same time the methane selectivity increases, even above the levels of Fe-
LaAIlO; and the hydrocarbon product spectrum shifts towards the C,—C4 fraction. The olefinicity is further
enhanced reaching values of 3.6 and 3.9 for the C; fraction. Mn in particular has been reported to reduce
the secondary hydrogenation probability of C=C bonds leading to an increased selectivity towards olefins
[50,72].

Tao et al. [64] observed for coprecipitated Fe/Mn/K catalysts an increase in the catalyst activity with
increasing manganese content up to a certain maximum. Further addition of Mn decreases the activity
supposedly because higher levels of manganese (above 6.0 wt.-%) stabilize Fe** and Fe?* irons and inhibit
the carburization of the catalyst in syngas. In the present study, the employed concentrations of Mn did not
enhance activity and TPR results showed that the presence of manganese in the perovskite matrix hinders
the reduction of the iron phase, potentially affecting the number of active sites under reaction conditions.
Lower levels of Mn substitution of Al should be investigated. It is important to note that in the here
developed empowered support materials the effect of Mn is limited to an electronic promotion due to its
incorporation in the perovskite matrix. Previously observed structural promotion through stabilization of

iron crystallites against sintering can be excluded [50,73].
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Figure 5-18: Catalytic performance of Fe-LaAlOs, Fe-LaggKo.1MnosAlo4O3 and Fe-LaggKo1MnOs at the
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(3.75 *SVorg) after 48 hrs TOS. Top chart displays CO conversion and chain growth probability («). Middle
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The effect of promotion by potassium incorporation into the LaAlO3 perovskite matrix was compared with
the traditional potassium promotion achieved via impregnation of LaAlOs with potassium nitrate. Because
the amount of potassium promoter exposed on the surface termination of the perovskite and in contact with
the iron/iron carbide nanoparticles is not known and is less than the absolute amount of potassium in the
perovskite, three different promoter concentrations, namely 0.5, 1 and 2 wt.-%, were prepared (termed Fe-
0.5KLaAlO;, Fe-1KLaAlO; and Fe-2KLaAlOs respectively). A potassium loading of 2 wt.-% equates to

the absolute amount of potassium incorporated into Lag.sKo1AlOs.

Fe-0.5KLaAlO;, Fe-1KLaAlO; showed elevated CO conversions at the original space velocity, similar to
Fe-Lao9Ko.1AlO; and Fe-Lag gKo.1Mng2Alys03 and were therefore re-evaluated at a space velocity increased
by a factor of 3.75 to achieve iso-conversion (see Figure 5-19). At these conditions, the product composition
of the catalysts with promoter incorporation into the perovskite matrix and the samples with impregnated
potassium are markedly different. Compared to Fe-Lao 9Ko.1AlO3z and Fe-Lao.sKo.1Mno2AlogOs, the samples
with classic promoter deposition show a heavier product slate, i.e. lower methane and C,—C, selectivity at
an increased Cs. fraction. Within the hydrocarbons, the olefin content is comparable with O/P ratios of the
Cs fraction of 3.2, 3.4, 2.9 and 3.2 for the Fe-LagoKo.1AlO3, Fe-LagoKo.1Mng2AlpsO3, Fe-0.5KLaAlO; and
Fe-1KLaAlOs respectively. However, in parallel with the enhancement of the FT selectivity the
impregnated potassium also enhanced the water gas shift activity significantly. While the CO, selectivity
of Fe-LapoKo1AlO; and Fe-LaogKo1Mno2AlpsOs only increased by 22 and 10% respectively when
compared to Fe-LaAlOs3, the potassium impregnation resulted in an increase of 86 and 69% for the 0.5 and
1 wt.-% K loading. This results in an overall higher undesired C; product selectivity of the impregnated
samples. It appears, that at the given conditions, potassium incorporated into the perovskite matrix
selectively promotes the FTS without enhancing the WGS to the same extent. Such a deconvolution is not

