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Chapter 1

1.1. Fischer-Tropsch synthesis
The term Fischer-Tropsch synthesis (FTS) describes the process that can
be used to transform synthesis gas, a mixture of CO and H2, into longer
hydrocarbon chains. The process was named after Franz Fischer and Hans
Tropsch, who showed in the early 1920s that a mixture of H2 and CO gas
can be converted to higher hydrocarbons to provide petrol or diesel [1,2].
Fischer and Tropsch showed that these fuels could be produced over iron
and cobalt catalysts at relatively low temperatures and pressures [3]. Their
discovery was timely since Germany and Japan used the synthetic fuel
during the Second World War.

FTS plants were first commercialized in 1936 in Germany and then later
through 1940 to 1960 in Japan and China, which utilized mainly Co
catalysts [4]. Later, toward the 1950s, a few relatively small plants were
constructed in the U.S, but were later shut down [5]. South Africa was in
need of its own supply of liquid fuel and this led to large-scale operation of
FTS around 1955 [6].

Today, there are a number of operating FTS plants across the world
(Table 1.1) [7]. Sasol is involved in large-scale applications of FTS,
including two FTS plants in South Africa which have a combined capacity of
~165 000 barrels per day (1 barrel petroleum is ~159 liters) and the ORYX
GTL plant in Qatar which is a joint venture between Qatar Petroleum
and Sasol (Figure 1.1). The ORYX GTL plant has a capacity of ~34 000
barrels per day. Shell is also involved in large-scale FTS plants, one
located in Qatar with a capacity of ~140 000 barrels per day and another
located in Malaysia producing ~14 500 barrels per day [7].
2
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Table 1.1: Fischer-Tropsch synthesis large-scale commercial plants [7].
Carbon

Catalyst

Capacity

feedstock

utilized

(~barrels per day)

Natural gas

Fe/K

5000

Secunda,

Coal &

Fe/K

160 000

South Africa

natural gas

Ras Laffan,

Natural gas

Co/Al2O3

34 000

Natural gas

Co/Al2O3

34 000

Natural gas

Co/SiO2 ,

14 500

Company

Location

Sasol

Sasolburg,
South Africa

ORYX GTL

Qatar
EGTL*

Escravos,
Nigeria

Shell

Bintulu,
Malaysia

Shell

Ras Laffan,

Co/TiO2
Natural gas

Co/TiO2

140 000

Natural gas

Fe/K

22 000

Qatar
PetroSA

Mosselbay,
South Africa

*EGTL is a collaboration between Chevron, the Nigerian National Petroleum
Corporation and Sasol.

ORYX GTL, Qatar

Figure 1.1: ORYX GTL plant in Qatar, a joint venture between Qatar Petroleum and
Sasol. Adapted from Ref [8].
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FTS plants are expensive to build, start-up and maintain, however they can
also be very profitable. ORYX GTL was built at a cost of $1 billion, while a
yearly profit can be around $500 million [9]. The Shell FTS plant in Qatar
cost $20 billion to build and yearly profit can reach $4 billion [10].
The feedstock for FTS is synthesis gas, a gaseous mixture of H2 and CO.
The carbon resource converted to synthesis gas can be coal, natural gas or
biomass. The overall processes to fuels are called ‘coal-to–liquids’ (CTL),
‘gas-to-liquids’ (GTL) or ‘biomass-to-liquids’ (BTL). The conversion to
syngas can be achieved by gasification for solid feedstocks or by
autothermal reforming in the case of natural gas. Figure 1.2 shows a
schematic representation of the GTL process employed by Sasol, the Sasol
slurry phase distillate™ process.

Figure 1.2: Schematic representation of the process steps in the Sasol slurry phase
distillate™ process. Adapted from Ref [11].
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FTS reactors are typically two or three-phase and either moving or
stationary bed reactors [12-14]. Both slurry and fixed bed reactors are
currently in use in commercial processes. High-temperature FTS (~320350°C) produces gasoline and a number of valuable chemicals including
ethylene, propylene, 1-hexene, 1-octene and valuable solvents [15]. Lowtemperature FTS (200-250°C) produces mainly waxes and some lighter
hydrocarbons. In addition to liquid petroleum gas and naptha that is derived
from the low-temperature process, downstream hydrocracking of waxes
produces high-quality diesel.

1.2. Cobalt-catalysed Fischer-Tropsch synthesis
The chemistry of FTS is complex, however a few generalized reactions can
describe (i) the main reactions of paraffin and olefin formation (Equations
1.1 & 1.2), (ii) the side reactions for oxygenate (e.g. alcohols and acids)
formation

(Equation

1.3)

and

(iii)

the

water-gas

shift

reaction

(Equation 1.4) [16]. Cobalt, iron, ruthenium and nickel can all be used as
catalysts in the FTS reaction [17]. Ruthenium is rare and relatively
expensive, while nickel favors methanation and poses the problem of
nickel-carbonyl formation. Current commercial FTS applications typically
employ iron or cobalt-based FTS catalysts.
paraffins

𝑛CO + (2𝑛 + 1)H2 →
olefins

𝑛CO + 2𝑛H2 →

𝐶𝑛 H2𝑛 + 𝑛H2 O

oxygenates

𝑛CO + 2𝑛H2 →

𝐶𝑛 H2𝑛+2 O + (𝑛 − 1)H2 O

water−gas shift

𝐶𝑂 + 𝐻2 𝑂 →

𝐶𝑛 H2𝑛+2 + 𝑛H2 O

𝐶𝑂2 + 𝐻2

(n = 1-100) (Equation 1.1)
(n ≥ 2) (Equation 1.2)
(Equation 1.3)
(Equation 1.4)
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Cobalt is the preferred metal for GTL application because the usage ratio is
comparable to the H2/CO ratio derived from natural gas (value of ~2). Co
has a low propensity for the water-gas shift reaction [1,2], therefore, the
usage ratio is determined mostly by the main FTS reactions. The usage
ratio is important for the gas loop design in an FTS process, making cobalt
the preferred metal of choice in a process with a natural gas feed.

