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SYNOPSIS

Iron-based Fischer-Tropsch (FT) technology is well established in the industrial
production of hydrocarbon resources. The use of a stable inorganic electride
as a support system, with potential promoter effects which could replace
commonly used alkali metals, may have the potential to open a new facet within

the research and development of iron-based FT technology.

The hydrothermally produced [Ca24Al280e4]**(e)4 electride material as carrier
for Ru nanoparticles for the synthesis of ammonia from its elements has been
reported in literature as support system and substitute to conventional alkali
promotion.” This is due to highly localized electrons present in the
crystallographic cages of the material that may serve as a Lewis base and
facilitate bond breaking of feedstock molecules adsorbed to the catalytic active
sites. The hydrothermal preparation of this electride previously resulted in a
surface area of up to 50 m?-g' and a two-fold rate increase in ammonia
production.? The low work function of [Ca24Al280e4]**(e7)4 is comparable to that
of potassium, therefore the iron loading onto the electride is postulated to mimic

the promoting effects of potassium(oxide) in the FT synthesis.

Following the hydrothermal synthesis of the electride produced at varying
evacuation temperatures (800 °C and 1000 °C), supported iron catalysts were
prepared using a stoichiometric amount of Fe(acac)s precursor to decompose
as iron oxide onto the novel support. Iron supported on the unreduced mayenite
precursor, [Caz24Al28064]** (0% )2, and unpromoted precipitated iron diluted in y-
alumina were used as control/baseline catalysts. The testing of these catalysts
was conducted at 240 °C and 15 bar with a 2:1 H2/CO ratio.

The electride and mayenite catalysts performed similarly with regards to
hydrocarbon selectivities with the precipitated iron bulk catalyst. However,
significantly larger CO2 selectivity and olefin/paraffin ratios were observed for
the supported catalysts showing little difference between the electride and its

unreduced counterpart.

Xi



1 INTRODUCTION

Fuel and petrochemical resources are some of the most demanding yet highly
controversial commodities within the global socioeconomic scale. Although
there are developments to reduce the reliance on fossil fuels, these finite

resources continue to dominate the large-scale chemical industry.

Interest in the Fischer-Tropsch (FT) process continues to be high over the past
few decades due to its potential as an alternate pathway to liquid fuels from a
diverse carbon base feed stock amid global fluctuations in the supply and
demand of crude oil and as a synthesis process for commodity and fine
chemicals.? The FT process can be summarized as the conversion of synthesis
gas (syngas), a mixture of hydrogen and carbon monoxide, to hydrocarbon

based products.*

Although the use of FT to produce fuel is applied on an industrial scale, there
has been increasing interest in using the FT process to produce other
chemicals for their commercial value.® One of the reasons for extensive interest
in FT technology is due to the variety of products available through downstream
refinement of the hydrocarbon stream. This has also lead to the combination of
Fischer-Tropsch synthesis (FTS) with downstream processes such as
hydroformylation in the production of aldehydes which can in turn be
hydrogenated to alcohols. A wide range of products such as polymers, alcohols

and surfactants are produced.®

Due to the industrial significance of the process, research on improving the FT
process is continuous and a large focus is placed on increasing catalytic
efficiency, stability, decreasing costs as well as the rate of catalytic
deactivation.” Industrial gain can particularly be increased from the study of the
interaction of feedstock species with the catalytic active sites in maximising

yields.



Iron-based FTS plays a major role in industrial FT plants, particularly in the
production of high octane gasoline (which is produced primarily from Fe FTS
with coal based feedstock).® Coal derived syngas, important in the South
African context but even more so in the fast growing market of China, produces
a higher total hydrocarbon product spectrum with lighter more paraffinic
hydrocarbon products than natural gas-derived syngas.® However, for
maximum effect of these Fe based catalysts, promotion by alkali metal oxides,
especially potassium, are required for enhanced activity. Alkali promotion alters
the catalyst acidity, therefore improving its rate of association and dissociation

of the feedstock.®

The compound [Ca24Al28064]**(4e°) (C12A7:e°) was identified as a stable solid
electride, a material which has electrons within its crystallographic cages that
act as anions. The mobility of these electrons creates a strong Lewis base
character, i.e. a low work function, which in turn could be used instead of alkali
promotion. Omission of alkali promotion may allow for a more efficient FTS if
disadvantages of alkali promotion such as increased deactivation rates and
mobility of the promoter species under reaction conditions are reduced or

eliminated.

The success of the electride as a support for ammonia synthesis with Ru-based
catalysts has created interest for its use in other fields'. Once tried and tested
for the FTS with an iron-based system, other catalytic reactions which benefit
from increased electron availability could be investigated; these may include
the production of methanol from syngas'®'!, decomposition of nitrous

oxides'?'3, fuel processing' and fuel cell'® applications.



2 LITERATURE REVIEW
2.1 Fischer-Tropsch process

2.1.1 History and development

The term Fischer-Tropsch was devised after Franz Fischer and Hans Tropsch,
of the Kaiser Wilhelm Institute for Coal Research in Mulheim an der Ruhr
(Germany), reported the synthesis of hydrocarbons from synthesis gas over a
rapidly deactivating Fe catalyst in 1924.3'6 During World War II, the FT process
was extensively developed due to increased fuel demands, abundance of coal
supply and lack of crude oil reserves in Germany.>'® During this time, there
were a total of nine FT plants in operation which produced a combined capacity
of 660 thousand tons of hydrocarbon product per year.5 Although
commercialisation rapidly grew, the discovery of massive crude oil fields in the
Middle East lowered the price of crude derived liquid fuels, in turn reducing
interest and investment in FTS. However, with an anticipated increase of crude
oil prices in the 1950s and amid increasing sanctions on South Africa during
the political and economic isolation of the apartheid era, a coal-based FT plant
was built in Sasolburg. South Africa Synthetic Oil Liquid (Sasol) further
commissioned another two plants in Secunda in the early 1980s following the
crude oil crisis of the 1970s, at a time when crude oil was priced above $30 per
barrel, successfully increasing their product capacity to about 6 million tons per

year.®

Petroleum crude oil is currently the major source of the world’s fuel and
chemical production but an increase towards fuel from syngas produced from
more abundant coal and methane/shale gas is projected as the oil reserves are
depleted.® Recently, the possibility of a more sustainable bio-mass derived

syngas, with successful hydrocarbon production, has been investigated.'”

The thermodynamically preferred paraffin product of the FT process is

methane, however the nature of the catalyst allows for the synthesis of higher



chain length compounds and is even capable of producing solid waxes stable

at ambient conditions.3

2.1.2 FT reactions

In industry, three steps are followed in the production of hydrocarbons via the
FTS; first syngas is prepared followed by the FT process itself and finally the
upgrading of the obtained product stream to the desired slate. At Sasol, syngas
was primarily prepared from the gasification of coal, due to its availability within
South Africa, however more recently with the discovery of a large conventional
natural gas field in Mozambique and in the Gulf, methane steam reforming
became dominating.®'819 |t is envisaged that the continuing rise of shale gas
will have an impact on FTS, both as a new and cheap feedstock and, possibly
more importantly, also as competition due to the resulting increase in crude oil

price.?°

The FT reaction can be described as surface polymerisation of CO under a

hydrogenating atmosphere?' and the reaction can be simplified to Equation 2-1.

FT Equation 2-1
(2n+ 1)H, + nCO - CyHzpi2) + nH,0
AHR 513k = -153.7 kJ-mol’

On certain FT active materials, such as iron, the water gas shift (WGS) reaction
is also supported (see Equation 2-2). The conversion of CO with water forming
carbon dioxide and hydrogen changes the composition of syngas.??23 This
allows for the utilisation of synthesis gas streams which are lean in hydrogen

and do not adhere to a 2:1 ratio of H2/CO as indicated in Equation 2-1.

WGS Equation 2-2

H,0 + CO = CO, + H,
AHR 513k = -39.7 kJ-mol™’



A third reaction, the Boudouard reaction (Equation 2-3) is sometimes reported
under FT conditions and converts CO feedstock into CO2 and carbon
deposits.?* This carbon formation may lead to blocking of active sites and

disintegration of catalyst particles?® (see catalyst deactivation in section 2.4).

Boudouard Equation 2-3

2C0 - €0, +C
AHR 513k = -172.9 kdJ-mol!

2.1.3 FT mechanisms

Fischer-Tropsch is commonly described as a surface polymerisation reaction
which involves adsorption of reactant species onto the catalyst surface, an
initiation step to form a chain starter, a propagation step promoting chain growth
and a termination step comprising the desorption of product species (see
section 2.1.4 for additional detail).?® The hydrogen and carbon monoxide
feedstock provide rise to a large amount of surface species and reaction
intermediates on the catalyst surface with various reaction pathways proposed

in literature.27:28

In terms of stoichiometry, water is a major product of the FTS. Potassium
promoted Fe catalysts (see section 2.1.6) are known to be inhibited by the
presence of water unlike Co catalysts.?® A study showed a decrease in catalytic
activity during addition of water vapour to dry syngas feed over iron catalysts
which is almost completely reversible.3® The WGS shift however does occur

rapidly at higher temperatures on Fe FT catalysts reaching equilibrium.

COz2 is a major by-product during Fe catalysis of FT, with the WGS reaction
close to equilibrium under high temperatures (see section 2.1.7 for reaction
conditions). At low temperatures, there is a lower amount of CO2 present in the
system than stoichiometrically predicted by the WGS reaction equilibrium due
to secondary reactions involving Hz, CO, CO2 and H20.273" On cobalt catalysts,

the formation of COz is usually much less pronounced.



The scientific literature that follows, discusses four major FT reaction
mechanisms, namely: the alkyl (derived from the carbide) mechanism, the
alkenyl mechanism, the enol mechanism and the CO-insertion mechanism. The
species referred to in the description of the mechanisms below are summarized

in Figure 2-1.28

2.1.3.1 Alkyl mechanism

The alkyl mechanism3?33 is the most established pathway for straight chain
hydrocarbon synthesis in FT. Dissociative CO-chemisorption is said to
generate surface carbon (3) and surface oxygen (19); the latter is hydrogenated
by adsorbed hydrogen (20) to form water, a major product of the FTS or reacts
with adsorbed CO to form CO2. The surface carbon is consecutively
hydrogenated to form adsorbed methylidyne (4), methylene (5) and surface
methyl (6), the latter being identified as the chain starter and the methylene
species is regarded as a monomer. Propagation and chain growth is believed
to take place by successive addition of the monomer onto the surface alkyl
species. B-Hydrogen abstraction or hydrogen addition to the primary C
terminates chain growth and yields a-olefins and n-paraffins, the main product

classes observed experimentally.

The surface species involved in this pathway have been identified using
techniques such as secondary ion mass spectroscopy (SIMS)34, infrared (IR)
spectroscopy®® and electron energy loss spectroscopy (EELS).%¢ The alkyl
mechanism was developed from the carbide mechanism, originally thought to
proceed via the formation of metal carbides, followed by hydrogenation thereof
and polymerisation. However, this was rejected because stable carbides which
are far more commonly formed by iron-based catalysts than any other FT
catalyst were experimentally determined to contribute little to the product
stream.3” The alkyl mechanism does not generally describe the formation of
branched species and oxygenates which are thought to occur from parallel

pathways.?’



2.1.3.2 Alkenyl mechanism

The alkenyl mechanism proposed by Maitlis et al.38 is an alternative pathway
suggesting a route for the formation of a-olefins as primary product in the FTS.
The chain starter for this route is a vinyl species (HC=CH:2) (11) formed from
the coupling of methylidyne (4) and methylene (5) surface groups which are
formed analogous to the alkyl mechanism. Chain growth occurs via the addition
of a methylene monomer to the vinyl species to form a surface allyl species
(12). Alkenyl (13) species are further produced from isomerisation of the allyl-
vinyl species. Some of these species react with surface methylene to form
branched products. Termination of this pathway comprises of the
hydrogenation of the alkenyl species to form a-olefins.?” However, this
mechanism does not yield n-paraffins as primary product enforcing the
presence of parallel reaction pathways or significant secondary reactions (see

section 2.1.4).

2.1.3.3 Enol mechanism

The enol mechanism proposed by Storch et al.®® is an alternative reaction
pathway to explain the synthesis of oxygenates from an oxygenated (enol)
surface intermediate. The chain initiator and primary monomer is an enol
species (14) formed from the hydrogenation of chemisorbed CO (1). Chain
propagation occurs from the condensation reaction of two enol species (14)
with the elimination of water to desorb aldehydes, alcohols and «-olefins.
Branched hydrocarbons are believed to form from the contribution of CHROH
surface species (15), produced from the hydrogenation of the enol monomer
(14). Secondary reactions that are believed to occur include the hydrogenation
of a-olefins to n-paraffins, Cannizzaro reactions of primary aldehydes to form
carboxylic acids and the reaction of these acids with alcohols to form

esters?’4041 (see section 2.1.4).



2.1.3.4 CO-insertion mechanism

The CO-insertion mechanism, developed by Pichler and Schulz*? involves CO
surface species as a monomer (1) and chemisorbed methyl as the chain starter
(as described in the alkyl mechanism). Chain propagation occurs to form a
surface acyl species (8) by a CO-insertion (as seen in coordination chemistry
complexes®) between the metal and alkyl surface species (7). Following
hydrogenation and elimination of oxygen, long chain hydrocarbons are
produced (10). Desorption to form n-paraffins and a-olefins can be analogous
to the alkyl mechanism (B-hydrogen elimination).?® However, an alternate route
of chain termination, which is considered a predominant route to the formation
of aldehydes and alcohols is the hydrogen addition to the acyl surface species
(8) and (9).*

g L > CO.
(]

0 — H —_ OH » H;0
18 ) Alkenyl mechanism
4 T CHR CHzR
CH» CHR CH Ck
I i I —_ g Ty #—» CH2=CH-CHzR
SHY CH CH CH; CH; CH
N 1 5 12 13
20 Anis
//' Alkyl mechanism
R CH;=CHR'
Ci

0 CHy-CH:R

-O_'_.CH _' #RCP /m;ﬂ

CO-insertion mechanism T

H
R P R ,© RCHO
SN ; — C —» CH
| H oH\ H OH s RCH20H
: '

—_— N/ 8
. C ) CH
\ ]
\\ ”
VRS 13 Enol mechanism

.' H orm R OH H | pH R\ OH M3 c OH R=CHz

:mmﬁm mmm m;w

RCH;CHO
Chain starter Chain growth
RCH2CHzOH

Figure 2-1 Overview of the FT mechanistic pathways and its intermediates. (From Mabaso).?



21.4 FT product formation

The FT process produces a wide variety of hydrocarbon and oxygenate
products. Due to its underlying polymerisation type mechanism, no single
compound (besides the undesirable methane) can be synthesised selectively,
however, yields can be increased by applying subsequent product workups and
downstream processes.?2” The primary products of FTS are generally straight

chain terminal olefins and straight chain paraffins.4344

As FT is a polymerisation reaction, at each step during formation, the
hydrocarbon surface species has the option to desorb forming a primary FT
product or to continue to grow in chain length (illustrated in Figure 2-2). Activity
of a FTS catalyst is generally determined from its conversion of CO to

hydrocarbon products.

Pr1 Pr2 Pr3 Prn

Figure 2-2 Scheme showing the kinetics of ideal chain growth (g) and product desorption (d).
Spn is the chemisorped surface species and Prn is the product species for carbon number N.
(Adapted from Claeys and van Steen).?’

Secondary products can be formed via the re-adsorption of primary products
and subsequent reactions such as the hydrogenation of a-olefins to n-paraffins,
the re-insertion into a growing chain potentially forming branched products and
oxygenates, as well as isomerisation, double bond shift and cracking of long
chain hydrocarbons.?6:27:414345 The kinetics of polymerisation are similarly

consecutive to the primary products (illustrated in Figure 2-3).
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Figure 2-3 Scheme showing the kinetics of ideal chain growth (g) with paraffins (Par), olefins (Ol)
and oxygenates (Ox) as desorbed product species. Spn is the chemisorbed surface species of a
carbon number N. (Adapted from Claeys and van Steen).?’