possible with conventional promoter impregnation.
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Figure 5-19: Catalytic performance of Fe-2KLaAlOsat the original space velocity (SVorg) and Fe-LaAlOs,
Fe-Lao,gKo,lAlo:g, Fe-Lao,gKo,ano,2A|0,803, Fe-O.5KLaAI03 and Fe-lKLaAIOs at the hlgh space velocity
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and CO; selectivity. Bottom chart represents Cs-olefin to Cs-paraffin ratio (O/P).
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The spent catalysts were collected at the end of the 48 hrs FT run and subjected to a four-day extraction of
wax using xylene. The samples were subsequently washed with ethanol and dried overnight. The XRD
patterns of the spent Fe-LaAlO3z and Fe-Lao.sKo1Mno2AlosOs catalysts run at the original space velocity
show that the perovskite structure is not destroyed (see Figure 5.18). The promoter free catalyst consists of
the Héagg carbide phase with about 6 wt.-% metallic iron and some magnetite. The promoted catalyst does
not show any presence of metallic iron but consists mainly of H&gg carbide phase and traces of Fe3O..
These results further confirm the earlier discussion enhanced carburization in the presence of K (see Figure
5-14). The presence and amount of carbide in the spent catalysts also supports the stability of the catalysts
also evidenced by the relatively constant CO conversion throughout the 48 hrs FT synthesis run (see Figure
C.1-5).
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Figure 5-20: XRD diffraction patterns of spent Fe-LaAlO3, and Fe-Lag gKo.1Mno2Alo 503, and reference
patterns of LaAlOs, Fes0a4, FeCsand a-Fe.

Elemental analysis of spent catalyst entrapped in wax also compared well with the composition of the

fresh samples, excluding significant loss of promoters through leaching (see Table 5-3).
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Table 5-4: ICP/AAS Elemental compositions of prepared samples, spent samples and their theoretical
values.

Fresh Catalyst Spent Catalyst .
ICP/AAS Wt.-% ICP/AAS wWt.-% Theoretical wt.-%

Sample/Element
La K Al Mn La K Al Mn]| La K Al Mn

Fe-LaooKo1AlIO3 823 22 155 00 |815 19 167 00800 25 170 00

Fe-LaogKo1Mng2AlpgOs | 79.7 15 137 51 |711 17 226 47 |770 20 130 70

All previously discussed catalysts containing potassium incorporated into the perovskite matrix targeted a
10 atom-% occupancy of the A site with potassium. It was shown that higher potassium loadings (20 atom-
%) did result in external potassium enriched structures, probably due to the charge imbalance which cannot
be compensated by AI** rather than the ionic radius of K*. It can however not be claimed that the
successfully synthesized Fe-LaooKoiMnyAl1yOs (with y = 0 and 0.2) represents the ideal potassium
concentration. A measurement of potassium exposed on the surface terminations of the perovskite is
challenging and its amount directly correlates with surface area. It is also unclear if only surface exposed
potassium contributes to the observed promotional effect or if subsurface species play a role and if so to
what depth.

To shed some initial light on these questions two additional samples were prepared, a bulk Fe-La;.xKxAlO3
with x =0.02 and a 3DOM perovskite with the stoichiometry of x =0 and 0.1. The elevated surface area of
the 3DOM samples also allowed for an incipient wetness impregnation of the iron precursor, instead of the

complicated and not scalable approach to deposit pre-prepared nanoparticles.

When exposed to the FT conditions at the original space velocity the Fe-Lag.9sKo.02AlO3 catalyst also shows
high levels of CO conversion comparable to Fe-LaosKo1MnyAl1yOs (with y =0 and 0.2) (see Figure 5-21).
At a lower water gas shift activity (CO, selectivity) the hydrocarbon product is heavier, with a higher
selectivity of Cs: hydrocarbons. While elevated in comparison to Fe-LaAlOs, at a different conversion level,
the O/P ratio of the Cs fraction is lower at the reduced K content (2.3 vs 3.2 to 3.4 in the Cs fraction). These
results support the assumption that the promoter concentration in the new class of empowered supports can

further be tuned and optimized, specifically for the reaction conditions of interest.
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the original space velocity (SVorg) after 48 hrs TOS. Top chart displays CO conversion and chain growth
probability (o). Middle bar chat depicts the normalized CHa, C,-Ca, Cs+ selectivity (hydrocarbon fraction
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Due to the fundamentally different synthesis techniques applied, the catalytic performance data of the
3DOM catalyst could not be directly compared to the previously discussed bulk perovskite-based catalysts.
However, it is evident that the CO conversion levels achieved are lower at the original space velocity than
was observed even for Fe-LaAlOs. The incorporation of K in the 3DOM perovskite matrix, while resulting
in an increased surface area (see Table 5-2), did not enhance the FT activity (see Figure 5-22). The product
composition however is radically affected. In the potassium bearing sample the water gas shift activity is
suppressed, reducing CO; selectivity from 22 to just under 4 C-%. In parallel, the chain growth probability
increases dramatically from 0.61 to 0.86, reducing the fraction of C1-C4 hydrocarbons in the hydrocarbon
pool from 42.8 to 5.8 C-%. The olefin to paraffin ratio of the Cs fraction drops slightly (1.9 to 1.6) but this
effect might be related to the drop in Cs product yield. In the C¢ fraction, as representative of the Cs. product
group, the O/P ratio of the potassium free 3DOM catalyst is 1.5 vs. 1.7 in the presence of potassium. The
reason for the differing promotional effects in the 3DOM samples compared to the bulk samples is at this
stage unknown and requires further studies. It could in part be the result of the different iron deposition