Cobalt catalysts are currently employed in the large-scale GTL plants such
as ORYX GTL in Qatar (Co/Al2O3 catalyst) and by Shell in both the Qatar
and Malaysia plants (Co/TiO2) (Table 1.1). The cobalt FTS catalyst typically
consists of the active metal (often 10-30 wt%) and an oxidic support. Often,
the catalyst contains promoters that aid structural integrity (e.g. Zr or Si) (110 wt%) and reduction (e.g. Pt or Ru) (0.05-0.1wt%) of the cobalt to the
active metallic state [7].

The support is an integral component of the FTS catalyst. The support
provides the surface onto which the active metal is dispersed. In order to
keep costs of catalyst production low, the expensive metal must be used
efficiently. This can be achieved by using a high surface area support,
which allows a high and stable dispersion of the active metal, thereby
maximizing the ratio of active surface to volume used. Therefore, the
support provides a means to keep the nanoparticles of the active phase
separate and prevent metal agglomeration (which causes a loss of metal
surface area). The support morphology as well as its physical and chemical
properties are critical to achieve the desired metal loading and optimum
crystallite size. Under FTS conditions, the support must have sufficient
hydrothermal stability to withstand several bars of high-pressure steam,
which is an important requirement when using either fixed bed or slurry
6
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reactors. In addition, sufficient attrition resistance is required to withstand
catalyst break-up or fines generation during FTS in a slurry reactor. The
attrition resistance of Co FTS catalyst support follows the order Co/Al2O3 >
Co/SiO2 > Co/TiO2 [18].

1.3.

Deactivation

of

Co-based

Fischer-Tropsch

synthesis catalysts
Cobalt is active for FTS in the metallic state [19] and, as is the challenge
with many catalysts, deactivates with time. Stable catalyst performance is
vital to the economics of a GTL process, making catalyst deactivation an
important research topic in industrial catalyst development. Figure 1.3
illustrates the typical behavior of a Co/Pt/Al2O3 catalyst during FTS. In this
example, FTS activity was tested for an extended period under realistic
conditions (230°C, 20 bar H2/CO) in a slurry bubble column reactor at fixed
CO conversion using a clean synthesis gas feed (Figure 1.3) [20]. The
catalyst demonstrated a loss of ~40% activity within the initial 40 days of
FTS. The factors that contribute to Co FTS catalyst deactivation have been
extensively reviewed in the literature [20,21]. The following deactivation
mechanisms have been postulated [22]:

(i)

poisoning by sulphur and/or nitrogen compounds

(ii)

oxidation of the active cobalt metal

(iii)

cobalt-support compound formation

(iv)

surface reconstruction

(v)

sintering of cobalt crystallites

(vi)

carbon formation
7
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Figure 1.3: Normalized activity for a Co/Pt/Al2O3 catalyst during realistic FTS in a
100-barrel/day slurry bubble column reactor (230°C, 20 bar, H 2 + CO conversion of
50-70%, feed gas composition of 50-60 vol.% H2 and 30-40 vol.% CO). Adapted
from Saib et al. [20].

1.3.1. Poisoning by sulphur and/or nitrogen compounds
Poisoning is well known to be an issue for Co FTS catalysts, especially in
reactions using coal as a feedstock [20]. Poisons can block the metal sites
active for FTS and consequently contribute to catalyst deactivation.
Synthesis gas feeds containing sulphur are a problem because sulphur
compounds are strongly absorbed and are difficult to remove [20,23,24]. In
fact, even low levels of sulphur (20 ppbv) in the gas feed have been shown
to impact FTS activity [25]. One method to prevent this is the cleaning of
the synthesis gas feed using guard beds. Nitrogen compounds have also
been identified as poisons [26,27], albeit with relatively less impact
compared to sulphur, and the poisoning can be reversed using a mild
hydrogen treatment.

8
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1.3.2. Oxidation of the active cobalt metal
Co is active for FTS in its metallic form [19]. Therefore, oxidation of the
active metal to inactive oxidic forms can contribute to catalyst deactivation.
Water is always present in FTS because adsorbed oxygen, formed via CO
dissociation on the metal surface, is removed primarily by hydrogen (in the
case of Co catalysts). The water partial pressure created depends on the
reactor, catalyst and operating conditions [28]. FTS using a Co/Pt/Al2O3
catalyst in a slurry bubble column reactor operated at 230°C, 20 bar, H2 +
CO conversion of 50-70% and feed gas composition of 50-60 vol.% H2 and
30-40 vol.% CO results in ~4-6 bar of water partial pressure [29].