The probability of continuation of the hydrocarbon chain growth is described by

a, the chain growth probability (Equation 2-4).46

Equation 2-4
T,
%n = Tym ‘j:nrd,n
where:
n = Carbon number
a = Probability of chain growth
Ty = Rate of chain growth
T4 = Rate of product desorption

The chain growth probability has a direct effect on the selectivity of the reaction.
The kinetics of product formation in FTS can in part be explained by the
Anderson-Shulz-Flory (ASF) model; a mathematical expression of the weight
content of products of a certain carbon number (Wn) as a function of carbon
number (Nc).#”48 The ‘ASF plot’ of the logarithmic molar fraction as a function
of carbon number gives a linear relationship (Equation 2-5). Therefore, the
average chain growth probability may be determined from the inverse logarithm

of the gradient of the ‘ASF plot' (Equation 2-5).
Equation 2-5

w,
log—N = N loga + log
Nc

where:
Wy = Mass fraction
N¢ = Carbon number
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a = Probability of chain growth

Under the assumption of ideal ASF kinetics, a theoretical hydrocarbon product
distribution can be modelled as a function of chain growth probability (a) (see
Figure 2-4). The product distribution is divided into fractions: C1 (methane), C2-4
(gaseous hydrocarbons), Cs-11 (gasoline), C12-18 (middle distillate/diesel) and
C19+ (waxes).?8 This product distribution shows directly the selectivity problem
of the FTS. No product slate, but methane, can be synthesised in

concentrations above 50 —-60wt. % requiring extensive downstream

processes.
100
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Figure 2-4 Theoretical product distribution of FTS products as a function of chain growth

probability (a) under the assumption of ideal ASF kinetics. (Adapted from Mabaso and de
Smit).28:49

The value of the chain growth probability is mainly based on process conditions.
The main factors that affect this are the catalyst type, temperature and the feed
gas compositions. Methane formation, which can be synthesised with a 100%
selectivity when the a value is zero, is said to increase with increasing
temperature and H2/CO ratio.>° Longer chain growths are usually found at lower
temperatures (see section 2.1.7).2” Potassium promotion (see section 2.1.6)
and high pressures with iron-based catalysts are said to increase chain

growth*” as well as olefin and oxygenate selectivity. This is largely due to
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decreased secondary reactions of these reactive products as re-adsorption to

the active sites is reduced.®’

21.5 FT catalysts

A variety of heterogeneous catalysts can be used in the FT process, each with
varying advantages and disadvantages. The industrial catalysts fall under one
of three classes: carrier free catalysts which is purely catalytic compound,
coated catalysts®?°3 consisting of a fine layer of active substance coating an
inert material and supported catalysts comprising of a dispersion of catalytically

active substance on a usually inert material with a higher surface area.>*

On a research scale, catalysis containing Fe, Co, Ni, Re, Mo, W along with the
platinum group noble metals have been studied.®2'%5-62 The most active of
these are Fe, Co, Ni, Ru and Os, with Re and Rh described as moderately
active?'. Ruthenium is the most active of the FT catalysts but is considered very
costly compared to Fe and Co.?% Nickel is considered industrially unsuitable
due to its high methane selectivity which is in turn due to its high hydrogenation
activity.® Global Ru, Os and Rh reserves are low rendering them commercially

challenging.

Iron- and cobalt-based catalysts are the only ones used industrially and can be
categorized into three main classes: fused iron catalysts, precipitated iron
catalysts and supported cobalt catalysts (see section 2.3).3 Iron may be
operated at one of three temperature ranges known as high temperature FT
(HTFT) or low temperature FT (LTFT) with medium temperature FT (MTFT)
recently emerging®?, while cobalt-based catalysts are generally operated under

LTFT conditions (see section 2.1.7).2°

Active iron-based catalysts form a mixture of different phases under reaction
conditions with ongoing debate and speculation on the exact nature of the
active centre.®* Iron carbides, are thought to be the most active of iron phases;

they form via carburisation of the oxide precursor or after reduction of the latter
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to metallic iron (a-Fe). Hagg carbide (x-FesC2) is considered the most active
iron species.*'%5 Literature suggests the re-oxidation of carbide to magnetite
(Fe304)%¢ to be one deactivation mechanism, despite experimental evidence
suggesting it as an active phase of iron in FTS,7:68 in addition to the WGS
reaction.?”89 Under reaction conditions a metastable phase mixture of carbides,
oxides and metallic iron species forms. Cobalt-based catalysts are active in

their metallic phase and considered inactive when oxidised.”®

Catalyst support materials are usually used to maximize surface area and avoid
transport limitations in the catalyst grain, and are generally regarded as inert.
The most common catalytic supports are activated carbons, zeolites and metal
oxides such as alumina and silica.” FTS has been reported with metals loaded
onto a number of different support materials including carbon nanotubes’?,
carbon nanofibers’® as well as many metal oxides.”* To date, no FTS has been

reported on any electride compounds (see section 2.2).

2.1.6 Promotion of iron FT catalysts

Alkali promotion is used to enhance the selectivity and activity of fused and
precipitated iron catalysts and has a significant chemical effect on these
catalysts.®> Potassium promotion has been shown to increase FTS and WGS
activity as well as a-olefin and long chain hydrocarbon selectivity.”> Although
frequentin FTS, this is not a FT specific promoter butis commonly used in other
industrial processes such as the Haber-Bosch process’®, the synthesis of
higher alcohols over Cu-based catalysts’’, dry reforming of CO2 over Mo-Ni
catalysts’®, soot oxidation in catalytic converters (Fe and Mn spinels) for diesel
engines’® and the decomposition of NOx'? and N20"3 using an Ag(lll) and a Co

catalyst respectively.

Adsorbed alkali ions (usually potassium ions) on the iron surface decrease the
overall work function; therefore, the adsorption energy of CO (in the FTS) is
increased and the strength of the carbon-oxygen bond is decreased.?° A larger

amount of adsorbed CO is subsequently dissociated and does not desorb. The

13



dissociation of hydrogen and its mobility may be restricted or suppressed to
some extent by the alkali metal.8" This affects the overall C:H ratio on the

catalyst’s surface and therefore directly affects the selectivity.

The FT reaction and other alkali promoted reactions display an optimum level
of promotion; this needs to be high enough to achieve a low methane selectivity
but low enough so that the catalyst does not begin to deactivate as active metal
sites are covered by alkali atoms (see catalyst deactivation in section 2.4).°
Alkali promotion may also increase undesirable effects such as an increased
rate of carbon formation (known as coking discussed in section 2.4.2) and an
increase of organic acids in the hydrocarbon products. These acids may cause
corrosion during downstream refining.® Additional compounds within the final
catalyst system may or may not influence the overall activity, however the
basicity of alkali promoters may be decreased due to the formation of
compounds such as alkali-silicates or alkali-aluminates produced from the
reaction of the promoters with less basic silica supports or acidic alumina
supports.82 The promoter concentrations in industrial iron-based catalysis are
therefore optimised for the chemical nature and surface areas of the total

components of the catalyst.®?

Contrasting from iron-based catalysts, cobalt-based catalysts are generally
active without the requirements of promoters.3 Early cobalt FTS studies showed
that alkali (potassium) promotion of cobalt at atmospheric pressure increased
the selectivity of waxes, however at higher pressures, which are necessary at

industrial scale, these catalysts were insensitive to alkali metals.82:83

The use of copper as a promoter of precipitated iron catalysts in addition to
alkali promotion during hydrogen activation is common to facilitate reduction of
iron oxide to metallic iron as well as to minimize deactivation by sintering of the
catalyst.8* The temperature of reduction of iron(lll) oxide to metallic iron was
shown by O'Brien et al. to be dependent on the level of copper promotion.84
Copper promotion is expected to occur via the reduction of copper oxide to its
metallic state which accelerates the reduction of iron oxide due to its higher

hydrogen dissociation potential and a spill over mechanism.*
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Structural promoters may be present in a catalyst as fine particles to prevent

sintering (see section 2.4) and improve their mechanical properties.8586

2.1.7 FT reaction conditions

Temperature is one of the main influencing parameters in the FT process, with
an increase in temperature favouring increased methane formation and a
reduction in average hydrocarbon chain length.?%2" The HTFT process
operates at about 300 — 350 °C and is used to produce gasoline and linear low
molecular weight alkenes as well as chemicals with iron-based catalysts, while
the LTFT process operates at about 200 — 240 °C to produce high molecular
weight linear waxes. In comparison to cobalt-based catalysts which would
predominantly form methane at HTFT conditions, iron-based catalysts are
employed in both temperature regimes. With the LTFT synthesis, a relatively
high H2/CO ratio of 1.7 is usually fed into the reactor; while with the HTFT
synthesis, the WGS reaction (Equation 2-2) is rapidly reaching equilibrium
allowing for significantly lower Hz content in the feed gas and even supporting
the activation of CO2.° A ratio of 1.05 for H2/(2CO + 3CO2) can theoretically

convert all syngas to FT hydrocarbons.582

Recent success by Synfuels China in utilising abundant coal reserves in China
to produce clean fuels using a novel MTFT process has garnered further
development in the technology.®® Operation of this process occurs with iron-
based catalysts in slurry-phase reactors at 270 — 300 °C and produces a similar
product spectrum to LTFT. The higher temperature compared to LTFT allows
for a better recovery of heat produced from the FTS for steam production and

an easier removal of heat from the reactor.8”

Iron-based catalysts under HTFT conditions in fluidised fixed bed reactors (see
section 2.1.8) are common for maximisation of gasoline production (ca. 40%
low octane value straight run gasoline).® Other high yielding products such as

propene and butene can be oligomerised to gasoline via secondary reactions;
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these oligomers are highly branched and therefore have a favourably high
octane rating. The octane value of gasoline can be enhanced by addition of di-

isopropyl ether, produced from propene and water.

Petrochemicals are more economically valuable than fuels and many of which
are olefin rich. FTS under HTFS conditions is also utilized to produce linear
a-olefins.® Various olefins are fractioned and used to generate further useful
polymers (e.g. ethylene and propylene are polymerised to polyethylene or
polyvinylchloride, and polypropylene or acrylonitrile respectively). Linear
alcohols can be produced by hydroformylation of long chain olefins. LTFT can
be used to produce long chain linear paraffins; linear oils and waxes can

acquire great profits.®

Contrary to gasoline production, cobalt-based processes are controlled to
maximise wax production in high capacity slurry or fixed bed reactors which is
subsequently cracked to produce diesel fuel.#>88 Diesel quality favours a high
cetane value (high linearity and low aromatic content), factors that lower the
quality of gasoline. Hydrotreatment of straight run diesel (ca. 20% selectivity)
has a cetane value of about 75, greater than the market necessary cetane value
of 45.5 Further high quality diesel can be produced from mild hydrocracking of
larger products accounting for about 45-50% selectivity. The final cetane
number of diesel fuel produced from FTS is about 70, which can be used to

enhance lower quality diesel fuel.>2°

2.1.8 FT reactors

Industrial scale FTS is conducted in four types of reactors: the circulating
fluidised-bed reactor, fluidised-bed reactor, tubular fixed bed reactor and slurry
phase reactor.?? The fluidised-bed reactors operate for HTFT synthesis in a
two-phase system (solid and gas) and in a three-phase system (solid, liquid
and gas) for LTFT synthesis; whilst the fixed bed reactors and slurry phase
reactors are employed for LTFT, often in three-phase.?® A distinguishing fact
between HTFT and LTFT is that HTFT reactors do not have a liquid phase
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outside the catalyst particles which could lead to agglomeration of particles
which in turn could cause loss of fluidisation.8%%° Due to the high exothermic
nature of the FT process, constant removal of heat from the system needs to

occur to minimise catalyst deactivation®' (see section 2.4).

Following World War Il, several companies in Germany explored LTFT
reactors, with a focus on the cooling systems. These were generally fixed bed
reactors adopting either internal, external by gas or liquid or direct cooling by
feed or fresh syngas under medium pressure processes.®? Initial Arge tubular
fixed bed reactors (TFBR) also used by Sasol from 1955 to 1993 consist of
approximately 2000 tubes with steam acting as cooling medium and were
operated at about 220 °C and 25 bar.?® The development of the Shell Middle
Distillate Synthesis (SMDS) by Shell in 1973 with fixed bed multitubular
reactors and cobalt catalysts allowed for the production of middle distillate fuels
(gasoline and kerosene) via an advanced synthesis that manipulates the
feedstock ratio to achieve the desired selectivity, and is still used today.*?
However, although reliable, ongoing improvement has taken place to improve
the pressure drop, utilization of the catalyst and heat removal.®* In 1993 Sasol
commercialized slurry bed reactors (SBR)% with internal heat exchangers for

the LTFT previously predominantly conducted in fixed beds.%

Modern day SBRs include ebullating bed reactors and slurry bubble columns.
Slurry reactors are used to produce large amounts of wax which is
subsequently cracked to diesel and naphtha fractions.® The naphtha slate is
then largely used as a feedstock for thermal cracking to produce ethylene and
other products. Major drawbacks of slurry reactors is the scale-up of catalysts
due to its large gas throughput which requires large diameter reactors,
extensive heat removal process via inserted cooling tubes and the difficulty of

separating suspended catalysts from liquid products.%%°7

Fluidised-bed reactors cannot be used to maximise products heavier than
gasoline/naphtha as they operate on the lower end of the feasible temperature
range.8998 At higher temperatures, these fluidised-bed reactors are subject to

unwarranted carbon formation. One of two common HTFT reactors used by
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Sasol is the circulating fluidised-bed reactors (CFB), a complex circulating
fluidised-bed reactor used for the Synthol process which uses fused Fe
catalysts operated 25 bar and 340 °C.%%:1%° The other more recent fluidised-bed
reactor operates the Sasol Advanced Synthol (SAS) process at 20— 40 bar and
340 °C."° The major advantage of the SAS reactor over the CFB is that the
catalyst/gas ratio in the reaction zone is about two-fold higher for the SAS
reactor which improves its relative conversion performance.'® Other
advantages of the SAS reactor include its higher energy efficient design, ability
to produce more high pressure steam and cost effective scale-up of its support

structure.100

2.2 Whatis an electride?

An inorganic electride is a crystalline salt in which electrons serve as anions.'’
The electrons are trapped in crystallographic cages of the material. These
highly localised electrons can migrate to neighbouring cages and be seen as
the smallest entities having anionic properties. They serve as strong reducing
agents.'%? The three-dimensional inorganic electride C12A7:e- (see section
2.2.1) is the first reported stable inorganic electride at room temperature;
however, two pure zeolites containing caesium in their pores, ITQ-4 and ITQ-7
were previously reported to have thermally stable electride properties with a
cation-to-electron ratio of 1:1.192103 The structure of the crystal, in conjunction
with the size and length of interconnected anion channels influence the mobility
of the trapped electrons within inorganic electrides.'® Although electride
electrons act as the simplest anions, their quantum nature and small mass allow
them to demonstrate unusual and complex interactions with each other and the

cations.104.105

2.21 Development of C12A7 and C12A7e"

The mayenite structured material referred to as C12A7 was first reported by
Hentschel in 1964 at the Eifel volcanic complex in Germany and named after

the birthplace of its discovery, Mayen, Germany.'% The elements involved in
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the composition of mayenite are among the most abundant in the earth’s
crust.’®” C12A7 is stoichiometrically represented as C12A14033 and is a
combination of CaO-Al203 (12Ca0-7Al203), a constituent of aluminous cement;
however, it exhibits different physical and chemical properties to the rest of its
family. These include the ability to form a glass phase, fast oxygen-ion
conductivity (the mobility of O%) and a volume expansion of about 10% when
crystallized from a melt.'%® The crystal structure of C12A7 of mayenite-type
construction has a chemical formula for the unit cell described as
[Ca24Al28064]**(0%)2 in its fully oxidised state.'®® The “free oxygen ions” (0O%)
are localised within two cages of the positively charged framework (12 cages)
of a body centred cubic (/43d) lattice structure.'®” The occupied cages can be
replaced with other anions whilst the remaining 10 cages are empty.'® The
diameter of the oxide ions is about 0.25 nm in comparison to the free space of
the cage of ca. 0.4 nm which allows the oxide ions to loosely bind to the 6
calcium cations inducing a sense of freedom to the oxides. These free oxygen
ions can be removed by reduction or knock-on processes by energetic ions.%°
The mayenite can be electrically conducting following hydrogenation which
substitutes the oxide ions with hydride ions. Subsequent exposure to ultraviolet

(UV) light can dissociate electrons from these hydrides. %’

In a study by Yang and co-workers, the partial oxidation of methane into syngas
was explored over C12A7 (prepared by a solid-state reaction of CaCOs and
y-alumina) and promoted by Ni, Co, Pt, Pd and Ru."? A particular investigation
was done on the effect of space velocities and metal loadings as well as
catalytic activity of Ni/C12A7 compared to Ni supported on CaO and a-alumina
and other calcium aluminates.'” It was observed that the Ni/C12A7
demonstrated low coke formation and a higher activity (even at low
temperatures) than Ni on the other supports due to good dispersion of NiO on
C12A7 and the active oxide ions in the C12A7 crystallite cages.'"°
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Matsuishi et al. described the production of a stable inorganic electride,
[Ca24Al28064]**(4€7), abbreviated to C12A7:e.'% The method describes the
removal of interstitial oxygen ions from the crystallographic cages of C12A7.
The resulting inorganic support compound C12A7:e” has electrons densely
localised within the cages (Figure 2-5). The conductivity of these electrons
indicate their behaviour as anions within the chemically and thermally stable
crystalline electride. Calculations of the electronic structure give a steady
explanation of the high conductivity (ca. 100 S-cm")'°? and optical properties
of the electride; the electrons in the positive framework hop between
neighbouring cages.'®' At room temperature, C12A7:e" displays metal
characteristics (ca. 1500 S-cm") due to the large dispersion of electrons within
a unique conduction band known as the cage conduction band (CCB), which is
a result of the three-dimensional crystallographic cages.>'""12 The structure
represented by these electrons can be interpreted as an F* centre and these
‘anions’ couple antiferromagnetically with each other to form a diamagnetic

pair_102,1 12

Electron

Figure 2-5 Crystallographic unit cells of C12A7:e" showing an electron trapped within a cage. The
electride is loaded with Ru nanoparticles (From Kitano').