strategies.
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6 Conclusions

The present study presents the synthesis of LaAlO; (ABOs) with a successful partial replacement of
lanthanum with potassium (10 atom-%) on the A site, and aluminum with manganese (20-100 atom-%) on
the B site. The success of the synthesis is determined by characterization to ascertain the incorporation of
the promoters into the matrix of the LaAlO3 perovskite. The perovskites are used as carriers for y-Fe;O3
nanoparticles, and the promoting capability of these model catalysts is tested in the Fischer-Tropsch
synthesis followed by characterization of the spent catalysts. The study can essentially be divided into two

sections, i.e., the synthesis and the testing of the model catalysts.

One of the major objectives of this study was the preparation of the model catalyst. A series of Laa.
KxMnyAl1.,Os, with x =0 and 0.1 and y = 0, 0.2, 0.6 and 1, perovskites were synthesized by a modified
Pichini method [1] which is essentially a citrate sol gel auto combustion method [2]. It involves the
polyesterification of citric acid and ethylene glycol to easily synthesize the porous perovskites while giving
good control of the product stoichiometry. Very little work has been described in literature on attempts to
synthesis perovskites with potassium promoter partially replacing lanthanum, but no attempt was made to
investigate if the potassium is successfully incorporated into the perovskite matrix. A series of
characterization techniques including XRD, ICP/AAS, EDS-STEM and XANES were used. XRD was used
to confirm the formation of the perovskite structure. ICP/AAS analysis techniques were used to confirm
the overall composition with the content of potassium and manganese somewhat lower than targeted
composition. EDS-STEM and XANES were used to confirm that no potassium or manganese was enriched
on the surface of the perovskite when exposed to reaction conditions. Monodispersed iron oxide
nanoparticles are prepared by a co-precipitation method in which the precipitation of the iron compounds
is achieved by employing NaOH and NHs;OH. This process allows for the synthesis of iron oxide
nanoparticles without the use of a any organic solvents, organic metal salts, or surfactants. The obtained

nanoparticles were successfully supported on the perovskite carriers via an ultrasonic mixing technique [3].

The Fischer-Tropsch synthesis was carried out in a 600 ml continuous stirred tank reactor (240 °C, 15 bar
pressure, a H2:CO ratio of 2 with 10 vol.-% N, as internal standard, and two different space velocities to
achieve iso-conversion. The iron supported on the promoter free perovskite LaAlO; compares well with the
iron supported on conventional supports (SiO2, Al,O3, ZrO; and TiOy), especially alumina, confirming that
the LaAIlO; support does not influence the catalytic performance. Low levels of manganese (20 atom-%)
resulted in a drop in CO conversion and no significant change was observed in product selectivity. CO

conversion was decreased by further addition of manganese with an increased C,—C, selectivity and water
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gas shift activity. There are a number of manganese rich catalysts documented in literature, with the reports
highlighting in particular a promotion of the C,—C4 hydrocarbon fraction and an increased resistance against
deactivation [4-6]. The TPR results obtained for the manganese rich perovskite samples also showed a
suppression of reduction, which could be the origin of the lower activity. An increase in CO, formation at

high levels of manganese has also been observed and reported before [7].

Partial substitution of lanthanum with 10 atom-% potassium in the LaAlO3; and LaMng2AlsO3 perovskites
lead to a significant increase in CO conversion (from 44.5 to 75.7% and from 37.8 to 69.7%). This could
be the result of an increased rate of carburization under FT conditions as evidenced by in situ XRD. In the
presence of higher contents of manganese, the potassium did not result in an activity enhancement.
Comparable elevated conversion levels were also obtained when 0.5 and 1 wt.-% potassium was
impregnated onto LaAlOs. The catalysts with elevated conversion were re-evaluated at an elevated space
velocity yielding conversion levels comparable with the unpromoted catalysts, to allow for a fair
comparison of selectivity. The product spectrum obtained for Fe-LagoKo.1AIO3 contains an overall lower
fraction of undesired C; products at a slightly reduced chain growth probability compared to the samples
promoted via impregnation. Especially apparent is the lower CO; selectivity, i.e. WGS activity. The
combined effect of potassium and manganese in Fe-LaogKo1Mno.2AlosO3 shows a further increase of the
Cs+ hydrocarbons in the product spectrum at an even lower CHs and CO; selectivity. All potassium
containing samples yielded a highly olefinic product suggesting a reduced hydrogenation activity. No
changes in composition, crystal phase and potassium speciation were detected in the spent samples after 48
hrs under FT conditions suggesting that the prepared perovskite materials are stable under the chosen

reaction conditions.