To test the hypothesis of oxidation during FTS, x-ray absorption near edge
spectroscopy (XANES) measurements were carried out on a series of
spent Co FTS catalysts (fresh crystallite size ~6nm) [29] as well as a series
of reference compounds. No surface or bulk oxidation was detected. In fact,
the calculated amount of metal in the spent samples was found to increase
with time on line. In addition, thermodynamic calculations excluded the
formation of bulk cobalt oxides for the typical Co particle sizes on the
catalyst tested [30]. The findings indicated that the FTS reaction
environment was more reducing than oxidizing. Furthermore, a model
catalyst approach, using Co crystallites (4-5 nm) on a SiO2/Si(100)
substrate, was utilized to study cobalt surface oxidation [31]. In-situ near
edge x-ray absorption fine structure (NEXAFS) showed that surface
oxidation did not occur at model FTS conditions (0.4 mbar, PH2O/PH2: 1,
150–400°C). After reconciliation of thermodynamic calculations and
experimental evidence, it was deduced that surface oxidation was not a

9
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deactivation mechanism of Co FT catalysts for crystallites larger than 2nm
[20,32-34].

1.3.3. Cobalt-support compound formation
The formation of metal-support compounds has been considered as a
catalyst deactivation mechanism [35,36]. Metal-support compounds can
form at the expense of active cobalt metal during FTS and consequently
contribute to catalyst deactivation.

Moodley et al. investigated the formation of cobalt-aluminate compounds
during extended FTS runs [37]. XANES analyses on a series of spent Co
FTS catalysts showed that the FTS environment is more reducing than
oxidizing which implied that any cobalt-aluminate compounds formed must
be due to unreduced cobalt in the fresh catalyst interacting with the
support. XANES showed that upon increasing the water partial pressure
(from 4.5 to 10 bar) the quantity of CoAl2O4 increased and this occurred at
the expense of CoO [37]. TPR-MS showed a high temperature peak which
provided further evidence that a hard-to-reduce species (indicative of
CoAl2O4) is produced during FTS at high water partial pressure (i.e. 10 bar).
The findings led to the conclusion that cobalt-aluminate formation is not
significant at typical Co FTS conditions [37]. The small amounts of cobaltaluminates formed during FTS were postulated to be formed from
unreduced CoO particles (2-3 nm) in the fresh catalyst. As these small
oxidic particles do not contribute to FTS, their loss is not expected to impact
FTS performance.

10
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1.3.4. Surface reconstruction
Reconstruction refers to the thermodynamic process where relatively more
stable surfaces are formed with a structure that is different from the bulkterminated surface structure. Direct observations of surface reconstruction
on the industrial catalyst under working conditions is not possible with
techniques currently available, thus theoretical or surface science studies
are required to obtain fundamental understanding. Reconstruction can
cause a change in atomic configuration of the active metal site and change
the shape of the cobalt particle, resulting in deactivation [38,43]. However,
changes to the shape of the cobalt particle can also result in formation of
active metal sites, therefore at this point in time it remains unclear whether
(i) surface reconstruction indeed happens under realistic FTS conditions
and (ii) whether it is activating or deactivating the FTS catalyst.
Ciobîcă et al. showed using theoretical calculations that both fcc-Co(100)
and fcc-Co(111) surfaces, the most abundant surfaces on an ideal fcc
particle, undergo a clock-type reconstruction when atomic carbon is
adsorbed [39]. This carbon–induced reconstruction was also observed
experimentally on a Co(0001) surface [40]. However, the carbon coverage
required for this reconstruction (0.5 ML) is deduced not to be reached
during FTS [41], since cobalt carbide formation is negligible [42] and
hydrogen is available on the metal surface. Wilson et al. observed that an
initially flat, close-packed Co surface undergoes significant roughening
under synthesis gas treatment (4 bar H2/CO:2/1 at 250°C) and envisaged
that mobile cobalt subcarbonyls can be pinned down by surface carbon
[43]. Weststrate et al. deduced from theoretical calculations and surface
science experiments, that surface roughening under FTS conditions could
11
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indeed be induced by a combination of molecular CO and carbon [41]. CO
induces surface atom mobility at FTS temperature, while atomic carbon
adsorbs on the surface and provides the thermodynamic driving force for
roughening. The mobile cobalt species are pinned down by the surface
carbon (if present in significant amounts) and defects in graphitic carbon (if
present), causing surface roughness.

1.3.5. Sintering of cobalt crystallites
Sintering, in the context of heterogeneous catalysis, is generally referred to
as (thermally induced) catalyst deactivation caused by a loss of active
metal surface area [44]. The loss of catalyst active surface area is a result
of loss and/or growth of the nanoparticles into which the active metal phase
is dispersed. The thermodynamic driving force for the process originates
from the higher chemical potential of the metal atoms in smaller particles
compared to larger ones [45]. Therefore, a particle system consisting of
both smaller and larger sizes is unstable and the drive to reduce the overall
surface free energy (i.e. by atoms migrating from smaller to larger particles)
results in a loss of metal surface area. A literature review on sintering
during Co-Catalyzed FTS is described in the introduction section of Chapter
3 of this thesis.