Initial synthesis of the electride was conducted via a solid-phase technique
using Ca or Ti metal treatment for the reduction of C12A7 to C12A7:e". With
increasing exposure to Ca treatment, the lattice framework and structure of
C12A7 remained constant, conductivity was shown to increase and a colour

change from colourless to green to black was observed.'%?2 Energy levels of the
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clathrated electrons were shown to be ca. 1 eV below the CCB edge and had
a small work function below 3 eV.'%? The intrinsic work function (¢wr) of a
compound is the energy required to transfer one electron from the Fermi level
of a metal into a vacuum.'®® The electride is therefore thermally (melts at
1415 °C) and chemically stable in ambient environment which suggests its use

for a number of practical applications.%’

In order to determine the intrinsic work function of a compound, a pure intrinsic
surface is needed.% This is difficult to prepare for C12A7:e- because electrons
in the cages near its surface interact with O2 and/or water molecules in the
atmosphere to form electron-deficient layers. Even if this was not to happen,
the surface cages cannot trap an electron as they do not maintain the bulk cage
structure, which suggest an insulating or semiconductive layer on the electride
surface. Toda et al. particularly examined the electronic structure of C12A7:e"
using UV photoelectron spectroscopy (UPS, excited by He | and Il) and
photoelectron yield spectroscopy (PYS).'% This determined the work function

to be as low as ca. 2.4 eV, comparable to alkali metals.

Further research on this electride by Kitano et al. in 2012 reported the
Ru-loading onto the electride support as an efficient catalyst for the ammonia
synthesis from its elements.’ Due to the high electron-donating power of the
electride and its stability, the catalytic activity of this process was increased
compared to other previously reported supported Ru catalysts. The encaged
electrons within C12A7:e- were postulated to donate successfully to the Ru
metal. Furthermore, hydrogen poisoning of the Ru surface (see section 2.4.1),

is minimised by the reversible hydrogen storage ability of C12A7:e"."

Kuganathan et al. further explored activity testing of the electride in 2014, which
showed the enhancement of N2 dissociation, allowing the improvement of the
catalytic activity of the Ru-loaded catalyst.’'® The back donation of electrons
from the metal and support to the antibonding orbital of the N2 provide a lower
activation barrier to easily dissociate the strong N-N bond. The adsorption of N2
on Ru is either cis-Ru2N2 or trans-Ruz2N2, with the latter being more stable.'3

However, the cis-RuzNz2 is more stable when complexed with the electride due
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to its electron donating power. Weakening of the Ru-adsorbed N-N bond is

therefore much easier.

Due to the success of the electride, Inoue et al. further explored its synthesis in
2014 via a novel hydrothermal process.? This method was considered more
advantageous to the conventional solid-phase synthesis due to the increase of
surface area of the material (ca. 20 m?-g-! as opposed to previously reported
1 m?-g")?2 and a two-fold rate of ammonia synthesis over Ru-loaded onto the
electride was measured. It was also revealed that Ru nanoparticles show a
higher dispersion on hydrothermally produced C12A7:e" (HT-C12A7:e") than on
solid-phase synthesised C12A7:e- (SP-C12A7:e"). The former method
comprises the calcination of a hydrothermally produced Ca(OH)2 and Al(OH)3
mixture (CasAl2(OH)12) followed by reduction with CaH2 2 (see experimental
section 4.1). A variation in the synthesis by Inoue et al. involved a change in
evacuation temperature; this was the temperature at which the C12A7 powder
was heated at under vacuum during synthesis. The Brunauer-Emmett-Teller
surface area (Sser) and pore volume for the HT-C12A7:e- was shown to
decrease with increasing evacuation temperature. Decrease in surface area
was suggested to be due to the aggregation of C12A7 nanoparticles. The
absorbance spectra of the interstitial electrons within the electrides was
determined in order to get their electron densities, which were calculated from
the Kubelka-Munk''# transformation of diffuse reflectance spectroscopy (DRS)
results by Matsuishi et al.’% These were shown to increase with increasing

evacuation temperature (see Table 2-1).
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Table 2-1 BET surface area, pore volume, and electron density of the
synthesised C12A7:e" samples (adapted from Inoue et al.)?

Sample Evacuation Pore Volume Sser Electron Density
Temperature (K) (cm?-g’) (m?g’) (10 cm?)

HT-C12A7:¢e 873 0.155 46

973 0.105 37

1073 0.037 23 0.7

1173 0.036 17 1.0

1273 0.020 6 1.6
SP-C12A7:€e 1273 0.002 1 2.0

The proposed pathway for ammonia synthesis using C12A7:e" loaded with Ru
can be expressed in four steps (Figure 2-6)." The first step involves an electron
transfer to the Ru nanoparticles deposited on the C12A7:e- surface. Back
donation from the Ru d-orbitals to the m*antibonding orbitals of the N2
feedstock adsorbed to the Ru surface causes N-N bond weakening in the
second step. Hydrogen adsorbed atoms (adatoms) are spilled over onto
C12AT7:e following a dissociative adsorption. Step three consists of the spilled
adatoms being reduced to hydride anions from the electrons within the
nanocages of C12A7:e. Nitrogen adsorbed to the Ru surface interacts with
these hydride anions, which then allows the resulting electrons to be recovered
back to the nanocages of C12A7:e". The final step allows for the formation of
ammonia from the intermediate species adsorbed to the catalytic active site
and recovery of the electride system.! Kitano et al. further discovered in 2015
that the rate-determining step is not the N-N triple bond dissociation but the

subsequent formation of N-H, species.''®
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Figure 2-6 Proposed pathway of ammonia synthesis using Ru/C12A7:e" (From Kitano').

As no superconductivity was reported for representative metal oxides such as
Al203 and SiO2, or any electrides, a study by Miyakawa et al. investigated the
magnetic susceptibility as well as electrical resistivity with and without an
external magnetic field for single crystal and thin films of the C12A7:e-
electride.'® They found that superconducting transition (7¢) was observed for
all samples, with the Tc in the range of 0.14 — 0.4 K.'% The electride was
prepared via the solid-phase synthesis and included reduction treatment by Ti
metal. At 300K bulk electride showed electric conductivity
(~770 — 810 S-cm™).19 Further observations indicated that the electride is a
superconductor below ~0.4 K dependent on the anionic electron concentration;
the superconductivity is destroyed by a magnetic field above a critical magnetic
field of 30 mT."% These results indicate the electride as a favourable material

for research in novel superconductors.

2.2.2 Potential of C12A7:e" electride - [Ca24Al28064]**(e’)s for use as a

substitute to alkali promotion of Fe FTS

With the increasing interest of Chinese companies to develop FT technology

centred on coal based synthesis gas, iron-based FT catalysts are experiencing
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a renaissance."'® These catalysts are always electronically promoted by alkali
which enhance the selectivity and activity of the catalyst; the alkali levels are
proportional to the chain growth probability.?! Due to having a low work function,
these metals act as Lewis bases to control the acid/base sites on the catalyst
surface.’” Improvement of final catalyst surface area may be stimulated by

addition of structural promoters.

Optimal alkali content is favoured as it decreases methane selectivity, however
a level above the optimum induces an increased rate of carbon formation on
the catalyst. Potassium (typically as K20 or other salts) is one of the most
common alkali promoter, amongst other metals such as Li, Na, Rb and Cs for
iron FT synthesis.82118 Alkali promotion is said to also increase the overall WGS
activity.?> However, the alkali metal may affect the catalytic activity of the FTS
depending on the conversion levels, such as Li which was shown to act as a

promoter at low conversions and as an inhibitor at high conversions.''8

The ability to donate electrons to the active site of the catalyst can lead to an
increased bond strength between C and the catalyst surface resulting in a
decrease of the C-O bond. The C12A7:e" electride is postulated to mimic the

effects of potassium promotion for iron catalysts in the FTS.?2

The use of alkali metals, although generally advantageous to catalytic activity,
may induce unwarranted effects on the FTS such as a possible increased
methane selectivity (at high conversions), blockage of pore sites leading to
increase deactivation rates and higher WGS activity.®'"® The use of the
electride system to increase electron availability, may reduce some of these
effects with the elimination of alkali content, thereby increasing the overall

efficiency of the Fe FT catalyst.
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2.2.3 Additional electride compounds with potential for use in FTS and

other catalytic reactions

Since the discovery of C12A7:e” as a Lewis base, research into electride
compounds has drawn greater interest. Further crystalline compounds with
thermal and chemical properties have been studied to determine if they may

possess electride effects.

A class of compounds of interest that may be considered electride compounds
is that of nitrides with alkali metals or alkaline earth metals. From these
compounds of interest, LisN'?° was shown to be the only stable alkali metal
nitride with partial stability shown in compounds such as BesN2, MgaN2, SraN121
and BasN'?2 from the alkaline earth metals.'?® However, of particular interest in
the field of nitride electrides is Ca which forms the ionic nitride CasN2'2* and the
stable subnitride Ca2N."2312%.126 Dijcalcium nitride has been regarded as the first
two-dimensional electride compound containing a layered structure with its

anionic nature suggested as [CazN]*-e.127.128

The C12A7:e", although chemically and thermally inert may not be as stable
under pressure due to its three-dimensional structure with the binary nitride
compound expected to test better under pressure. The CazN material was
reported by Lee and co-workers to have a high electron mobility
(520 cm?-V-1-s™") and low work functions of 3.5 and 2.6 eV leading it to be the
most delocalised anionic electride system reported to date.'?® Several synthetic
routes to form CazN have been reported, the most notable being the reduction
of CasN2 under Ar, the reduction of CasNz2 under vacuum and the reaction of
Ca in liquid Na with N2 gas.'? Synthesis methods involve the use of inert
atmosphere as CazN and molten alkali and alkaline earth metals are highly
reactive with atmospheric water vapour and oxygen. Research of two-
dimensional electride systems in practical applications analogous to the

C12A7:e family is projected to increase over the foreseeable future.
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2.3 Catalyst preparation techniques

There are several ways of preparing a catalyst, the technique used does affect
the stability, selectivity and activity of the catalyst.’?® Solid catalysts fall into one
of three classes regarding the preparation technique required: bulk catalysts
(active substances) and supports, impregnated catalysts (an existing support
impregnated with the active phase or pre-active phase) and mixed
agglomerated catalysts (agglomeration of a mixture consisting of active

material with powdered support or support precursor).'30

Iron-based catalysts may be prepared via precipitation, fusion of iron oxides or
by decomposition of iron precursors onto support materials. Bulk catalysts are
generally precipitated out as a solid from a liquid solution. Fusing of
unsupported metallic or oxidic precursors occurs in either the gas-phase or

liquid-phase.>*

The two most common methods to deposit iron onto a support material are
incipient  liquid-phase (wetness) impregnation and precipitation/co-
precipitation.’3" The first method involves an introduction of the catalyst
precursor at a volume equal to the pore volume of the support material; thus,
allowing no solution to remain outside of the pores of the support material 47132
The impregnation technique to deposit a metal salt species onto a support
material may occur in the solid-liquid phase involving four steps: impregnation,
equilibrium or aging, solid-liquid separation and drying. The alternative gas-
solid or solid-solid interface involves two additional steps: air-calcination (in the
case of oxidic catalysts) and activation (such as hydrogen reduction of metallic

catalysts and sulphidation of sulphided catalysts).33

The precipitation technique involves the dissolution of a metal precursor (often
a salt) into a homogenous solution in the presence of the support material; or
with simultaneous precipitation of the support material from another
precursor/salt for co-precipitation.?® A precipitation agent such as a base

solution is used to alter the pH and precipitate the metal salt onto the support.’3*
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Physical deposition methods include mechanical milling, laser ablation, flame
spraying and thermal decomposition; whilst chemical methods include sol-gel
processing, hydrothermal, precipitation, combustion methods, vapour phase
deposition and microemulsion.’* Other more infrequently used techniques

include ion exchange and synthesis from organometallic compounds.'®

The present model catalysts in this study require iron deposition onto the novel
support systems without destroying the crystallite nanocages of the electride
support. Careful deliberation is required to choose a suitable preparation
technique of the iron deposition. A metal decomposition technique in which a
metal precursor is decomposed over the support system is recommended for
the decomposition of the iron-based catalyst onto the C12A7:e" support.’® The
C12AT7:e is sensitive to ion exchange, and it would be most appropriate to
attempt deposition by dry techniques in order to preserve the electron storage

ability of the electride.

2.4 Catalyst deactivation

Unfortunately, all heterogeneous catalysts are subject to deactivation with time-
on-stream (TOS). The various processes contributing to this decay in efficiency
range over several time scales from seconds to years. Under reaction
conditions catalysts are subjected to deactivation by chemical, thermal and

mechanical stress, which may reduce their rate of regeneration.'3”

Five main mechanisms of catalytic decay have been reported; these include
poisoning, vapour compound formation (which can involve leaching amidst
transport from the catalytic active site), as well as gas-solid or solid-solid
reactions. Mechanical deactivation can occur by fouling or attrition/crushing.
Catalysts can also be subjected to thermal degradation such as sintering.'37.138
Iron-based FT catalysts are most vulnerable to fouling, sintering, chemical
poisoning (usually by sulphur) and the loss of active phase species to an inert

phase.*9
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2.41 Poisoning

Poisoning occurs through strongly chemisorbed compounds to the catalytic
active site, which decrease the availability of sites for catalysis to occur; often
poisoning is by feed stream compounds and can be reversible or
irreversible.'37:139.140 The adsorption strength of a species, be it reactant,
product or impurity determines its ability to adsorb to catalytic active sites. A
species may be considered a poison if its ability to chemisorb to these sites is
significantly higher relative to the reactant species.3"13 Adjacent or nearby
sites may be affected by poisoning due to induced geometric or electronic
changes in the structure of the catalytic surface. The deactivation caused by
reversible and irreversible poisons is the same for the duration of the poison
being adsorbed to the catalytic surface, however the effects of reversible
poisons, which are observed less frequently, are temporary as they can be
desorbed under special treatment.'37:140.141 |rreversible poisons, such as many

sulphur-containing compounds block the catalytic surface permanently.

Poisons can be categorized by varying aspects including their selectivity to
metal surfaces, degree of shielding and oxidation states (having a higher or
lower number of electrons available for bonding)."*° The efficiency of the poison
is directly proportional to its atomic/molecular size and electronegativity.'*? In
the FTS, particularly with iron-based catalysts, the most common poisons,
many of which are present in the feed stream, include metal carbonyls, H2S,
COS, CH3SH™3 | C2HsSH™4, NH3 and As 49137

The selectivity of a poison can be investigated via comparing the catalyst
activity (normalized reaction rate) against the normalized poison concentration.
Poisoning can be selective, anti-selective or nonselective. Nonselective
poisoning occurs from a directly proportional relationship of loss of activity to
amount of chemisorbed poison.'*® Selective poisoning comprises that the
poison is preferred on most active sites to other species at low
concentrations.3”.141 Anti-selective poisoning occurs if active sites are blocked

initially by other species than poisons.'46
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2.4.2 Fouling

Fouling is the deposition of mostly carbonaceous species onto the catalytic
surface and within its pores resulting in a loss of activity due to pore blockage.*®
This could lead to the disintegration of catalyst particles as well as transport
limitations and site blockage. Carbon (produced from CO disproportionation)
and coke (produced from hydrocarbon decomposition or condensation) are
generally deposited onto the surface sites, including other chemisorbed
carbons and condensed hydrocarbons.’”®” These residues may vary in

molecular size depending on the catalyst or reaction type and conditions.