A single experiment with lower concentration of potassium in the LaAlOs; perovskite (2 atom-%) also
yielded a more active catalyst. In comparison to Fe-LaggKo1AlO; and Fe-LaggKo1Mno2AlpsOs the
measured product composition was even more favorable with a reduced methane and CO; selectivity and
an increased chain growth probability. This is clear evidence that the ideal promoter concentration

incorporated into the perovskite matrix has not been identified and requires more detailed experimentation.

A common downside of perovskite materials is their low surface area making them unfavorable for use as
catalyst supports. Using PMMA spheres as templates, LaAlO; and LagoKo1AlO; were successfully re-
prepared with higher BET surface areas. This increase allowed for iron deposition via incipient wetness
impregnation, a scalable synthesis technique. While the overall conversion of these materials was lower
than previously observed, and the potassium in the perovskite did not result in an enhanced CO conversion,

its effect on selectivity is remarkable. The formation CO,, methane and even C,—C4 is all but suppressed,
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increasing the measured chain growth probability from 0.61 to 0.85. The lack of activity enhancement is

not understood at this stage but might be related to the different iron deposition process.
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7 Recommendations

While this study successfully showed that the FT synthesis can be enhanced by potassium incorporated in
a perovskite structure, surpassing conventional potassium promotion, there are still several opportunities to
further improve the developed systems and as well as the need to gather more understanding of the

prevailing processes.

e With the confirmation that the incorporated potassium can provide the chemical and electronic
effects similar to those known for conventional promoters [1-3], the versality of the perovskite to
accommodate a large number of elements can be exploited by changing the composition of the
parent perovskite (LaAlOs). For instance, a replacement of aluminum in the B-site with for example
titanium could increase the maximum uptake of potassium owing to titanium’s flexibility to balance
the overall charge of the system.

o The bulk perovskite samples used in the present study exhibit a very low surface area (LaAlOs: 4.5
m?g!). While an attempt was made to improve this, it was not satisfactorily explored. There are
several synthesis techniques reported to improve the surface area of perovskites through sofft,
colloidal or hard templating [4-9]. A higher surface area is a key characteristic of a catalyst support
and would allow more common active phase deposition techniques.

o Improved XANES and XAFS studies at synchrotron facilities on the promoted perovskite samples
and thorough analysis of the data can help to better understand the environments and local
structures of the elements (promoters) introduced into the parent perovskite matrix.

e |t is crucial to understand the surface composition of the perovskite materials especially for
guantifying the amount of promoter element that is exposed on the surface. Low energy ion
scattering (LEIS) has been demonstrated as tool to probe the surface terminations of perovskites
and could be applied to the materials developed in the present work [10-12].

e |t is believed that the potassium is homogenously distributed throughout the perovskite structure.
As such, some of the promoter in the bulk is likely not contributing to the observed promotional
effect. Density functional theory (DFT) calculations could share light on the actual workings of the
potassium in the perovskite matrix and to what distance from the surface the promoter still
influences the electronic properties of the active phase.

o The morphology of the iron nanoparticles (crystallite size and shape) is well known to influence
the performance of a FT catalyst [13-15]. At the same time the interaction of the iron species with

the potassium in the perovskite surface is critical. It is possible that an optimum crystallite size
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exits that allows intimate contact between the iron nanoparticles and the without suffering from
deteriorating performance due to structure sensitivity.

e The design of the empowered supports shows very interesting and promising results in the Fischer-
Tropsch synthesis. It is believed that this concept can also be transferred to other catalytic processes

of industrial relevance.
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Appendices

Appendix A — GC TCD and GC-FID

Table 7.0-1: GC-FID operating settings

Model: GC-Model Varian 3900

Detector Flame ionization detector(FID)
Detector temperature 200 °C
temperature 200 °C
Split ratio 7
Column
Column pressure 1.72 bar
Flame gas H> 30 ml/min
Makeup gas N2 25 ml/min
Air flow 300 ml/min
Ramp Step Time

Temperature program (°C/min)  (°C) (min)