1.3.6. Carbon formation
Build-up of carbonaceous species on the catalyst during Fischer-Tropsch
synthesis (FTS) can negatively influence activity over an extended reaction
12
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time. The possible effects of such detrimental carbon species could be
blocking of active sites and pore blockage resulting in mass transfer
limitations. Moodley et al. concluded that polymeric carbon on spent
catalyst (i.e. carbon resistant to a H2 treatment at 350°C) could contribute to
longer term deactivation in extended runs of FTS [46]. A literature review
on carbon deposition during Co-Catalyzed FTS is described in the
introduction section of Chapter 4 of this thesis.

1.4. Scope of the thesis
Co is the preferred metal for the gas-to-liquids process in large-scale
commercial Fischer-Tropsch synthesis plants. The economics of the gasto-liquids process is strongly dependent on the stability of the catalyst.
Thus, understanding the mechanisms which cause catalyst deactivation is
crucially important. The insight gained can be used to improve catalyst
stability and inspire rational design of future catalysts.

There are a number of postulated deactivation mechanisms of Co FTS
catalysts including (i) poisoning (which can be minimized by using a clean
gas feed), (ii) oxidation (which can be prevented by tuning of particle size
and reaction conditions), (iii) cobalt-support compound formation (which
does not impact particle sizes optimum for FTS) and (iv) carbon-induced
surface reconstruction (which requires a high carbon coverage that is not
expected during FTS). This thesis provides fundamental understanding on
specifically two deactivation mechanisms of Co FTS catalysts i.e. sintering
and carbon formation.

13

Chapter 1

The principal mechanisms of sintering on supported catalysts are (i) particle
migration and coalescence [47] and (ii) atomic migration also referred to as
Ostwald ripening [48]. To our knowledge, direct evidence of the sintering
mechanism during Co FTS has not been reported in the literature. In the
present study (Chapter 3), a Co/SiO2 planar model catalyst is exposed to
realistic FTS conditions, in terms of pressure and temperature, to uncover
the sintering mechanism at the single-particle level.

Oxygenated compounds are side-products in low-temperature Cocatalyzed FTS. Oxygenates could be potential precursors for polymeric
carbon deposited on Co FTS catalyst due to decomposition over the metal
or support surface. Carboxylic acids comprise a very small quantity of the
FTS liquid products of which acetic acid is found to be the most abundant
[49,50]. In the present study (Chapter 4), the deposition of polymeric
carbon from carboxylic acids is investigated. Furthermore, the location (Co
metal and/or γ-Al2O3 support) of adsorbed oxygenated species on spent
catalyst is identified. Ultimately, the impact of carboxylic acids on Co FTS
catalyst deactivation is assessed.

1.5. Outline of the thesis


Chapter 2 provides a detailed explanation on the materials and
methods used to obtain the results presented in this thesis.



Chapter 3 deals with a study to determine the dominant sintering
mechanism during Co-catalyzed FTS. This is achieved using a model

14
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catalyst approach whereby a planar Co/SiO2 catalyst is exposed to
realistic FTS conditions and characterized using transmission
electron microscopy (TEM), x-ray photoelectron spectroscopy (XPS)
and Rutherford backscattering spectrometry (RBS).


Chapter 4 deals with an investigation into the role of carboxylic acids
in Co FTS catalyst deactivation. Carbon formation from carboxylic
acids is investigated by exposing real Co/Al2O3 catalyst to model FTS
conditions

followed

by

characterization

using

temperature-

programmed hydrogenation coupled with mass spectrometry (TPHMS). The location of adsorbed carboxylates on spent Co FTS catalyst
is determined by studying the interaction of (i) acetic and octanoic
acid with pure γ-Al2O3 and (ii) acetic acid with a Co metal surface, in
isolation. Characterization techniques employed include attenuated
total reflectance infrared spectroscopy (ATR-IR), XPS and TP-MS.



The results of a Density Functional Theory (DFT) study to understand
the adsorption of acetic acid on two representative alumina surfaces
(i.e. the γ-Al2O3 (100) and (110) surfaces) are discussed in Chapter
5. Vibrational analyses on DFT optimized configurations are
correlated to IR measured vibrations to determine the adsorption
structure of adsorbed acetic acid on alumina.



Chapter 6 provides an evaluation of the results presented in this
thesis in the context of Co FTS catalyst deactivation. Future work to
progress the understanding on the respective research topics is
proposed.
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2.1. Objective of this chapter
The objective of this chapter is to describe the techniques and methods
used to obtain the results presented in this thesis. These include
preparation of a planar model catalyst (e.g. Co/SiO2/Si(100)) as well as
background information on the spectroscopic techniques, microscopic
techniques and theoretical studies.

2.2. The planar model catalyst approach
Crystallites of the active metal in a heterogeneous catalyst are typically
nano-sized, implying that ‘atomic level’ structural, morphological and
compositional detail is required to understand the catalytic process. The
industrial catalyst is often too complex to obtain this information
(Figure

2.1).

Thus,

well-defined,

controllable

and

convenient

representations of catalysts, i.e. model catalysts, are needed to achieve
atomic level understanding. One particularly suitable option for surface
science and transmission electron microscopy consists of a planar support
with thin windows onto which nanoparticles can be deposited by spincoating followed by calcination (described in the next section 2.3).

Model catalyst approaches have successfully been applied in a wide range
of studies including olefin polymerization [1], hydrogenation [2] and
hydrodesulfurization [3-5]. A model catalyst approach is used in the present
study (results discussed in Chapter 3) to determine the mechanism of Co
sintering during Fischer-Tropsch synthesis (FTS).
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Increasing definition and control
Increasing realistic conditions

Industrial catalyst

Nanoparticles on
planar model support

Single crystal metal
surface

Figure 2.1: Schematic representations of industrial catalyst with a porous support,
the planar model catalyst and a single crystal surface. Adapted from Ref [6].