The mechanism of formation varies depending on the catalyst. For example, on
supported metal catalysts, carbon formation blocking active sites may occur by
mono- or multilayer chemisorption, particle encapsulation, micro- or mesopore
blockage resulting in limited access of reactants to pores within crystallites and
total disintegration of particles by large carbon build-ups induced by

stress.137.147

Reaction temperature and reactant composition has a major effect on fouling
rates, and on the difference between the rate of formation and gasification of
carbon/coke precursors.'#-14° For hydrocarbon reactions on metal oxide and
sulphide catalysts, coking may occur in the gas phase and on both active and
non-active surfaces.’®” Cracking reactions often lead to coke formation from
acid catalysis.'%-151 Factors affecting this are the precursor structure, reaction

conditions, pore structure and catalyst acidity.'37.148

Researchers have widely categorized catalytic reactions as coke-sensitive or

coke-insensitive, the latter includes FTS.152

2.4.3 Thermal degradation

Thermal degradation and sintering involves loss of catalytic surface area by
heat and pressure causing a solid agglomeration on the catalyst surface without

melting."3” This process occurs via structural modifications and is physical in
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nature.'®® Thermal degradation may also induce loss of support area/catalytic
active area due to a collapse of the support or pore structure and is stimulated

by high temperatures and the presence of water vapour.'37.147

In supported metal catalysts, small metal crystallites can agglomerate into
larger ones reducing the active surface area of the catalyst. Several factors
may enhance the rate of sintering, however the temperature remains the most
influential followed by the atmosphere.'>3 Others include the metal type, metal
dispersion, porosity, the presence of promoters/impurities, and the support
surface area and texture. The temperatures at which thermal degradation
occurs are indicated as the Huttig or Tamman temperatures and are directly
related with the melting point of the metal (Tmp). At the Huttig temperature
(0.3 Tmp), the weakly bound surface atoms at edges and corners known as
defect sites dissociate and diffuse over the catalyst. At the Tamman

temperature (0.5 Tmp) the bulk atoms become mobile.™37.154

In the atomic migration model, or Ostwald ripening, used to describe sintering,
metal atoms from the crystallite surface are released and transported across
the support surface or via gas-phase movement and collide with other
(ultimately larger) metal crystallites.'®” Larger crystallites are increased due to
their stronger metal-metal bond energies than metal support interactions. In the
crystallite migration model, sintering occurs via migration of the crystallites
along the support material with the coalescence of two or more crystallites.
Although the atomic migration model is favoured over crystallite migration
model at lower temperatures, the pathways of sintering are often believed to be

coupled and occur simultaneously as the reactions proceed.'®’

Sintering of support materials such as the electride may occur by one or more
mechanisms including surface diffusion, solid-state diffusion, volatile
atoms/molecule evaporation/condensation, grain boundary diffusion and phase
transformations. Alkali metals such as potassium are known to accelerate
sintering and the omission of these metals, with the proposed use of the
electride in this FTS study is suggested to reduce one aspect of catalyst

deactivation.153-156
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2.4.4 Vapour-solid and solid/solid reactions

Gas-solid and solid-solid reactions occur from reactions of the catalyst metal
and gas, the support or a promoter in the pore system to render the catalyst
inactive. Gas-solid reactions, although similar to poisoning, are different as the
adsorbed gas species such as oxide bearing compounds in the iron catalysed
ammonia synthesis causes loss of activity by inducing a phase change i.e. from

FeO to iron oxide.137.157

Metal loss can cause significant deactivation over a wide range of conditions
through the formation of volatile compounds such as metal carbonyls, oxides,
sulphides and halides through vaporization.'3”-147 Solid-solid diffusion is an
important mechanism in the degradation of complex catalysts used for
hydrocarbon synthesis, oxidation and dehydrogenation reactions. In FTS, this
is particularly important in the formation of inactive or less active/selective
carbides in Fe/K/Cu catalysts.’3-158 A major cause of deactivation in
precipitated iron FT catalysts is proposed to be due the oxidation of iron carbide

phases FexC and x-FesC2."%°

2.4.5 Attrition/crushing

Attrition/crushing is the result of mechanical stress due to abrasion within a
reactor as a result of movement and/or thermal strain.'®” Mechanical failure
could occur due to crushing of granular/pellet catalysts in fixed bed reactors;
and erosion or fracture of catalytic particles or monolith coatings at high inlet
gas feeds.'37.160.161 Besides the loss of catalytic material, increased pressure
drops or blockages can be the result. Mechanical stress may also be caused

by particle collisions and shear forces in a fluidised bed.

Iron catalysts often experience attrition at increased temperatures when
exposed to syngas.'62163 Attrition was shown by Kalakkad and co-workers to
occur on precipitated iron FT catalysts on both a micro- and nano-level scale
by breakup of agglomerates into primary crystallites due to physical stress and

by phase transformations or carbon deposits on the catalyst.'®> A major
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disadvantage of FT slurry phase and fluidised-bed reactors over fixed bed
reactors (see section 2.1.8) is that they experience a greater deal of catalyst

particle breakdown due to attrition and/or carburisation.*®
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3 SCOPE OF STUDY

3.1 Aims

The aim of the proposed study is to synthesize a support material that
supplements the common physical properties of a support material, i.e.
increasing catalytic surface area and particle separation through possessing
anchoring sites, by providing a chemical role of having a low intrinsic work

function comparable to potassium promotion.

3.2 Motivation for research

The C12A7:e" electride is expected to perform these tasks in section 3.1,
however without the disadvantages such as coverage of active sites by alkali
promoters. C12A7:e- has shown an increased activity in the Ru catalysed
ammonia synthesis due to an increased N2 adsorption and dissociation. It is
anticipated to have similar effects on CO adsorption and dissociation in the
FTS.

3.3 Objectives

i. The first objective is the synthesis and characterisation of C12A7:e"
using the hydrothermal process described by Inoue et al. (section 4.1.1)
due to its ability to produce higher surface area materials compared to
the solid-phase synthesis.’>1%° Two variations of the synthesis is
conducted to tune the work function; i.e. different temperatures are
applied during the vacuum calcination (800 °C and 1000 °C). The
unreduced C12A7:e- compound, the mayenite (C12A7) precursor,
serves as a control for this study as it is expected not to possess the
electronic properties of its reduced counterpart. A baseline performance

is defined by an unpromoted bulk precipitated iron catalyst.
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ii. Iron(lll) oxide is deposited onto the three support materials using a dry
metal precursor decomposition method of an organometallic precursor
(section 4.2) to avoid any re-oxidation of the supports through aqueous
techniques. Deposition of iron(lll) oxide on freshly synthesised Stober
silica spheres is used to investigate the iron phases and deposition

conditions prior to deposition on supports of interest.

ii.  Investigation of the iron-loaded electride and mayenite systems is
compared to the unpromoted precipitated iron catalyst under LTFT

synthesis conditions.

3.4 Hypothesis

The novel chemically and thermally stable inorganic electride, C12A7:e" has
shown to result in a two-fold increase in catalytic activity of ammonia synthesis
from its elements using a Ru catalyst. It is expected to have a similar catalytic
effect in the iron-based FTS. This is rationalised through the electron donating
ability of the electride, therefore acting as a Lewis base aiding in the
strengthening of the C-catalyst bond and weakening the C-O bond facilitating
CO dissociation. Based on this functionality, the electride is expected to act as
a substitute to alkali promotion of the Fe FT catalyst as well as provide a rigid
support which improves dispersion and increases the number of catalytic active
sites. The selectivity and activity of the electride catalysts is expected to be
enhanced at a lower methane and higher C5+ selectivity, and higher olefin
selectivity due to suppressed secondary reactions compared to control

catalysts.®

3.5 Key questions
1. Can the C12A7 and C12A7:e- compounds be reproducibly synthesised

according to hydrothermal synthesis method previously described in

literature??
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2.

Is Fe(acac)s a suitable organometallic precursor to deposit onto the

support material in a dry deposition technique?

Is it possible to substitute alkali promotion of Fe FT catalysts with the
C12A7:e" electride support system, thereby increasing its catalytic
activity and enhancing its selectivity compared to that of the control

catalysts?
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4 EXPERIMENTAL SECTION
4.1 Preparation of iron support systems

4.1.1 Hydrothermal synthesis of C12A7 (mayenite)

The hydrothermal synthesis of the mayenite precursor has previously been
described in literature.? A stoichiometric mixture of Ca(OH)2 (= 96%, Sigma-
Aldrich) and AI(OH)2 (ACS, Sigma-Aldrich) (Ca:Al = 12:14) was milled in
distilled water (ca. 0.135 g solid per mL water) with agate beads for 4 h using a
McCrone micronizing mill. The resulting product was treated in a Teflon-lined
autoclave (Berghof BR-300 high pressure reactor and BTC-3000 temperature
controller) at 150 °C (5 °C-min-") for 6 h under stirring (150 rpm). The solid
product was separated from the liquid via centrifugation at 7000 rpm (Beckman
Coulter Avanti J-E centrifuge) and dried at 120 °C overnight in air (Memmert
Oven). The mixed metal hydroxide, proposed by Inoue and co-workers? to be
of the structure CasAl2(OH)12, was calcined in a vertical quartz fluidised-bed
reactor (see Figure 4-1) at 600 °C for 5 h in air (10 °C-min-', 60 mL-min")
yielding mayenite - 12Ca0O-7Al203 powder.
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Figure 4-1 Schematic of calcination tube (under 60 mL-min™ air or vacuum) set-up which is

inserted into a vertical tubular furnace.

4.1.2 Hydrothermal synthesis of C12A7:e" (electride)

C12A7 was heated in the previously described calcination reactor at either 800
or 1000 °C (10 °C-min™") for 5 h under constant vacuum (ca. 1 x 10* Pa,
Edwards pump, model: RV3 with EXT76DX turbomolecular pump) to remove
water and hydroxyl groups within the crystallographic cages or adsorbed on the
compound’s surface.? Reduction to the electride, i.e. replacement of O% ions in

the crystallographic cages with four electrons, is achieved by mixing the
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mayenite with an excess amount of CaHz (powder, 99.99% trace metals basis,
Sigma-Aldrich) (0.1333 g CaH2 per gram of C12A7, ~ 77 % stoichiometric
excess) in a quartz reactor tube under an inert N2 atmosphere (MBRAUN
UNIlab Pro Glove Box Workstation with PLC Control Panel — Siemens Simatic
OP7 Operator Panel and Edwards RV3 pump). The tube is sealed and a
vacuum is applied (ca. 1 x 10 Pa) before heating to 650 °C (10 °C-min-") for
15 h. The obtained electride compound is annotated in the present study as
C12A7:e (800 or 1000 °C depending on initial vacuum calcination

temperatures).

4.1.3 Synthesis of Stober silica spheres

Synthesis of Stober spheres was performed using a method described by
Wang et al. in 2010.'%* Ammonia solution (25% A.R., Sigma-Aldrich, 102.5 mL)
was added to an Erlenmeyer flask with ethanol (99.9 %, A.R., Kimix, 513 mL)
and stirred for 10 min (200 rpm, Heidolph HG3001K). A TEOS (98%, A.R.,
Fluka, 5.13 mL) in ethanol (20.52 mL) solution was added to the ammonia
bearing flask and stirred for an additional 2 h at RT (200 rpm). A further TEOS
(71.82 mL) in ethanol (287.28 mL) solution was added to the ammonia solution
dropwise over 20 min. The final solution was stirred at RT for 2 h (200 rpm) to
allow for silica precipitation. The precipitate was subsequently centrifuged at
8000 rpm for 10 min (Beckman Coulter Avanti J-E centrifuge) and washed with
ethanol four times, followed by further centrifugation and drying overnight at

120 °C in air. A schematic of the synthesis process is shown in Figure 4-2.

Solution 1 Solution2  Solution 3

Centrifuge

D
i : : Stir = 200 2\ (8090 rpm), Ovemight
mm, RT, 2 h “ ise” , mins, °
‘ ‘ ‘ ‘ P 2 142 ‘Dropwise’, EtOH wash (120" ©)
/ \ \ Stir = 200 R ; .
= —¥ — pm, RT, 2 h — !
513mL  513mL  71.82mlL = — é
TEOS EtOH  TEOS NS
20.52mL 102.5mL 287.28 mL > = )

EtOH Ammonia EtOH

Figure 4-2 Schematic representation of the synthesis of Stober SiO2 spheres as described in
Wang et al."
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4.2 Iron loading onto support materials/catalyst deposition method

Metal deposition onto the electride and mayenite substrates was realized using
iron(lll) acetylacetonate (Fe(acac)s) (= 99.9% trace metals Dbasis,
Sigma-Aldrich) as the precursor. To determine the ideal conditions of the metal
decomposition onto the selected supports, thermogravimetric analysis (TGA)
was performed of the iron precursor to determine its decomposition
temperature conditions (section 4.4.2). Trial deposition of Fe(acac)s was then
done onto Stober silica spheres at the selected temperatures under stagnant
or flowing (100 mL-min-") argon or synthetic air to determine which condition

selectively ensures a majority hematite phase on the support.

A stoichiometric amount of Fe(acac)s (10 wt. %) was added to the support of
choice and dry-sonicated for 20 min to achieve a good mixing (Labcon Ultra-
Sonic 5019(L)). The resulting mixture was placed in a stainless-steel reaction
chamber between two stainless-steel rods and sealed (Figure 4-3). The reactor
set-up was positioned in a horizontal tubular furnace (Labofurn, Kiln
Contractors (Pty) Ltd. with a Caho P961 temperature controller). The sample
was heated to 100 °C (2.5 °C-min-') under a constant flow of synthetic air
(100 mL-min-") for 30 min. Subsequently the temperature was increased to
400 °C (10 °C-min"") and held for 2 h to facilitate the decomposition of iron. The
air flow was stopped and after cooling to room temperature, the sample was

removed from the reaction chamber.

Horizontal tubular furnace
containing heating elements

inlet
Gas outlet

Beaker of water to ensure outlet gas flow

Mixed reactants within
stainless steel rod reactor

Figure 4-3 Generalised setup of the metal deposition reactor set-up for Fe(acac)s deposition.
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4.3 Synthesis of unpromoted precipitated iron

The synthesis of unpromoted precipitated iron was previously reported by
Iglesias et al.'6%1%6 Aqueous iron nitrate solution (1 M Fe(NQOz)3-9H20), 500 mL,
Sigma-Aldrich) was heated to 95 °C. Quick precipitation was induced by
addition of hot aqueous ammonia solution (5 wt. %) to the iron solution under
vigorous stirring (24 000 rpm, Ultra Turrax T25 Basic) until a pH of 7 was
reached. The obtained precipitate was filtered using a Buchner funnel and
repeatedly washed with boiling deionized water. The catalyst precursor was
subsequently dried overnight at 120 °C in air (Memmert Oven) forming a solid
filtercake that was crushed using a mortar and pestle to a size fraction of
150 — 212 um. The desired fraction was calcined in air in a fluidised-bed reactor
(quartz tube) at 400 °C for 3 h (100 mL-min-', 10 °C-min-"). To counter fines
formation in the calcination process, the obtained powder was pelletized (3 T
compression, Specac Auto Atlas Power T25 Hydraulic Press) and then crushed

to the desired fraction.

4.4 Characterization

4.4.1 Particle size distribution during milling

The average particle size of the starting materials (Al(OH)3s and Ca(OH)z2) as
well as the slurry mixture of the combined starting materials was measured
using the Malvern Mastersizer 2000. Laser diffraction of particles of assumed
spherical geometry is used to determine a mean particle size distribution, with
a stirrer speed of 820 rpm, pump speed of 2000 rpm and obscuration between
10 and 20. The sample was suspended in a water-bath (Hydro 2000G) and
sonicated for 10 seconds prior to measurements in order to increase dispersion
of particles. The refractive index parameter of the instrument was chosen to be
1.57. This value was based on the Mie theory'®”, an assumption of spherical
particle geometry, which the instrument uses and was estimated based on a
library of used refractive indices for similar compounds provided by the

manufacturer.
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4.4.2 Thermogravimetric analysis (TGA) and differential scanning

calorimetry (DSC)

The decomposition of the iron precursor, Fe(acac)s under argon and synthetic
air (30 mL-min') was studied with a combined TGA/DSC instrument
(NETZSCH STA 409 CD with TASC 414/3 controller). A known mass of sample
was placed in a pre-weighed alumina crucible and heated to 800 °C

(10 °C-min") under either gas while the weight loss was recorded.