- -55 15

9 0 0

4 100 1

4 200 2

10 280 5

20 150 -
Total time 80 min
Coolant CO (liquid)
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Table 7.0-2: TCD Calibration

Calibration to N»

Gasmix  Comp. (%) Al A2 A3 A4 A5 Average f(N2)
H: 39.7 217442 217384 21736.2 217353 217399 2173838 9.3
CO2 9.7 7945 799.6 800.0 800.1 799.4 798.7 1.4
N> 4.9 287.6 287.0 287.5 287.3 287.5 287.4 1.0
CH,4 15.3 3449.2 34340 34313 34511  3448.0 3442.7 3.8
(6{0) 19.9 11379 11375 11396 11384 11415 1139.0 1.0

Appendix B — Characterization

TEM micrographs

LaMnysALy,0; e LaMn, ,AL, O,

Figure B. 1: TEM micrographs of Mn doped perovskites
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SEM Elemental mapping micrographs

Figure B. 2: SEM elemental mapping of the prepared perovskites
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EFTEM micrographs

Lay Ky ;MnO;

»1 pm

Lay K, AlO;

Figure B. 3: Energy-filtered transmission electron microscopy (EFTEM) of doped perovskites

HRTEM elemental mapping

La; oK, ;AlO; Potassium Lanthanum ATuminum

sﬁ
s w

Figure B. 4: High-resolution transmission electron microscopy (HRTEM) of doped perovskites
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Table B. 1: ICP and AAS elemental analysis

Sample/Element

ICP/AAS wt. frac.

Theoretical wt. frac.

La K Al Mn Fe La K Al Mn
Fe-Lao_9K0,1A|03
(37550 0817 0019 0164 0000 | 13.40 | 0.800 0.025 0.170 0.000
Fe-LaogKo1Mng Al 503
(High & Low S¥) 0797 0015 0137 0051 | 13.60 | 0.770 0024 0.130 0.070
FelK-LaAlO, (High & 0848 0010 0142 0000 | 13.00 | 0.800 0.010 0170 0.000
Low SV)
Fe0.5K-LaAlOs (HIgh& | a79 0016 0122 0046 | 14.00 | 0.800 0005 0170 0.000
Low SV)
Fe-LaMno2AlogOs 0817 0000 0130 0053 |12.80 | 0.810 0.000 0.130 0.066
LaMnoAlosOs 0.823 0000 0091 0.086 0780 0000 0.090 0.120
LaMnosAlo4Os 0814 0000 0054 0132 | 1330|0760 0.000 0060 0.180
Fe-LaMnogAlo20s 0812 0000 0043 0145 | 12.10 | 0.740 0.000 0.020 0.240
Fe-LapoKo:AIOs3DOM | 0.837 0018 0145 0 |1330| 08 0025 0170 0.000
Fe-LaAlO; 3DOM 0835 0001 0164 0 |1220| 084 0000 0.160 0.000
FeSiO, 13.90
FeZrO, 12.30
FeAI203 14.00
FeTiO, 13.50
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Figure B. 5: XANES of the potassium K-edge selected standards.
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Appendix C — Activity
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Figure C. 1: CO conversion, CO, and CH. selectivity for the Fe-LaAlOs;, Fe-LaMng2AlpsOs, Fe-
LaMngsAlo.4O3 and Fe-LaMnOs model catalysts at original space velocity (SVorg).
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Figure C. 2: CO conversion, CO, and CHjy selectivity for the Fe-LaAlOs, Fe-Lag oKo.1AlO3 (3.75SVorg), Fe-
Lao 9Ko.1Mng2Alp 803 (3.75SVorg), Fe-Lag sKo.1MngsAlo4O3 and Fe-Lag sKo.1MnO3z model catalysts.
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Figure C. 3: CO conversion, CO; and CH, selectivity for the Fe-LagoKo1AlIO3 (3.75S5Vorg), Fe-2KLaAlO3
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Figure C. 4: CO conversion, CO> and CHs selectivity for the Fe-LagoKo1AlOs, Fe-
Lao.oKo.1Mno2AlpgO3, Fe-0.5KLaAlOs and Fe-1KLaAlOs model catalysts at original space
velocity.
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LaAlO; and Fe-Lag9Ko1AlO3 model catalysts at original space velocity (SVorg).
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Figure C. 6: The variation of olefins to paraffins ratio as a function of Mn content in the perovskite support

at 12 hrs intervals (24 and 48 hrs on stream).
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Figure C. 7: The variation of olefins to paraffins ratio as a function of Mn content in the potassium (0.1

mol.%) doped perovskites at 12 hrs intervals (24 and 48 hrs on stream).
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