2.3. The planar Co/SiO2 model catalyst
Silicon wafers, which consist of a semi-conducting silicon single crystal,
provide a convenient, well defined and conducting model support. These
silicon crystals are terminated by a few nm thick polycrystalline SiO 2 layer,
which is grown thicker (~20 nm) by calcination in air (750°C for 24h) to
produce a flat silica support, i.e. SiO2/Si(100), with only nanoscale
variations in height (Figure 2.2) [7]. The model support can be modified for
TEM analysis by covering it with a thin silicon nitride layer (15-20 nm thick)
followed by an etching step in which a small part of the underlying silicon is
etched away to create a ‘membrane window’ (100x100 μm2), thin enough
for high energy electrons to pass through (Figure 2.2). When this TEM
‘window’ undergoes a calcination (750°C for 24h in air), an outer layer of
amorphous silica (~3 nm thick) is formed. This model support enables
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morphological studies of nanoparticles deposited on the surface using TEM
[8,9].

Figure 2.2: Schematic representation of a SiO 2/Si(100) substrate (well-suited to
x-ray photoelectron spectroscopy) and the SiO 2/SiNx membrane for TEM analyses.
Adapted from Thüne et al. [7].

A range of highly informative techniques are often not easily applied to high
surface area catalysts, but work particularly well on flat model systems.
Planar model catalysts are well-suited to surface science techniques which
typically require flat surfaces with nanoscale variations in height [10]. The
support surface is sufficiently conductive to prevent charging in x-ray
photoelectron spectroscopy (XPS) [11], resulting in higher resolution of
photoemission spectra. The benefits of using the model catalyst for TEM
studies is the fact that all nanoparticles present are exposed at the surface
and can be imaged with excellent contrast. This means that small particles
cannot be hidden away from view, as is the case with porous industrial
supports. Most importantly for the present study (Chapter 3), the TEM
‘membrane window’ exposes an area on the model catalyst which can be
conveniently found back and imaged again after a treatment. This enables
a comparison of single particles before and after the treatment.
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The active metal phase can be deposited onto the flat model support by a
range of techniques. The technique employed in the present study is spincoating deposition, a method that mimics the industrial practice of wet
chemical impregnation [12]. In the present study (Chapter 3), a cobalt
nitrate solution is spin-coated onto the substrate (SiO2/Si(100) or
SiO2/SiNx). The spin-coating solution contains a polymer which is added to
increase the viscosity of the solution. After spin-coating, the sample is
calcined (at 350°C, 5°C/min, 5h in 20% O2/Ar) to produce the cobalt oxide
(Co3O4) nanoparticles on the support. The polymer is burnt off during the
calcination (confirmed using XPS).

In spin-coating, a solution containing the desired material (i.e. the cobalt
precursor in the present study) is deposited onto a disk (i.e. a holder
containing the SiO2/Si(100) or SiO2/SiNx substrate) and accelerated (at a
spinning speed of 3000 rpm for 1 min) (Figure 2.3). During the spin-coating,
solution is ejected from the spinning disk by radial flow, but a thin film
remains on the substrate. Centrifugal and shear forces maintain the
uniformity of the coating film while the solvent evaporates and is removed
by flowing gas (N2) [11]. The amount of material deposited varies
depending on the concentration and viscosity of the spin-coating solution,
the spinning speed and the evaporation time. Van Hardeveld et al. showed
that spin-coating of dilute solutions of inorganic salts produces a
predictable quantity of deposited material on the flat model substrate [12].
In their study, calculated amounts of deposited material varied by a
maximum of 20% from values measured using Rutherford backscattering
spectrometry (RBS) and inductively coupled plasma optical emission
spectrometry (ICP-OES) [12].
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N2 flow removing
evaporating solvent

radial flow of
ejected solution

SiO2/Si(100)

spinning at 3000 rpm

Figure 2.3: Schematic representation of the spin-coating process. Adapted from
Hardeveld et al. [12].

2.4. X-ray photoelectron spectroscopy (XPS)
XPS is a powerful surface science technique that can be used on a variety
of samples to (i) identify elements in a sample (ii) determine the relative
concentration of elements in a sample and (iii) differentiate between
chemical states (e.g. oxidation state) of elements.

X-ray photoelectron spectroscopy (XPS) is based on the photoelectric
effect. A sample that is irradiated with light, of sufficiently small wavelength,
emits electrons which are also referred to as photoelectrons [13]. The
quantity of photoelectrons emitted depends on the intensity of the light and
the kinetic energy of the electrons on the wavelength of the light, as well as
on the chemical identity of the atom from which the electron originates. The
Nobel Prize for Physics was awarded to Kai Siegbahn in 1981 for his work
in the field of chemical analysis using electron spectroscopy.
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Surface analysis by XPS entails the irradiation of a sample in vacuo with
monoenergetic soft x-rays and analyzing the energy of emitted electrons
[14]. Commonly used x-rays sources are Mg Kα (1253.6 eV) and Al Kα
(1486.6 eV). The photons from these sources have a limited penetration
depth of approximately 1 to 10 micrometers. Therefore, the photons interact
with atoms in the surface region of the sample. The distance that emitted
electrons travel through a surface depends on the electron mean free path,
which in turn, depends on the electron kinetic energy [15]. Kinetic energies
in the region of 15-1000 eV, limit the mean free path of electrons to 1-2 nm.
Thus, electrons which leave the sample without energy loss originate from
up to only a few nanometers below the surface, making XPS a surfacesensitive technique.