The DSC scan was taken concurrently against a blank reference cell and no
area or enthalpy measurements were taken. Indium was used as a standard to
form the thermometric correction curve. The temperature of the adiabatic jacket
was gradually heated during an upscan mode ensuring constant power to the
main jacket heaters under constant gas flow. The samples were degassed

before loading.

4.4.3 Powder X-ray diffraction (XRD)

Powder X-ray diffraction (XRD) was utilized to characterize the structure and
crystalline phases of the starting materials, the synthesized mayenite, and
electride compounds, both before and after iron deposition as well as in the
spent catalysts. Stober spheres (section 4.1.3) and the precipitated iron catalyst
(section 4.3) were also analysed by XRD. The instrument used was a Bruker
D8 Advance Laboratory X-ray diffractometer with a Co-Ka radiation source of
1.79026 A wavelength at 35 kV and 40 mA equipped with a position-sensitive
detector (LYNXEYE_XE energy-dispersive 1D mode, Bruker). The scan range
was chosen between 20° and 120° 26 using a step scan mode (step size:
41.73 °/s, time per step: 1s, scan time: 4173 s, 15 rpm). Diffraction reflexes
were compared to those reported by Inoue et al.? and reference patterns
reported in the International Centre for Diffraction Database (PDF-2/Release
2008 RDB).
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Where necessary, the crystallite size for an individual plane was calculated

using the Scherrer equation’®®.16° (Equation 4-1) by the instrument software.

Equation 4-1
K-2
te p - cosO
where:
T = average size of the ordered crystalline domains
K = dimensionless shape factor (usually close to 1)
A = X-ray wavelength
B = line broadening minus instrumental line broadening at full width half

maximum (FWHM) (radians)
0 = Bragg angle (degrees)

4.4.4 Transmission electron spectroscopy (TEM)

Fresh catalysts were studied via TEM (FEI Tecnai F20 equipped with a LaB6
field emission gun operated at 200 kV). Each sample was suspended in
methanol or ethanol, briefly sonicated and a droplet from the supernatant was
loaded onto a carbon coated copper grid and dried for viewing in the
microscope. All micrographs were processed using the Digital Micrograph

(Gatan) software.

Further energy-dispersive spectroscopy (EDS) (operated in bright field mode at
an accelerating voltage of 200 kV using an EDAX liquid nitrogen cooled lithium
doped silicon detector) coupled to FEI Tecnai G2 20 field-emission gun TEM
was performed on the Ca-Al hydroxide mixture and C12A7 compounds. This
analytical technique involves the induction of a high-energy electron beam over
various regions of focus within the sample in order to obtain an elemental
analysis comparison of the homogenous starting material compound and
proposed crystal cage structure based on the electromagnetic emission spectra

of the atoms present.
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4.4.5 Brunauer-Emmett-Teller (BET) physisorption

The Brunauer-Emmett-Teller (BET) surface area was determined by N2
adsorption and desorption'”® (Micromeritics TriStar 1l 3020 Micromeritics
Instruments Corp., USA). Each sample was placed in a physisorption tube,
degassed under vacuum at 90 °C for 1 h to ensure the sample was dry and all
water was removed. The temperature was increased to 120 °C, further
degassed overnight and subsequently cooled to room temperature. Analysis
was initiated by cooling the samples to cryogenic temperature using liquid Na2.
Nitrogen gas was then flowed over the samples at various controlled pressures.
The pressure of the system is proportional to the number of gas molecules
adsorbed to the sample surface. The relative pressure ratio (P/Po) is
determined from the saturation pressure (Po) and absolute pressure (P)
recorded from the system along with the total quantity of gas adsorbed by the
sample (v). The BET equation (Equation 4-2)'70 was plotted with (P/Po) on the
x-axis and the left-hand side of Equation 4-2 on the y-axis. The gradient and y-
intercept of the linear plot observed was then used to calculate the values for
the volume of the monolayer of gas adsorbed to the catalyst surface (vm) and a

constant referred to as the BET constant (c).

Equation 4-2

e W

where:

Vm = volume of the monolayer
c = BET constant

P = absolute pressure

Po = saturation pressure

% = adsorbed gas quantity

The BET surface area (Sser) was subsequently calculated from
Equation 4-3.17"
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Equation 4-3

SpeT = vmv—l\;s
where:
Vm = volume of the monolayer
N = Avogadro’s number
s = adsorption cross section of the adsorbing species
Vv = molar volume of adsorbate gas
a = mass of the solid sample

4.4.6 Confirmation of iron loading

Both atomic absorption spectroscopy (AAS) and inductively-coupled plasma
optical emission spectroscopy (ICP-OES) was performed to determine the Fe
loading (wt. % Fe) on the supported catalysts. Samples were mixed with
distilled water to a solid concentration of 0.500 g-L-'. In an Xpress Teflon tube,
50 mL of this suspension was mixed with 6 mL HCI, 2 mL HNOs and 2 mL HF
consecutively, stirred with a glass rod and stored overnight in a room
temperature fume hood to let the reaction complete and to prevent pressure
build up due to collection of volatile gases. The suspension was then placed in
a MARS-5 microwave digester for 15 min (1600 W, 180 °C). Once digested,
the samples were made up to a volume of 100 mL using deionized milli-Q water.
The samples were analysed using the AAS instrument (Varian SpectraAA 110)
and/or the ICP-OES instrument (Varian 730-ES). The Fe loading can be

determined according to Equation 4-4.

Equation 4-4
x-10
L=
m

where:
L = wt. % Fe loading
X = concentration of Fe obtained from instrument measurement in mg-L-"
m = mass of the catalyst digested in mg.
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4.4.7 X-ray photoelectron spectroscopy (XPS)

The oxidation state of the iron oxide species deposited on the electride was
studied using X-ray photoelectron spectroscopy (XPS) (Kratos Axis Ultra DLD
photoelectron spectrometer utilising monochromatic Al radiation — 1486.6 eV
photon energy). The data for high resolution spectra and survey scans was
obtained at a pass energy of 40 eV and 160 eV respectively; while the step size
was 0.1 eV and 1 eV respectively. All spectra were calibrated to the C(1s) line
which was taken to be 284.8 eV following the charge compensation which was

achieved by the Kratos immersion lens system.

4.4.8 Temperature programmed reduction (TPR)

Temperature programmed reduction (TPR) was performed with the Fe-loaded
mayenite, and electrides (800 °C and 1000 °C). A quartz U-tube with
30 — 50 mg of catalyst for each experiment was set up in the TPR instrument
(Micromeritics Autochem 2950 HP). To determine the degree of reduction
(DOR) of the supported catalysts, two separate TPR experiments were
performed on each of the catalysts. The first was a conventional TPR
experiment which involved heating the catalyst to 800 °C (100 mL-min-' 5% H2
in Ar, 10 °C-min"), followed by cooling down under Ar at room temperature to
re-equilibrate the system flushing out any residue gas. The second experiment
involved three steps, a treatment of fresh catalyst under the chosen reduction
conditions for FTS (100 mL-min-! Hz, 400 °C, 10 h, 1 °C-min"), cooling to 50 °C
(50 mL-min-" Ar, 10 °C-min-") followed by the conventional TPR as the third
step. The DOR was determined by comparison of the hydrogen consumption
of conventional TPR and TPR after reduction. It has to be noted that due to a
lack of phase information, the present approach to obtain the DOR can
potentially, especially at low DOR values, be translated to various phase

compositions, i.e. various iron oxide species present.
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4.5 Catalyst testing

4.5.1 Reactor set-up and experimental procedure

A catalyst sample corresponding to 100 mg of Fe was packed into a 74’
stainless steel (ID = 3.8 mm) U-tube reactor (see Figure 4-4) within the test unit
set-up (see Figure 4-5). In order to ensure a stable temperature control, the
reactor was mounted in an insulated aluminium block powered by two heating

cartridges and holding a controlling K-type thermocouple at its centre.

IN ouT

=

\Catalyst and Diluent
———Heating element

————Aluminium heating block
(Electric furnace)

Figure 4-4 Arrangement of U-tube reactor and contents. (From Cairns.)'"2

All samples were reduced in situ in a stream of pure hydrogen (400 °C,
100 mL-min-', 10 h, 1 °C-min-', 1 bar) fed via a mass flow controller (MFC)
(Brooks Instrument). After cooling to reaction temperature (240 °C) under a
continuous flow of nitrogen, the reactor pressure is increased to 15 bar

(absolute). The flow of N2 at the desired pressure is controlled by a downstream
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needle valve (NV). The flow is set slightly higher than the anticipated synthesis
gas flow. The synthesis gas mixture (60 mLSTP-min' H2/CO of 2:1) was
allowed to stabilize via the bypass. Reference gas, a mixture of 0.1061 %
neohexane in argon at 4.22 mLSTP-min-', was fed to the product stream after
the pressure drop via the NV. The total gas stream is split between the online
GC-TCD (gas chromatograph — thermal conductivity detector) and an ampoule
sampler system (explained below) before going to vent. Once constant, the
reaction is started by switching the four-way valve (4WV) to reactor mode and
feeding syngas to the reactor and the pressure holding gas N2 to the
downstream line. Due to very low conversions, liquid product collection was not
necessary using a hot or cold trap. All lines downstream of the reactor were
kept at 180 °C. The analysis of the permanent gases (CO, Hz2, N2, CH4, CO2
and Ar) was conducted via online gas chromatography (GC) in a micro GC
(Varian CP 4900) equipped with three separate column thermal conductivity

detector (TCD) assemblies (see section 4.5.2.1).
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B gl Tn
> =] B N
PR 1 MFC 1 4wV

CcO Reactor Bypass
=1 NS >

aWV
PR2 MFC 2 .@. .@.
N2
M
PR3

X

Ampoule
sampler

Ref. Gas {ﬁ :j’-‘;} .‘\“*‘ 4

PR 4 MFC 3

Vent

Figure 4-5 Schematic representation of the test unit set-up used for FT experiments. (Adapted
from Fischer in 2011).'73
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The ampoule technique developed by Schulz et al.'™* was used to collect
product gas for offline analysis by a flame ionisation detector (FID) equipped
GC (see section 4.5.2.2).

Product gas was collected using limestone glass ampoules fashioned from
commercially available Pasteur pipettes. A capillary (of ca. 120 mm in length
and 1.5mm in diameter) was drawn and sealed from one end using a
butane/oxygen flame. The ampoule was evacuated using a vacuum pump and
fully sealed (with internal volume ca.2mL). The glass capillary of the
evacuated vessel is inserted through a septum into the product gas stream.
With a breaking fork, the tip of the capillary is broken off resulting in the
collection of product gas in the ampoule. The gas is entrapped by sealing off
the remaining capillary with a blow torch, (see in Figure 4-6). Ampoules were
collected at a relatively high frequency (i.e. every minute to every 30 minutes),
while after ca. 6 h, ampoules were collected every 6 to 12 hours.

Before sample is taken

Breaking fork Septum

Evacuated
Ampoule

r'd
Gas in — — L Q

Gas out
After sample is taken

Gas in — / ,.%

Butane

; 0

Broken tip Gas out Ampoule sealer

Figure 4-6 Schematic representation of the ampoule collecting system. (From Mabaso.)®
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After a TOS of 48 h, the reaction was terminated by switching the 4WV back to
bypass and switching off the synthesis and reference gas flows. The reactor

was allowed to cool down under pressure and nitrogen flow.

The spent catalyst was removed from the reactor environment to be studied

externally (section 4.4.3).

4.5.2 Product analysis

4.5.2.1 Gas chromatography — thermal conductivity detector (GC-TCD)
analysis

Analysis of permanent gases, i.e. Ar, CH4, CO, N2, H2 and CO2 was achieved
via a micro GC (Varian CP 4900) equipped with three columns and three
thermal conductivity detectors (TCD) (for detailed set-up see Table 4-1). A
known flow of argon in the reference gas was used as the internal standard.
The product composition was determined via the correlation of peak area and
response factor as a function of the Ar with the concentration in the gas stream
according to Equation 4-5 to Equation 4-7. The respective response factors
were obtained from a calibration with a reference gas mixture containing known
amounts of Ar, N2, CH4, CO, H2 and COz2 (Afrox).

Equation 4-5
[A] [B]
fa A f5 i,
Equation 4-6
fu_ Bl
fo  Agld] V7
Equation 4-7
1 Ar]- A
oL A,
fAf(Ar) AAT
where:
fx = response factor of species X
[X] = concentration/molar flow rate of species X
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Ay = area of species X in the TCD spectrum

fxrcar) = response factor of species X as a function of Ar

Due to the very low conversion levels in the present study, only the CO2
quantification was conducted via the GC-TCD while hydrocarbons selectivities
as well as the CO conversion was calculated based on the formation rates
obtained from gas chromatography — flame ionisation detector (GC-FID)

analysis (see section 4.5.2.2).

Table 4-1: Conditions for GC-TCD

Column 1 Column 2 Column 3
Detector TCD TCD TCD
Column Type | 20 m MS5A 10 m PPQ 10 m MS5A
Carrier Gas | H2 H2 N2
Flowrate (mL (NTP)/min) | 30 30 30
Analysis Temperature (°C) | 80 50 80
Inlet pressure (kPa) | 150 80 150
Injection time (ms) | 300 80 80
Injector temperature (°C) | 100 100 100
Backflush time (s) | 120 n/a 120
Analysis time (s) | 180 180 180

4.5.2.2 Gas chromatography — flame ionization detector (GC-FID)
analysis

Product gas from the FTS system collected in ampoules at various time
intervals was analysed using a GC coupled to a flame ionization detector
(Varian 3900). The gas was either manually injected into the instrument using
a Hamilton syringe or the entire ampoule was placed in a sealed nitrogen filled
ampoule breaker and mechanically crushed using a hydraulic system. The
contained gas was subsequently introduced into the injector of the gas
chromatograph (see Figure 4-7). The added neohexane in Ar (0.1061 %) was

used as an internal standard for quantification purposes. Details of the GC-FID
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instrument and conditions can be seen in Table 4-2.

Plunger

O Ring

Carriergasin  —»

Ampoule

Glass wool

Frit

Carriergas out ~ <-—

Figure 4-7 Configuration of Ampoule Breaker. (From Cairns.)'’?
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Table 4-2: Conditions for GC-FID

Gas Chromatograph

Varian 3900

Detector

Column Type

Detector and Injector Temperature
Ampoule Breaker Temperature

Injector

Carrier Gas
Introduction Gas
Coolant

Duration of analysis

FID

Varian capillary column, CP-Sil 5CB
25m 0.15mm 2um #CP7692
250 °C

180 °C

Split Injector

Split Ratio: Splitless to 1:7
depending on sample

H2 (30 mL-min-")

N2 (25 mL-min-")

CO2

29.89 min

Temperature Program

Rate (°C/min) Step (°C)
initial -55

20 0

14 100

10 280

Total Time (min)
1.5

4.25

11.39

29.89

The response factors for the different hydrocarbon species and oxygenates

were calculated by the increment method published by Kaiser.'”® For each

organic species i detected by the GC-FID, a response factor fi was calculated

using Equation 4-8. The molar flowrates, ni of each species were then

determined using Equation 4-9 and this was multiplied by the number of carbon

atoms in the compound (Ni) to get nic, the molar flow rate of the compound on

a carbon basis (Equation 4-10). The identification of each species was

determined by comparison with known product spectra (an example of which

can be seen in Figure 4-8) and by approximate identification via Kovats’ indices

for each compound.'”®
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Equation 4-8

" \Nemooy + 0.55(Ne(eoy)
Equation 4-9

_ (Nstandard) ( fiAi
n; = '

*MNstandard
Ni f:s‘tandardAstandard)

Equation 4-10

Nic = Nstandara * < f fiﬁi ) " Nstandard
standard4*standard

where:
fi = response factor for compound i
Nc = total number of carbon atoms in compound i
N¢(nooy = number of carbon atoms without bonds to oxygen atoms
N¢(coy = number of carbon atoms with a single bond to an oxygen atom
Ngtandard = number of carbon atoms in internal standard (= Cs)
N; = number of carbon atoms in compound i
n; = molar flowrate of compound i
A; = peak area of compound i in the chromatogram
Agtandard = peak area of internal standard in the chromatogram
Nstandard = molar flowrate of internal standard
fstandard = response factor for internal standard from Equation 4-8 (= 1)
Nic = molar flowrate of compound | on a carbon basis
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Figure 4-8 A typical GC-FID chromatogram showing FT products with the major peaks
numbered: 1 — methane, 2 — ethene, 3 — ethane, 4 — propene, 5 — propane, 6 — ethanal, 7 —
2-me-propane, 8 — methanol, 9 — n-butene(1), 10 — n-butane(1), 11 — t-butene, 12 — c-butene, 13 -
ethanol, 14 — n-pentene(1), 15 — n-pentane(1), 16 — neohexane, 17 — n-hexene(1), 18 —
n-hexane(1), 19 — n-heptene(1), 20 — n-heptane(1), 21 — n-octene(1), 22 — n-octane(1).

4.5.2.3 Data processing of GC-TCD and GC-FID results

The CO conversions were calculated via the formation rates obtained from GC-
FID. Agilent Technologies Galaxie Chromatography Software V1.10.0.5590

was used to analyse all GC products.

The molar flowrate of CO out of the reactor, nco,out was calculated from the sum
of the formation rates of the FT products using the GC-FID. The Anderson-
Schulz-Flory'”” (ASF) ‘plot’ (see section 2.1.4) was created for each sample
point. A single gradient relationship was assumed between carbon numbers 3
and 7 or 8 and a straight-line equation was determined (see Appendix A). This
equation was used to extrapolate the molar flowrates of the species from
carbon number 5 to 100. The total sum of the products was calculated from the
addition of molar flowrates of carbon number 1 to 4, the extrapolated molar

flowrates of carbon number 5 to 100 and the molar flowrate of CO2 produced
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(acquired from the GC-TCD) and used to determine the CO conversion (see
Equation 4-11).

Equation 4-11

100
1 Nic T Nco,

Keo = Nco,in
where:
Xco = conversion of CO
Ncom = Molar flowrate of CO into the reactor
nco, = molar flowrate of CO2 produced

n;c = molar flowrate (carbon based) of FT products with carbon number i

The yield of compound i is expressed in Equation 4-12 and can be multiplied
by the carbon number of compound i to get the yield on a carbon basis
(Equation 4-13).

Equation 4-12

n;
Y; =
Nco,in
Equation 4-13
n;c
Yi,c =
Nco,in
where:
Y; = yield of compound i

Ncoim = Molar flowrate of CO into the reactor

n; = molar flowrate of compound i
n;c = molar flowrate of compound i on a carbon basis
Y;c  =yield of compound | on a carbon basis

The selectivity of compound i is expressed in Equation 4-14 and multiplied by

the carbon number of compound i to get this on a carbon basis (Equation 4-15).

Equation 4-14



Equation 4-15

Yic

Sic = Xco
where:
Y; = yield of compound i
Xco = conversion of CO
S; = selectivity of compound i
Sic = selectivity of compound i on a carbon basis
Y;c  =yield of compound | on a carbon basis

The chain growth probability (a) was calculated as the antilog of the gradient
of the ASF plot. All error bars for values of conversions, selectivities and chain
growth probabilities were determined as the positive and negative standard
deviation of value for one time point determined in triplicate. For the products
of carbon number 1 to 5, the olefin/paraffin ratios were determined from the
quotient of the sum of the molar flowrates of all the olefins of a specific carbon
number and the sum of the molar flowrates of the paraffins of that carbon
number (Equation 4-16). The selectivity from hydrocarbons was determined
from the hydrocarbon pool of products in order to best compare values

independent of the influence of COs..

Equation 4-16

0 . 2 nCi,C (olefins)
— ratio =
P 2 nCi,C (paraffins)
where:
N, c (olefins) = molar flowrate of compound with carbon numberion a
carbon basis
Nc,c (paraffins) = molar flowrate of compound with carbon number i on a

carbon basis
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5 RESULTS AND DISCUSSION

5.1 Characterization before and during syntheses

5.1.1 Particle size distribution

The particle size distribution of the starting materials (calcium and aluminium
hydroxide) used to synthesise the C12A7 and subsequently the C12A7:e
compounds was measured as received and after milling (see section 4.1.1).
Each sample was measured 5 times and an average value of the obtained
distributions was calculated (see Figure 5-1). The particle size distribution of
Al(OH)s is monomodal with the highest distribution of particles by % of total
volume, having particle size between 20 and 30 um and an average particle
size of ca. 23 um. All particles are larger than ca. 0.2 um and smaller than ca.
200 pm. The distribution of Ca(OH)2 is similarly monomodal with generally
smaller particles than Al(OH)s; average particle size of ca. 50 pm with a lowest

size of ca. 0.3 pm and a largest size of ca. 400 um.

. (a)

0.01 0.1 1 10 100 1000 10000

Particle Size (um)

Figure 5-1 Average particle size distribution of (a) AI(OH)s and (b) Ca(OH)2

After milling as an aqueous slurry (see section 4.1.1 for details), the particle
size distribution was re-measured (see Figure 5-2). While the aim of the
treatment was to generate an even particle size distribution for the two

materials, a multimodal particle size distribution is observed. The lower size
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detected in the mixture is ca. 0.2 um and the upper ca. 400 um. The average
measurement is not superimposable on the individual measurements as before
the milling. The milling was observed to change the average size distribution
and allows for a more homogenous mixture. This can be assumed to be an
advantage over a bimodal distribution of the stoichiometric addition of the
starting materials due to the minimisation of the aggregation of similarly sized

particles.

0.01 0.1 1000 10000

Particle Size (um)

Figure 5-2 Particle size distribution of Ca(OH)z and Al(OH)s slurry after micronizing. Each colour
plot represents a different measurement, with the average plot represented centrally in the
colour orange.

5.1.2 Thermogravimetric analysis (TGA) and differential scanning

calorimetry (DSC)

The decomposition of the iron precursor Fe(acac)s in air and Ar was studied
with TGA-DSC (see Figure 5-3). The decomposition of the material under both
conditions is similar with a first exothermic weight loss event around 140 °C
(slightly lower onset for treatment in Ar). Literature'’®-'8! suggests this
decomposition to correlate to the partial decomposition of acetylacetone
ligands. It can be accepted that the cleavage of the acetylacetone groups may
result in the formation of CO2."8 Decomposition under air flow with increasing

temperature facilitates the bulk loss of the organics present and occurs
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gradually with the partial loss of these components associated with narrow DSC
exotherms and a broad DSC exotherm. Under Ar flow, the organic
decomposition occurs in two major steps leading to the supposed
decomposition of the ligands to CO2.178.182.183 This decomposition is associated
with a broad exotherm and would have a larger heat of fusion under Ar flow.
Complete decomposition to a residual iron(ll) oxide species was observed at
670 °C in both Ar and air. Although three distinct mass loss occurrences
associated with the loss of each of acetylacetone ligand did not occur as
suggested in the supplementary information by Sahu and co-workers'®* (see
Figure 5-4), the cumulative weight loss of organics and residual component is

comparable.
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Figure 5-3 (a) TGA and (b) DSC profile of Fe(acac)s under 30 mL-min*! air flow, (c) TGA and (d)
DSC profile of Fe(acac)s under 30 mL-min-' Ar flow.
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Figure 5-4 Suggested Fe(acac)s decomposition (Adapted from Sahu et al.)'%

5.1.3 Powder X-ray diffraction (XRD)

Powder X-ray diffraction is used to follow the evolution of the crystal phases
throughout the catalyst synthesis process starting with the calcium and
aluminium precursors (see Figure 5-5). All XRD scans were normalised to the
highest peak. While AI(OH)s appears to be poorly crystalline, Ca(OH)2

corresponds well to the described reference pattern.
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Figure 5-5 XRD Pattern of (a) aluminium hydroxide and (b) calcium hydroxide starting materials
with reference pattern for (c) Ca(OH)2

Following the hydrothermal treatment and drying (see section 4.1 for details),
the XRD pattern shows a number of different reflexes with different shapes and
widths, indicating the presence of multiple crystalline phases (see Figure 5-6).
However, the observed pattern cannot be correlated to available reference
patterns of the hydroxide precursors, mayenite or CaO. At this stage, the

structure is unknown.
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Figure 5-6 XRD pattern of (a) calcium-aluminium hydroxide mixture after autoclave step with
reference patterns for (b) Al(OH)s, (c) Ca(OH)2, (d) CaO and (e) C12A7.

Upon calcination in air at 600 °C for 5 h, the presence of mayenite is evidenced
in conjunction with CaO (see Figure 5-7). CaO present is believed to form from

a side dehydration reaction of Ca(OH).185.186

i . I| l|l |,l | l,llllll,lll | TR R T PR S
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Figure 5-7 XRD pattern of (a) C12A7 (mayenite) powder with reference patterns for (b) CaO and
(c) C12A7.
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After high temperature (800 °C and 1000 °C) treatment under vacuum
(1 x 104 Pa) and reduction by CaH2, the obtained electride materials were
again studied with XRD (see Figure 5-8). Compared to the mayenite phase
after calcination in air (Figure 5-7), little difference in the present diffraction
patterns can be observed. Both the 800 °C and 1000 °C electrides show the

mayenite as well as CaO structures.

The crystallite size of each containing compound within the studied samples
was calculated using the Scherrer equation based on the individual diffraction
peaks listed in Table 5-1. The crystallite size of CaO in all supported catalysts
was similar (slightly higher in the mayenite compound) to each other suggesting
most of its formation during identical conditions — during the initial calcination
in air (see section 4.1.1). The increase in concentration of CaO in the electride
compounds can be associated to the reaction of the CaH2 to CaO during
reduction of the mayenite. The electride materials displayed a grey colour as
opposed to the opaque white colour of its mayenite precursor. This shows a
similarity with the white to black colour change reported in literature.? The grey
shade observed is attributed to the dilution of electride with (white) CaO and/or
incomplete reduction of the C12A7 precursor. The crystallite size of the
mayenite shows an increasing trend with dehydrated calcination and the
subsequent increase in temperature of the dehydrated calcination. These
values and their trend is in agreement with Inoue et al. and is significantly
smaller than the average crystallite size of the their reported solid-phase

synthesised mayenite powder.?

In the case of the 1000 °C electride, the XRD pattern showed an additional
compound, tricalcium aluminate (3CaO-Al203). Under the high temperature
treatment, the crystal structure of the mayenite may collapse forming the
aluminate or it is the product of the over-stoichiometric addition of CaH2. This
occurrence was also reported for the 1000 °C electride synthesised by Inoue
and co-workers supplementing the notion that the mayenite construction is
partially destroyed at the higher evacuation temperature.? The crystallite size
of this compound is slightly larger than the mayenite framework and may be

more agglomerated.
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Figure 5-8 XRD pattern of C12A7:e- compounds produced at the (a) 800 °C and (b) 1000 °C
evacuation temperatures with reference patterns for (c) 3Ca0O-Al203, (d) CaO and (e) C12A7.

Table 5-1 Crystallite size for an individual plane of each containing material
within the mayenite and electride compounds

Sample Compound 26 Plane Crystallite
size (A)
C12A7 C12A7 21.080 211 255.5
CaO 76.215 311 306.7
C12A7:e C12A7 65.122 640 369.0
(1000 °C) | CaO 63.512 220 248.9
3Ca0-AlkOs  69.974 844 452.2
C12A7:¢e C12A7 21.080 211 357.4
(800 °C) CaO 37.601 111 257.2

Due to the crystallinity of the mayenite structure, the phase of the iron oxide
supported on it could not be determined by XRD. As proxy for the
mayenite/electride support, amorphous SiO2 spheres, so called Stober
spheres'®4, were employed for the sole purpose of studying the decomposition
product of Fe(acac)s after different treatments. At 400 °C, the samples, i.e. a

physical mixture of Fe(acac)s and SiO2, were exposed to stagnant air, a
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continuous air flow, stagnant Ar and a continuous flow of Ar for 2 h. All four
treatments yielded Fe3* oxides in conjunction with the SiO2 species (see
Figure 5-9). While stagnant atmospheres as well as a constant flow of Ar
resulted in the formation of FeO(OH), a flow of air yielded hematite — a-Fe20s.
As hematite is the common form of calcined precipitated iron catalysts (see
section 5.2.1), the treatment in a flow of air was chosen for the decomposition

of the Fe(acac)s precursor.

20 30 40 50 60 70 80 90 100 110 120
2 0 (Degrees)

Figure 5-9 XRD pattern of the iron loaded silica spheres'®* produced under (a) continuous air
flow, (b) continuous Ar flow, (c) stagnant Ar and (d) stagnant air with reference patterns for
(e) FeO(OH) and (f) hematite.

The XRD diffractograms provide significant evidence that all support materials
intended for metal deposition were synthesised. However, the quantity of side
products present in each was not determined. Although XRD evidence cannot
distinguish between the mayenite and electride compounds due to its identical
peak pattern, it can confirm that the stability of the mayenite structure is retained

through synthesis (see section 5.2.1) and catalysis (see section 5.3.1).
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5.1.4 Transmission electron microscopy (TEM)

Elemental analysis via energy-dispersive X-ray spectroscopy coupled to TEM
(EDS-TEM) allowed for an indication of the stoichiometry and composition of
certain areas of focus on TEM micrographs of the pre-calcined hydroxide
mixture and the subsequent air-calcined mayenite material. The electron beam
was directed at the encircled regions of the micrographs (see Figure 5-10) and
allowed for an estimated identification or elimination of certain species that may
be present within the structures based on their elemental weight percentage
(see Table 5-2). At a magnification with a 200 nm scale, the elemental analysis
of the hydroxide mixture with the EDS beam directed at the encircled section
(Figure 5-10a) shows an elemental composition of Ca, Al and O in a close
relation to the theoretical stoichiometric weight % composition needed to form
the mayenite compound (Table 5-2). This is a good indication that the
stoichiometry is correct but does not indicate the type of species present.
However, at further magnification of the chosen section of the sample observed
with a 50 nm scale (Figure 5-10b), the weight % observed favours Al and O,
indicating a separation of the Ca element and a clear notion that the mayenite
structure has not been formed or is not present in the assembly studied. As this
assembly is consistent throughout the sample and lacks substantial Ca content
to form the mayenite construction, its morphology may be ruled out as the

mayenite compound in the subsequent micrographs.

A focus of the EDS beam on the rod-like flakes along the edge and the
agglomerated centre of the C12A7 sample at a magnification observed on a
200 nm scale (Figure 5-10c and d respectively) showed two unique elemental
compositions. When the area of focus is the centre of the sample, the
composition of Ca, Al and O is closer to the theoretical composition of C12A7.
However, the flakes observed along the edges of the specimen have a low
composition of Ca. Further EDS analysis of the flake-like complex at a higher
magnification observed on a 100 nm scale confirmed the low Ca content.
Although aluminium oxides were not found in the sample at high enough
intensities via XRD analysis, the high Al and O content of these flake-like

structures may indicate their presence as an amorphous phase.
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200 nm

200 nm

100 nm

Figure 5-10 TEM of (a) Ca-Al hydroxide mixture with 200 nm scale, (b) Ca-Al hydroxide mixture
with 50 nm scale, (c) C12A7 with 200 nm scale, (d) C12A7 with 200 nm scale and (e) C12A7 with
100 nm scale with the area of focus by the EDS beam encircled in each micrograph.

Table 5-2 Theoretical elemental analysis and calculated elemental analysis of
the encircled areas in Figure 5-10

Compound Theoretical Element Weight %

Ca Al 0]
C12A7 34.68 27.24 38.08
CaO 71.47 0 28.53
Al203 0 52.92 47.08

Area of Focus

Observed Element Weight % (Uncertainty)

Figure 5-10 a
Figure 5-10 b
Figure 5-10 ¢
Figure 5-10 d
Figure 5-10 e

Ca Al

33.94 (0.21) 20.35 (0.16)
3.37 (0.09) 40.15 (0.23)
5.41(0.12) 45.97 (0.30)
46.36 (0.27) 17.65 (0.17)
8.32 (0.32) 44.34 (0.57)

69

o)
45.69 (0.34)

56.46 (0.38)
48.61 (0.43)
35.97 (0.35)
47.33 (0.92)



The flake-like morphology was observed to diminish in the standard TEM
micrographs from the pre-calcined Ca-Al hydroxide mixture to the mayenite and
electride compounds at a magnification showing a 100 nm scale (Figure 5-11)
and a 50 nm scale (Figure 5-12). Aluminates or other side products may be

represented by the rod like structures present.