The kinetic energy of photoelectrons leaving the sample is detected by an
electron spectrometer. The binding energy, Eb, of photoelectrons is
calculated using Equation 2.1. XPS spectra are typically represented as a
plot of the photoelectron intensity as function of the binding energy.
Eb = hν - ϕ - Ek

(Equation 2.1)

hν is the photon energy, where h is Planck’s constant & v is the frequency
of the exciting radiation). Eb is the binding energy of the atomic orbital from
which the electron originated and ϕ is the spectrometer work function.

Each element has a unique set of binding energies, therefore XPS can
identify the various elements in a compound. In addition, element binding
energies can vary due to differences in chemical potential and polarizability
of the atom. These variations are measured as chemical shifts in the XPS
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spectrum enabling a differentiation between the chemical states (e.g.
oxidation state) of elements.

Spin-orbit splitting in the p, d and f orbital levels gives rise to two
components, where the peak intensity ratio is 1:2 for p levels, 2:3 for d
levels and 3:4 for f levels. The convention is to label the spin-orbit
components as follows: p1/2, p3/2, d3/2, d5/2, f5/2 and f7/2. After photoemission,
the atoms remain as unstable ions with a vacancy in the core level. The ion
in the excited state will undergo a subsequent relaxation process, either via
emission of an x-ray or emission of an Auger electron. In the latter process,
an electron from the outer orbitals fills the vacancy in the core level and this
energy transition results in the simultaneous emission of a second electron
from the outer orbitals, the Auger electron (Figure 2.4). The Auger electron
is emitted with an element-specific kinetic energy which is therefore fixed
and independent of the x-ray energy used.

Figure 2.4: The XPS photoemission process (left) for a model atom where a
photoelectron is emitted as result of an adsorbed photon. Subsequently, a
relaxation (Auger) process (right) can occur whereby an Auger electron is emitted
due to an electron energy transition into an inner orbital vacancy. Adapted from
Moulder et al. [14].
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Apart from emitting an electron from a core hole, the energy of the
incoming photon can also be used to transfer an electron from one orbital
to another. This process is called the shake-up process and can be used as
a diagnostic tool because of the different binding energy of the shake-up
peaks. For instance, the Co2+ compounds, CoO and CoAl2O4, exhibit
satellite peaks located ~5-6 eV above the main photoemission peaks [16].
For cobalt, the shake-up peaks arise due to a ligand-metal type chargetransfer excitation, whereby charge is transferred from the ligand (e.g. O 2p
orbital in the case of CoO) to the metal (3d orbital of Co in CoO) [17,18].
Detection of these shake-up peaks proved particularly useful in the XPS
analyses of Co model catalysts in the present study (Chapter 3). Metallic
Co is the active phase for FTS, and thus the freshly reduced catalyst is
analyzed to detect the presence of inactive Co2+ (cobalt oxide) compounds
which present shake-up peaks.

Since XPS is surface sensitive, it can provide an indication of the
dispersion of particles over a support [13]. For instance, small particles
which are exposed at the surface will extensively cover the support and
thus XPS will measure a high intensity from the particles (𝐼𝑝 ) and a low
intensity for the support (𝐼𝑠 ). Thus, the XPS intensity ratio (𝐼𝑝 /𝐼𝑠 ) will be
high for well dispersed particles. Conversely, when more of the support is
exposed as is the case with poorly dispersed particles, the XPS intensity
ratio (𝐼𝑝 /𝐼𝑠 ) will be low.
In this thesis, XPS is used on a range of samples with various applications.
In Chapter 3, the relative surface concentration of cobalt and support (i.e.
the Co/Si ratio) is used as a qualitative measure of metal dispersion on a
Co/SiO2/Si(100) model catalyst before and after exposure to model FTS
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conditions. In Chapter 4, XPS is used to identify both short (acetate) and
longer chain (octanoate) carboxylate molecules which are adsorbed on
γ-Al2O3 and compare the relative quantities of adsorbed carboxylate before
and after exposure to model FTS conditions. This is possible because the
XPS spectrum shows distinctly different binding energies for the carbon
atom in a carboxyl group and the carbon atom(s) in an alkyl group within
the carboxylate molecule (since the carbon atoms are in different chemical
environments in the molecule).

2.5. Transmission electron microscopy (TEM)
Electron microscopy is a powerful technique, widely employed to study the
size and shape of supported nanoparticles. Using electron microscopy,
direct local information of particles can be obtained and samples are
measured

in

a

contaminant-free

environment

under

high-vacuum

conditions.

In Chapter 3 of this thesis, transmission electron microscopy (TEM) is used
to identify the changes to the size and location of cobalt nanoparticles on a
model support after exposure to FTS conditions. The model support is a
thin SiO2/Si3N4 ‘membrane window’ through which an electron beam can
pass. Ex situ TEM characterization is carried out on the model catalyst in
the passivated state before and after exposure to Fischer-Tropsch
synthesis (FTS) conditions.

For microscopy, the resolution obtained depends on the wavelength of the
probing source e.g. light or electrons. Therefore, when using an optical
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microscope, the resolution is limited to the rather long wavelength of
photons (300-700 nm) [19]. Electrons have relatively much shorter
wavelengths, on the order of Angstroms, therefore resolution on the atomic
scale is achieved. In addition, electrons will respond to an electrostatic
potential and therefore electromagnetic lenses can be used to focus and
magnify images.

In a transmission electron microscope, an electron beam is transmitted
through a thin electron transparent sample. Ernst Ruska and Max Knoll
developed the first electron microscope in 1931, after which time Ruska
was awarded the Nobel prize in 1986 for his efforts in the field. High energy
electrons (100-400 keV), generated using an electron gun and accelerated
using an applied voltage, are passed through a series of electromagnetic
lenses and transmitted to the sample (Figure 2.5). The high energy electron
beam, which is supplied in the form of parallel rays using a condenser,
interacts with the sample in a number of scattering events. These include
diffraction onto a focal plane and focusing onto an image plane. The 2D
projection (image) is produced from the attenuated electron beam after
subsequent magnification using the electron optics and is finally recorded
using a highly sensitive CCD camera.

The benefit of using TEM to characterize supported particles is the
distinctive contrast between particles and the support. This difference in
contrast arises due to density and thickness variation over the sample
which influences electron scattering. Dense regions or those with heavier
elements can scatter the electron beam stronger, resulting in darker
features in the TEM image. Also, less dense regions or those with lighter
elements present as brighter features. The fact that transmission electron
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microscopy requires low pressure conditions, while catalytic reactions are
often operated under high-pressure conditions, presents the challenge
commonly referred to as ‘the pressure gap’. One method to circumvent this
problem is to treat samples at high-pressure reaction conditions and then
transport them to the TEM for analysis (i.e. the procedure followed in the
present study described in Chapter 3).

Figure 2.5: Schematic representation of a transmission electron microscope.
Adapted from Niemantsverdriet [13].

2.6. Rutherford Backscattering Spectrometry (RBS)
Rutherford backscattering (RBS) is a high-energy ion scattering technique
that is particularly useful in the characterization of planar model catalysts
[20,21]. The elements in a sample can be identified and the metal loading
on the support substrate can be precisely quantified. In Chapter 3 of this
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thesis, RBS is used to quantify the cobalt loading on a SiO2/Si(100) model
support before and after exposure to FTS conditions.

In ion scattering, the applied beam of ions scatters elastically from atoms in
a solid (Figure 2.6). The incoming ions (energy Ei) collide with atoms in the
sample and lose energy. Ions lose less energy to heavy atoms compared to
lighter ones in a sample (similar to the description of the collision between
billiard balls of different masses). The final kinetic energy of the ion (E f),
scattered over a specific angle (θ), is thus a function of the mass of the
sample atom (Figure 2.6).

Ef

scattered ion
θ

incoming ion

Ei
scattering atom

Figure 2.6: Representation of an ion scattering experiment. E i is the energy of the
incoming ion, Ef is the ion final kinetic energy and θ is the scattering angle.
Adapted from Niemantsverdriet [13].

The mass of the sample atom can be identified using a parameter called
the kinematic factor (KM), which includes the energy of the incoming and
outgoing ions over the specific scattering angle (Equation 2.2) [13].
Optimum differentiation between masses is obtained using incoming ions
that are not too light and at relatively large scattering angles of 150° to
180°.
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𝐾𝑀 =

𝐸𝑓
𝐸𝑖

=

2
1
2
(𝑀2 − 𝑀𝑖𝑜𝑛
𝑠𝑖𝑛2 𝜃)2 + 𝑀𝑖𝑜𝑛 𝑐𝑜𝑠𝜃
(
)
𝑀 + 𝑀𝑖𝑜𝑛

Equation 2.2

M is the atomic mass of the scattering sample atom and Mion is the atomic
mass of the incoming ion.
In RBS, a mono-energetic beam of usually He+ ions, between 2 to 4 MeV,
collide with atomic layers deep into the sample (penetration depth ~2.5 µm
on typical flat model samples) (Figure 2.7). Scattered ions which collide
with elements at the surface (e.g. Co atoms of the Co/SiO2/Si(100) model
catalyst described in Chapter 3) have a final energy that is higher
compared to those which originate from deeper into the sample (e.g. Si
atoms of Co/SiO2/Si(100)). This is because the latter undergo inelastic
energy losses during entry or after collision. The height of an RBS
spectrum signal (intensity), as well as the peak area, is a measure of the
number of scattering atoms.
RBS is well-suited to the model catalyst since it consists of heavier metal
atoms on a substrate of lighter elements (Figure 2.7c). This produces
distinct peaks for the various atoms in overlayers (e.g. Co, Si, & O atoms in
the Co/SiO2 overlayer of Co/SiO2/Si(100)) on a low background for the
substrate (e.g. Si atoms of the Si(100) substrate), at the higher energies of
the spectrum. The distinct peak for the heavier surface atoms allows
precise quantification of metal loading using the peak area and atom cross
section.
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Figure 2.7: Schematic representation of Rutherford backscattering spectrometry
(RBS). (a) The direction of the incoming beam is parallel to the lattice planes of the
single crystal, resulting in ions being scattered back from the surface atoms and
channeling deep into the crystal. (b) The incoming beam is applied in a random
orientation. Ions that penetrate deeply into the crystal suffer inelastic energy losses
which results in the energy of backscattered ions tailing to zero. (c) The typical
case for planar model catalysts, which consists of heavy elements on top of a
lighter substrate. The energy of ions scattered from the heavy surface atoms
produces a sharp peak separated from that of the crystalline substrate. Adapted
from Niemantsverdriet [13].