Figure 5-11 TEM at a magnification with 100 nm scale observed of (a) Ca-Al Hydroxide Mixture,
(b) C12A7, (c) C12A7:e" (800 °C) and (d) C12A7:e" (1000 °C)

The morphologies observed of the mayenite and electride compounds is largely
consistent and clearly layered (apparent from the darker textures due to higher
agglomerations). The layered structures can be seen to increase in size
between the mayenite and the electrides. This observation can be
substantiated by the XRD analysis of these compounds which indicate the
presence of the mayenite phase with a trend of increasing crystallite size
between the mayenite and electrides. Apart from this size variation, the
morphology of the crystalline cages within the mayenite and electride
compounds are expected to remain unchanged, similar to the XRD pattern of

the mayenite throughout synthesis.
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It remains relatively uncertain whether the morphology of CaO shown to be
present via XRD is visible in the TEM micrographs. However, if the observed
trend suggesting a decrease in CaO crystallite size from mayenite to electride
is to be believed, the major structural morphologies observed in the TEM
micrographs show little evidence of a decrease in size. This could eliminate

their identification as CaO.

Tricalcium aluminate believed to be present in the C12A7:e- (1000 °C) sample
from XRD analysis was also not identified under TEM analysis as its unknown
morphology was not strikingly present in the sample opposed to its 800 °C

electride counterpart.

Figure 5-12 TEM at a magnification with 50 nm scale observed of (a) Ca-Al Hydroxide Mixture, (b)
C12A7, (c) C12AT7:e (800 °C) and (d) C12A7:e" (1000 °C).
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5.2 Characterisation of iron catalysts

5.2.1 Powder X-ray diffraction (XRD)

The XRD of the calcined unpromoted precipitated iron control catalyst can be
seen in Figure 5-13 before dilution with Puralox (y-alumina). The calcination
yielded hematite or a-Fe20s3. A very crystalline and low background scan was
observed indicating little to no side products or alternate iron oxide phases

present.

J\_.Ju .
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Figure 5-13 XRD pattern of (a) the unpromoted precipitated iron control/baseline catalyst before
dilution with Puralox (y-alumina) with the reference pattern for (b) hematite iron phase.

After a target 10 wt. % of iron was loaded under identical conditions on the
mayenite and electride compounds, the fresh supported catalysts were studied
via XRD (see Figure 5-14). All three of the final supported catalysts were
observed to have the mayenite framework present. The 1000 °C electride
retained the presence of 3Ca0O-Alz03 and to a much lower extent, CaO. The
CaO from the previous unloaded supports was shown to be present in the Fe-
C12A7 and Fe-C12A7:e” (800 °C) catalysts only in trace amounts. This is
believed to be due to its conversion to CaCOas. All final supported catalysts
indicated a presence of CaCOs due to reaction of the synthesis side product

CaO, and CO2, a product of acetylacetonate decomposition. As the Fe
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decomposed onto the supports was of a low intensity, it was not possible to
determine the iron oxide or carbide phases present on the supported catalysts
via XRD analysis and its presence was confirmed by other means (ICP-
OES/AAS and XPS).

20 30 40 50 60 70 80 90 100 110 120
2 0 (Degrees)

Figure 5-14 XRD pattern of the supported iron catalysts: (a) Fe-C12A7, (b) Fe-C12A7:e" (1000 °C)
and (c) Fe-C12A7:e" (800 °C) with reference patterns for (d) CaCOs, (e) 3Ca0-Al203, (f) CaO and
(g) C12A7.

The crystallite size of the mayenite framework is shown to increase upon
deposition of iron particles onto the supports for all supported catalysts (see
Table 5-3).

As most of the CaO present in the compounds was converted to CaCOs, it's
crystallite size was only possible to be calculated for Fe-C12A7:e” (1000 °C)
showing an approximate two fold increase in size. This CaO present in a low
concentration may have been aggregated or shielded under deposition
conditions preventing its conversion to CaCOs. The newly formed CaCOs
however was observed to be within a small size range for all the supported
catalysts due to its formation at identical conditions. The crystallite size of the

tricalcium aluminate in Fe-C12A7:e" (1000 °C) remained around the same size
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after iron deposition suggesting that the deposition conditions had little effect

on it.

Table 5-3 Crystallite size for an individual plane of each containing material
within the fresh catalysts

Sample Compound 286 Plane Crystallite
size (A)
Fe-C12A7 | C12A7 21.080 211 282.2
CaO N/A (too low intensity)
CaCOs 46.091 113 232.7
Fe- C12A7 21.080 211 509.2
C12A7:¢ CaOo 37.601 111 482.5
(1000 °C) CaCOs 56.411 116 316.7
3Ca0-Al0s  25.328 321 464.8
Fe- C12A7 21.080 211 486.7
C12A7:e CaOo N/A (too low intensity)
(800 °C) CaCOs 46.091 113 233.5

5.2.2 Transmission electron microscopy (TEM)

TEM analysis after decomposition of the iron precursor yielding iron-based
compounds supported on the mayenite and electride materials at a
magnification with a 100 nm scale (Figure 5-15) and 50 nm scale (Figure 5-16)
largely suggest evidence of spherical black particles dispersed across their
surfaces. These particles are believed to be the calcined iron oxide particles,
and although agglomerated in parts of the micrograph samples, are observed
in even quantities across the samples. The fresh catalysts have retained the
structures and morphologies of the unsupported support systems (section
5.1.4) with the flakey rod-like structures originally observed in the Ca-Al

hydroxide mixture present in marginal quantities if observed.
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Figure 5-15 TEM at a magnification with 100 nm scale of (a) Fe-C12A7, (b) Fe-C12A7:e" (800 °C) and
(c) Fe-C12A7:e- (1000 °C)

Figure 5-16 TEM at a magnification with 50 nm scale of (a) Fe-C12A7, (b) Fe-C12A7:e" (800 °C)
and (c) Fe-C12A7:e" (1000 °C)

5.2.3 BET physisorption

The BET surface areas of each of the Fe-loaded electride and mayenite
catalysts were calculated after analysis of their N2 physisorption behaviour (see
Table 5-4).

An expected decrease in catalytic surface area is observed from the mayenite
catalyst, which was subjected to no evacuated calcination, to the electride
catalysts exposed to 800 °C and 1000 °C evacuated calcinations respectively.
The trend of decreasing surface area with evacuated calcination and

furthermore the increased temperature of the evacuated calcination has
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previously been reported in literature.? This occurrence is due to the
aggregation of the mayenite nanoparticles and can be explained via the
increase in density of the support particles in the TEM images of the catalysts
in both before (most notably Figure 5-12 from b to d) and after (Figure 5-15

from a to c) iron deposition.

Table 5-4 BET surface area of iron-loaded mayenite and electride supports

Catalyst BET Surface Area (m?g)
Fe-C12A7 ‘ 28
Fe-C12A7:e- (800 °C) ‘ 20
Fe-C12A7:e- (1000 °C) ‘ 16

5.2.4 Confirmation of iron loading

The target weight % loading of Fe on each of the electride and mayenite
supports was chosen to be 10 % based on several literature LTFT
studies.?8187.188 The average loading was determined from the results of both
ICP-OES and AAS techniques (see Table 5-5) and was relatively close to the
target loading. This average loading was used in determining the amount of
catalyst used for each testing run as the iron content was kept constant for each

of the catalytic experiments.

Table 5-5 Fe loading onto support materials

Catalyst AAS Loading ICP-OES Loading Average Loading
(wt. %) (wt. %) (wt. %)

Fe-C12A7 9.18 9.10 9.14

Fe-C12A7:e 9.31 9.08 9.20

(800 °C)

Fe-C12A7:e 8.85 8.79 8.82

(1000 °C)
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Both techniques yielded results in a close range of each other and may be
considered fairly accurate under the assumption of complete catalyst digestion

prior to analysis.

5.2.5 X-ray photoelectron spectroscopy (XPS)

The XPS analysis shows the spectral fitting of the Fe atom’s 2p region for the
iron supported electride evacuated at 1000 °C (see Figure 5-17). The Fe 2p
spectra shows well resolved complex multiplet splitting and the presence of
satellite features which suggests the iron compounds present to be high-spin,

in turn indicating the presence of Fe(lll) and/or Fe(ll).18°

The spectral fitting shows the Fe 2ps peak at a binding energy (BE) of 710.7 eV
2
with its satellite peak at 719.4 eV and the Fe 2p.1 peak at 724.6 eV with its
satellite peak at 733.3 eV. As the BE of the Fe 2ps orbital peak for iron oxide is
2

significantly shifted compared to metallic iron (706.7 eV)'%, the presence of

metallic iron can be excluded. The Fe 2p: peak may be further shifted for Fe(lll)
2

compared to Fe(ll).

The presence of Fe(lll) could indicate the iron phase hematite (a-Fe203),
maghemite (y-Fe203) and goethite (a-FeO(OH)). The presence of both Fe(lll)

and Fe(ll) could indicate the iron phase magnetite (FesOa4).

As internal standards to determine the BE’s of pure iron oxide phase
compounds were not obtained, a comparison of the results and literature BE
peaks for the Fe 2p spectra of some of the most common iron oxide phases
was conducted. This resulted in an increase in the uncertainty due to the
inherent uncertainty of different analysis instruments. The first and second peak
of the Fe 2p spectra reported in literature for some of these iron phases (see

Table 5-6) which in most cases refers to the Fe 2ps orbital and its satellite
2

feature can be compared to the observed values in Figure 5-17.
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The BE obtained for the first peak of the catalyst, 710.7 eV closely correlates
with Grosvenor et al’s BE for hematite, the most common iron phase in
calcined samples.'®! However, a correlated similar value (BE of 710.6 eV) has
also been determined for FesOs by Yamashita et al.’®? It is known that surfaces
of hematite are often found covered with a layer of magnetite.?®'9 The BE of
710.7 and 710.8 eV determined by Biesinger and co-workers'® for their second
hematite and maghemite peaks respectively is approximately the same as the
first BE peak for the catalyst in this study which further suggests the presence
of Fe(lll) over Fe(ll).

The iron deposition conditions chosen in section 4.2 based on trial depositions
done on Stdber silica spheres showed predominantly hematite deposits in XRD
(Figure 5-9, section 5.1.3) which is similarly expected to form in all supported

catalysts in this study.
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Figure 5-17 XPS analysis showing spectral fitting of 2p region for Fe-C12A7:e" (1000 °C)
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Table 5-6 Iron oxide phase compounds’ binding energies from literature

Literature Iron Oxide Phase Peak 1 (eV) Peak 2 (eV)
Grosvenor et | Hematite (a-Fe203) 710.8
a/_191

Maghemite (y-Fe203)  711.0

Geothite (a-FeO(OH)) 711.4

Magnetite (Fe3*) 711.4
Magnetite (Fe?*) 709.0
Yamashita et | Hematite (a-Fe203) 711.0
a/_192
Magnetite (Fe3O4) 710.6
Biesinger et al.'® | Hematite (a-Fe203) 709.8 710.7
Maghemite (y-Fe203)  709.8 710.8
Geothite (a-FeO(OH))  710.2 711.2
Magnetite (Fe3*) 710.2 711.2
Magnetite (Fe?*) 708.4 709.2

5.2.6 Temperature programmed reduction (TPR)

Temperature programmed reduction (TPR) was performed on each of the
prepared supported catalysts. The TPR profiles of each catalyst show evidence
of a two-step reduction (see Figure 5-18 b, d and f) with a clear shoulder at
about ca. 480 °C and a prominent hydrogen consumption peak at ca. 600 °C.
This behaviour hints on a reduction from hematite over magnetite to metallic
iron. The two steps of reduction of the hematite iron phase (represented by
Equation 5-1 and Equation 5-2) are attributed to the reduction of Fe(lll) to Fe(ll)

and the subsequent reduction to metallic Fe.
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Equation 5-1

3Fe,0; + H, » 2Fe;0, + H,0
Equation 5-2

Fe;0, + 4H, — 3Fe + 4H,0

To obtain information on the degree of reduction (DOR) before exposure to FT
conditions a second experiment was conducted. The calcined catalyst was
reduced in the TPR instrument in a stream of pure hydrogen at 400 °C for 10 h
with a ramp rate of 1 °C-min-'. Subsequently, the sample was cooled to 50 °C
and the gas exchanged to 5 % H2/Ar. The hydrogen consumption was recorded
upon heating to 800 °C in 10 °C-min-'. Comparing the hydrogen consumption
of the conventional TPR experiment and the TPR after reduction treatment
yields a degree of reduction in reference to the hydrogen consumption (see
Equation 5-3). In all three samples this DOR is over 99 % (see Table 5-7). Each
of the supported catalysts is therefore believed to be reduced almost fully to its
metallic state when exposed to H2 pre-treatment prior to catalyst testing. The
instability of the baseline in some of the measurements can be attributed to

instrumental error despite a prior wait for a stable baseline.

Equation 5-3

Degree of Reduction =

Area under the curves of Normal TPR—Area under the curves of pretreated TPR 100
Area under the curves of Normal TPR

Table 5-7 Summary of TPR results

Catalyst Area under Area under Degree of
curves of curves of Reduction (%)
normal TPR pretreated TPR
(a.u.) (a.u.)

Fe-C12A7 658.85 1.20 99.82

Fe-C12A7.e 544 .91 3.85 99.29

(800 °C)

Fe-C12A7.¢e 435.30 1.90 99.56

(1000 °C)
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Figure 5-18 TPR profiles of (a) Fe-C12A7 post reduction pre-treatment, (b) Fe-C12A7, (c)
Fe-C12A7:e" (800 °C) post reduction pre-treatment, (d) Fe-C12A7:e" (800 °C), (e) Fe-C12A7:e"
(1000 °C) post reduction pre-treatment and (f) Fe-C12A7:e- (1000 °C) with the straight line graphs
representing temperature and the curves representing TCD signal.

5.3 Characterization of spent catalysts

5.3.1 Powder X-ray diffraction (XRD)

As the spent precipitated Fe catalyst was diluted with Puralox (y-alumina), its
Fe-based XRD pattern can be excluded to a separate scan in which the XRD
pattern of pure Puralox was subtracted (see Figure 5-19). In this scan a clear

indication of the presence of metallic iron (a-Fe) was seen along with a lower
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intensity indication of Hagg carbide (x-FesC2). While these forms of iron may
have been active during catalysis, there is still much speculation in the scientific
community as to the which iron phases are most active and which are present

during in situ testing.
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Figure 5-19 XRD pattern of (a) the spent unpromoted precipitated iron catalyst subtracting the
Puralox scan, (b) the spent unpromoted precipitated iron catalyst and (c) Puralox (y-alumina)
with reference patterns for (d) Hagg carbide and (e) a-Fe.

As seen previously in the fresh supported catalysts (section 5.2.1), the C12A7
reference pattern (note that the electride is not expected to display a different
pattern) was clearly identified within the XRD scans of the spent Fe loaded
catalysts (see Figure 5-20). This indicates a stability of the mayenite structure
as it remains present after catalysis. The CaO, CaCOs and 3CaO-Al20s3 (the
latter on the 1000 °C electride only) presence was retained throughout catalysis
testing for all supported catalysts. As the amount of Fe present in the sample
was of low intensity, it was once again not able to be distinguished by XRD
analysis. However, a-Fe and Hagg carbide is expected to be present based on

the XRD analysis of the spent precipitated iron catalyst (see Figure 5-19).
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Figure 5-20 XRD pattern of the spent supported iron catalysts: (a) Fe-C12A7, (b) Fe-C12A7:e"
(1000 °C) and (c) Fe-C12A7:e" (800 °C) with reference patterns for (d) CaCOs, (e) 3Ca0-Al20s3,
(f) CaO and (g) C12A7.

The crystallite size of the mayenite framework, shown to increase in size upon
deposition of iron particles onto the supports (section 5.2.1), was lower in size
after catalyst testing (see Table 5-8). The decrease in crystallite size can
possibly be hypothesized due to mechanical decomposition of the catalysts and
in particular the breakdown of agglomerates to primary crystallites from
attrition/crushing. The trend describing the increase in crystallite size between
the catalysts based on the addition of dehydrated calcination and its

subsequent temperature increase continued to hold.
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Table 5-8 Crystallite size for an individual plane of each containing material
within the spent supported catalysts

Sample Compound 26 Plane Crystallite
size (A)

Fe-C12A7 | C12A7 21.080 211 316.2
(Spent) CaO N/A (too low intensity)

CaCOs 34.282 104 282.9

Fe- C12A7 21.080 211 407 1

C12A7:e CaOo 43.697 200 363.6

(1000 °C) | CaCOs 56.411 116 276.2

(Spent) 3Ca0-AlOs  69.974 844 356.3

Fe- | C12A7 21.080 211 387.6
C12A7:¢- | CaO N/A (too low intensity)

(800 °C) CaCOs 46.091 113 348.3

(Spent)

5.4 Catalyst Testing— LTFT

This is a comparison between the 48 h LTFT tests of each catalyst synthesised
in this study: iron dispersed on the hydrothermally produced mayenite
compound (Fe-C12A7); iron supported on the electrides at two evacuation
temperatures: Fe-C12A7:e- (800 °C) and Fe-C12A7:e (1000 °C) and the
unpromoted precipitated iron bulk catalyst. CO conversions were calculated
from the sum of formation rates using the GC-FID due to the very low
conversions limiting the stability of the GC-TCD data. Error bars were
calculated for all catalysts using the standard deviation of one time point

measured in triplicate.

The CO conversion for the testing of all catalysts show low activity — below 3 %
conversion throughout the runs (see Figure 5-21). Only the precipitated iron
catalyst reached a very stable steady-state at around 1.5 % conversion. The

mayenite and electride catalysts showed a gradual increase in conversion
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throughout the runs, 2 % conversion towards the end of the testing period, and

may not have achieved a steady-state at the end of 48 h.

As TPR results showed an above 99% reduction of the iron oxides, the amount
of inactive iron oxide present in each catalyst can be considered negligible
ruling out the possibility of a variation in the volume of active iron between
catalysts prior to catalysis. Although optimal alkali promotion is suggested to
increase the activity of FT catalysts (by as much as 50 %'19.194.195) the CO
conversions of the electride compounds do not show any increase compared

to the mayenite supported sample.
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The chain growth probability (a) for all four catalysts proved to be very similar
(see Figure 5-22). This was between ca. 0.4 and ca. 0.6. The chain growth
probabilities obtained for the four catalysts correlating to their obtained
hydrocarbon weight fractions (methane and C5+ selectivity in Figure 5-24 and
C2 — C4 selectivity in Figure 5-25) with TOS proved to be very similar to chain
growth values correlated with the theoretic hydrocarbon weight fractions in

Figure 2-4 (see section 2.1.4).

It can be seen for the two control catalysts, that a marginally higher but very
stable steady state is reached for the chain growth probability values over time.
Higher chain growth probabilities for the precipitated iron catalyst are consistent

with a lower methane selectivity.

The chain growth probability (particularly in precipitated iron catalysts) has
been suggested to increase with increasing alkali promotion through a
maximum/optimal value by effectively increasing the C/H ratio on the catalyst’'s
surface resulting in a reduced hydrogenation probability.?’-1%° As the level of
alkali promotion is zero for the precipitated iron catalyst, its coherent steady-
state stability can be justified. However, the lower chain growth probability of
the electride supported samples again suggests an absence of a Lewis base-
like promoting functionality. The mayenite and electride supported samples are

hardly distinguishable in terms of their chain growth probabilities.

As the chain growth probability is largely dependent on process conditions, the
effect of identical process conditions such as temperature, residence time and
initial H2/CO ratios can be eliminated from contributing to the variation in «a

values for the catalysts.%
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The water gas shift (WGS) selectivity, defined as the selectivity of feedstock
CO to CO:2 formed via the WGS reaction (Equation 2-2, section 2.1.2), was
evidently distinguishable between the catalysts studied (see Figure 5-23). For
the mayenite sample the CO: selectivity peaks between 20 and 25 % reaching
steady state (note, due to a technical error no data was recorded beyond
1100 min TOS, but comparison to the other supported catalysts suggests that
WGS steady state has been achieved at this stage). For the precipitated iron
catalyst, COz2 selectivity reaches only around 5 % indicating a significantly lower
WGS activity throughout the testing period compared to all supported catalysts.
At steady state the Fe-C12A7:e catalysts reach between 15 and 17 % CO2

selectivity.

What can be noted from these observations is that despite the activity and
hydrocarbon selectivities being similar between the supported catalysts and the
precipitated iron catalyst, the supported catalysts exhibit significantly higher
CO2 selectivities which is also characteristic for alkali promotion effects of iron-
based FT catalysts.'%197 However, the mayenite catalyst exhibited the highest
steady state WGS indicating that the underlying cause cannot be associated to
the electride but rather to characteristics already present in the mayenite

sample.

Although the WGS reaction generally increases the H2/CO ratio, in which the
catalyst active sites are exposed to a higher content of hydrogenating species,
a significant change in these ratios is not expected for the catalysts in this study
due to the low conversions experienced.'®® While the change in syngas
composition may complement the electronic effects of alkali promoted FTS in
increasing the average molecular weight hydrocarbon fraction'9, it is expected
to remain stable throughout TOS for these catalysts studied. As the correct
mechanism of how the WGS reaction is promoted by alkali metals and in this
case the electride and mayenite supports is still not well understood, the lack
of a significant increase in high molecular weight hydrocarbons cannot be

attributed to WGS activity differences between the studied catalysts.''®
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Although various iron phases have different levels of activity for the WGS
reaction such as magnetite being much more active than iron carbides3'-%, all
iron oxide is believed to be reduced during in situ testing and ideally only
variation between metallic and carbidic forms of iron is expected to be present
at the beginning of catalysis. Nevertheless, as synthesis proceeds, syngas may
become more oxidising in nature with an increasing amount of oxide formed
with TOS.3% Again, the overall very low conversion levels make re-oxidation

during FTS unrealistic.
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The methane and C5+ selectivity in the hydrocarbon fraction at steady state is
similar for all four catalysts ranging between 20 to 35 % and 10 to 15 %
respectively (see Figure 5-24). Although alkali promotion of iron-based
catalysts is generally reported to decrease methane formation, little change is
seen between the electride catalysts and the precipitated iron in terms of
methane selectivity. However, a study with potassium promoted precipitated
iron FT catalysts showed only a slight decrease in methane selectivity with
increasing alkali content at 50 % CO conversion or higher, bearing in mind
these conversions are several times larger than those obtained in the present
study.® In the initial stages of the experiment a lower methane selectivity can

be observed for the supported catalysts compared to the precipitated iron.

Much like the methane selectivity, the C5+ selectivity is within a close range of
each other and little increase in longer chain hydrocarbons concentrations is
observed over time. The effect of alkali promotion is reported to enhance the
C5+ selectivity and can be explained in terms of the electron donation from the
alkali to Fe.119.159.200.201 The effect of the electride supports on FTS therefore
cannot be proven by means of a visible decrease in methane selectivity and

increase in C5+ selectivity compared to the precipitated iron catalyst.
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The selectivity of the C2, C3 and C4 fractions were of similar and consistent
values for each of the four catalysts (see Figure 5-25). The selectivity towards
each of the combined fractions for a carbon number decreased from C2 to C3
to C4. However, in some cases the C3 fraction outweighed the C2 fraction, this
was particularly seen for the precipitated iron catalyst towards the end of the
testing period. The C2 selectivity was generally between 25 and 30 % for the
supported catalysts, with the average C2 selectivity being about 5 % lower for
precipitated iron. In all tests, the C3 selectivity was between 20 and 25 %, while

the C4 selectivity was observed to be around 10 to 20 %.

The selectivities observed for the C2 — C4 fractions were in close proximity to
the theoretical fractions expected when their calculated chain growth
probabilities were used in the theoretical product distribution curves —
(Figure 2-4, section 2.1.4).

Whilst potassium promotion is known to decrease methane selectivity and
increase C5+ selectivity in Fe-based FTS, the selectivity of the C2 — C4 fraction
may be lowered. A study has shown K promotion to increase C5+ selectivity
resulting in a decrease in the selectivity of the C2 — C4 fraction with
Fe-Cu-K/SiO2 catalysts.'®® Nevertheless, the total selectivity of the C2 — C4
fraction is not observed to change by a significant amount between the catalysts

tested in this study.
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The olefin to paraffin (O/P) ratios for the four catalysts as a function of carbon
number (Figure 5-26) and as a function of time (Figure 5-27) give a strong
indication of the influence of alkali promotion. In decreasing order, the O/P
ratios for all catalysts tested in this study generally follow the trend:
C3>C4 > C5 > C2. Clear evidence from both representations show that the
O/P ratios are significantly lower with a general decrease over time for the
precipitated iron baseline catalyst. The supported catalysts do have a similar
and higher O/P ratio which further increases with TOS. Despite the mayenite
catalyst not being hypothesised to exhibit promoting effects, its O/P ratios
remain high along with the electrides. Once steady state is achieved, the O/P
ratios remain stable for each catalyst, notwithstanding minor fluctuations. Alkali
promotion has been seen to create a higher selectivity to olefins over paraffins
by means of suppression of secondary reactions.'®” The higher O/P ratios for
the supported catalysts could therefore suggest a promoted effect in them,

despite the mayenite being a control catalyst.

Literature3®.144 has reported a significant increase in the O/P ratios for iron-
based FTS, largely in the C2 fraction and less in the C3 and C5 fractions,
through suppression of secondary reactions with product water. In the present
study, this mechanism can be ruled out for the explanation of the observed
differences due to the identical low conversion conditions. The ethylene/ethane
ratio is generally a good indicator of the overall O/P ratio.'®® Ethene
adsorption/desorption rates are higher than larger alkenes due to its low heat
of adsorption, making it increasingly mobile to undergo secondary
hydrogenation resulting in a generally lower O/P ratio of the C2 fraction than
other hydrocarbons.?%? This is most notably observed with the O/P ratios of the
C2 fraction in the precipitated iron catalyst. Therefore, the large increase in the
O/P ratio of this fraction experienced by the supported catalysts may be due to
a restriction of the adsorption/desorption probability of hydrogen analogous to

that of alkali promoter effects.?’

While a markedly decrease in methane selectivity with an increase in C5+
selectivity is characteristic for alkali promoted catalysts in conjunction with the

rise of the O/P ratio, only one of these major indicators was observed for the
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supported catalysts in this study suggesting either their independence from
each other or that the selectivity difference is not originated by promotion-like

mechanisms.
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6 CONCLUSIONS

6.1 Synthesis and Characterisation

Mayenite was successfully synthesised via a hydrothermal process starting
from aluminium and calcium hydroxide.? The reduction with calcium hydride
was conducted after either of two vacuum calcination procedures, at 800 and
1000 °C. The success of the reduction to the electride structure could only be
‘confirmed’ by an observed shift in colour of the materials from white to grey.
The process may not have been run to completion and thus incurring a potential

loss of “promoter” effect.

The milling of the starting materials is believed to have a minimal effect on
reducing the size of its particles and created a multimodal size range. Despite
this, the calcination to the mayenite and final electride compounds is likely to
have little difference on its integrity and yield compared to if the micronizing was

not performed.

The iron precursor, Fe(acac)s showed three (in air) and two (in Ar) major
exothermic decomposition temperature ranges in thermal gravimetric analysis
believed to dispel most of the organics present with complete decomposition
around 400 °C. AAS and ICP-OES indicated that the achieved loading was
close to the targeted 10 wt % Fe.

The iron oxide present on the support compounds likely comprises of hematite
and trace amounts of multiple phases, particularly FeO(OH), magnetite and
maghemite. It was difficult to see the iron oxide peaks on the supported
compounds via XRD analysis due to the low loading resulting in low intensity
peaks. The presence of iron(lll) oxide and to some extent iron(ll) oxide was
indicated by XPS analysis. Most iron is believed to be hematite or a-Fe20s3
analogous to the calcined precipitated iron catalyst as the identical conditions
of decomposition of the iron precursor onto silica spheres in flowing air strongly
suggested this. The iron particles present could possibly consist of a magnetite

shell around a hematite core.
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The crystallite sizing of the mayenite compound in each of the supported
catalysts increased with dehydrated evacuation and the subsequent
temperature increase in this. This suggests a higher aggregation of the
mayenite compound with heating and evacuated calcination. The 1000 °C
electride is also expected to possess tricalcium aluminate from the collapse of

some of the mayenite structure due to its high temperature synthesis step.

TPR evidence noticeably showed proof of almost complete reduction of the
supported catalysts. The iron oxide phases were largely reduced to metallic
a-iron and iron carbides. A degree of reduction suggesting over 99% of the iron
present in the catalyst was reduced indicates almost all iron present was in the

active phase for catalysis.

BET physisorption indicated surface area of the catalysts to decrease with
increasing evacuation temperatures during synthesis as seen in literature?. The
electrides produced in this study did not have a surface area high enough to
significantly increase the surface area of the catalyst to many inert support

compounds.

6.2 Catalyst Testing

As all CO conversions were very low, the activity of all catalysts including the
electrides may indicate little to no promoter activity. This is justified by the lack
of a significant change to the methane and C5+ selectivity between test and
control catalysts — a decrease and increase respectively that is observed with
alkali promotion was not seen. However, significant increase in the O/P ratios
and WGS selectivity of the mayenite and electride catalysts over the
precipitated iron is analogous to that of alkali promotion. Nevertheless, the
significant increase in WGS activity is highest in the mayenite sample and
therefore the increase in WGS activity cannot be due to the effect of the

electride.
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Once again, there was no significant difference between the O/P ratios of
mayenite and electride catalysts. The performance differences in this regard
can be related to the process of supporting, the synthesis of the iron phase, the
physiochemical properties of the support being equal in both mayenite and

electride samples and/or as a result of Ca ‘impurities’ governing the selectivity.

The O/P ratios of the mayenite and electride samples were much higher than
the precipitated iron and can be rationalised as a result of a bulk versus a
supported effect. Support effects may cause inhomogeneity within a catalyst
similar to that observed with manganese oxide on silica/alumina supports via
Raman analysis in literature.?°3 Other literature studies involving the redox
properties of MnOx catalysts showed higher dispersion and improved
reducibility of bulk versus supported catalysts with an increase in average
oxidation number improving these qualities in supported catalysts.?®* The O/P
ratios of the supported compounds may be higher to the precipitated iron due

to higher dispersion and surface area than that of the bulk catalyst.

Should the synthesis of the iron phase from its precursor not be predominantly
hematite as expected, it's dispersion and reducibility may not have been as

good as it could have been.

The “promotion” effects experienced by the supported compounds, particularly
the mayenite catalyst which is said to be “dead” due to oxide ions present
instead of anionic electrons in the crystallographic cages, may be due to CaO
present acting as a potential electronic promoter. The CaO contains Ca which
is an alkaline earth metal and may have electronic properties like alkali metals
that promote the mayenite catalyst resulting in a similar increase of its O/P
ratios to the electride catalysts. This is just one example describing equal

physiochemical properties present in the supported catalysts.

Due to the low activities experienced by the supported catalysts in this study, a
change in the syngas composition, normally expected due to the WGS activity
increase as well as the effect of re-oxidation of the electride to mayenite

compound, can be regarded as negligible. Without the use of UPS technology,
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it is difficult to determine if the latter occurs, particularly as the colour change
between the mayenite and electride compounds cannot be used to distinguish

the supports once loaded with iron.

At this stage, concluding from this research on the C12A7:e- compound for use
in FTS, the electride is not immediately a suitable candidate as a support for
alkali promotion replacement. This is based on its low activities and yields

having little comparison to control catalysts.
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7 OUTLOOK AND RECOMMENDATIONS

Despite the successful synthesis of the C12A7:e- compounds via the newly
established hydrothermal preparation, a more quantitative method to determine
the variation between the mayenite and electride material can be explored.
Ultraviolet photoelectron spectroscopy (UPS) may be utilised to determine the
intrinsic work function of these materials. Several variables in synthesis that
could significantly affect the activity of the final catalysts may be studied. This
could include changes to the duration and temperature of the autoclave and

calcination steps as well as well as crystallite and particle size considerations.

An investigation into improving the method of deposition of the Fe precursor
onto the electride/mayenite supports can be identified as a key focus area. This
can be to ensure iron deposition does not interfere, change or disrupt the
mayenite framework or electride properties. As an alternative to Fe(acac)s
precursor used in this research, a host of other organometallic precursors may
be identified and considered for the system prompting potential comparative

studies.

Testing of the model system can be optimised for FTS and other possible
catalytic reactions. This may include testing under HTFT conditions and
comparing its O/P ratios and WGS selectivities to that of this study. The effect
of temperature on the WGS activity may enhance or decrease the O/P ratios

which could indicate an optimisation of the promotion effects of the supports.

Using the C12A7:e" system as a fundamental concept, the identification of
additional materials that qualify as a support system facilitating increased
catalytic efficiency can be explored. If an effective method to remove excess
water produced in situ can be established, its combination with C12A7:e- and
the water sensitive 2D electride classes such as dicalcium nitride can be

investigated for higher activity in FTS.
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APPENDIX A

log[flowrate] (mol/min)

-8 y =-0.3168x - 5.6698
R? = 0.9684

Carbon Number
Figure A-1 Example of the Anderson-Schulz-Flory (ASF) ‘plot’.
Extrapolated Carbon Number (Cn) converted:

log[flowrate for C,] = —0.3168 (C,,)) — 5.6698 = X
flowrate for C, = 10%

Sum of flowrate for Cs-:
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