2.7. Attenuated total reflection Fourier transform infrared
spectroscopy (ATR-FTIR)
Infrared (IR) spectroscopy is one of the most widely applied spectroscopic
techniques in catalysis. This technique can be used to identify molecules
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and fingerprint chemisorbed species on catalyst surfaces by matching
measured spectra with reference spectra.

IR spectroscopy is a type of vibrational spectroscopy that utilizes the
process whereby vibrations in molecules are excited by the absorption of
photons. Infrared radiation includes far, near and mid-IR radiation, but it is
the latter with wavelengths of the order of 2-50µm, that is most relevant for
the detection of molecular vibrations [13].

Absorption of photons with frequency in the mid-IR region causes
transitions between the discrete levels of vibrational energy in molecules.
Atoms undergoing periodic small deviations from their equilibrium position,
have a potential energy that can be approximated by the harmonic
oscillator. The corresponding vibrational energy levels can be described
according to Equation 2.3, which indicates that increasing bond strength
and decreasing mass of the vibrating atom results in an increase in
vibrational frequency.
En = (n+½)hν
𝜈=

1
k
√
2𝜋 𝜇

𝜇=

𝑚1𝑚2
𝑚1+𝑚2

(Equation 2.3)

En is the energy of the n-th vibrational level, n is an integer, h is Planck’s
constant, ν is the vibrational frequency, k is the bond force constant, µ is
the reduced mass and mi is the mass of the atoms in the vibrating
molecule.
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The selection rule for the absorption of photons implies that not all
vibrations can be observed. Thus, photon absorption only occurs when a
molecule possesses a permanent dipole which changes during a vibration.
The vibrations depend on the translation and rotational degrees of freedom
of a molecule. Linear molecules exhibit 3N-6 (where N is the no. of atoms),
while non-linear molecules exhibit 3N-5 fundamental vibrations. These
include stretching, bending (in and out of plane) as well as torsion
vibrations. In addition, vibrations can also be divided into symmetric and
asymmetric vibrations. Infrared vibrational frequencies are characteristic for
different functional groups in molecules, due to the varying bond strengths
and mass of atoms in molecules. Therefore, IR can be used to fingerprint
regions and a number of correlation charts can be used to assign
measured functional groups [22-24].

Attenuated total reflectance (ATR) describes the process of internal
reflectance of light off the internal surface of an ATR crystal [25].
Attenuated total reflectance refers to sample absorbance of the IR beam
which attenuates the intensity of the totally reflected beam (Figure 2.8).

Figure 2.8: Schematic representation of the set-up for infrared measurements in
attenuated total reflection mode. The IR beam undergoes reflections off the internal
surface of the ATR crystal before the attenuated signal reaches the detector.
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Total internal reflection occurs at a specific angle of incidence, which is the
angle of the incoming beam with respect to the surface normal. This critical
angle depends on the refractive indices of the ATR crystal and the sample
used in measurement. The IR amplitude at the point of internal reflectance
produces light that projects into the sample, also referred to as an
evanescent wave. Using a diamond ATR crystal and typical organic
materials, the penetration depth of the evanescent wave can reach
between 1-2 µm into the sample [26].

FTIR, the type of infrared spectrometer, is so called because measured
interferograms are Fourier transformed to yield a spectrum [27]. The
interferogram is a plot of light intensity as a function of optical path
difference, which is the difference in distance travelled by two light beams
which enter and leave an interferometer. The Michelson interferometer is
the optical device commonly used to measure interferograms [26]. The
resultant attenuated radiation (light intensity) is measured and plotted as a
function of wavenumber (reciprocal wavelength) in an IR spectrum.

In Chapter 4 of this thesis, IR is used to detect the presence of oxygenated
molecules on spent Co/Al2O3 FTS catalyst. IR peaks of the spent catalyst
were detected at vibrational frequencies comparable to that of reference
compounds of acetic and octanoic acid adsorbed on γ-Al2O3. This provided
evidence that the oxygenated molecules on spent catalyst are composed of
carboxylic acids adsorbed on the γ-Al2O3 support.
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2.8. Temperature-programmed techniques
Temperature-programmed (TP) techniques are widely used methods which
monitor chemical reactions while the temperature increases linearly with
time [28]. TP instruments have become standard equipment in laboratories
for catalysis research due to the relatively low cost of equipment. The
instruments are relatively simple to build in the laboratory as opposed to
those requiring ultra-high vacuum or reduced pressure conditions. TP
techniques are versatile as they can operate practically on various types of
catalysts and under relevant reaction conditions (e.g. temperature and gas
atmosphere).

TP techniques use probe molecules to monitor chemical reactions as a
function of temperature [13]. The probing gas is fed continuously to a
tubular reactor which contains the sample in a fixed position (Figure 2.9).
The probing gas can be varied according to the surface characterization
targeted. The reactor is controlled by a processor which heats the reactor
at the required linear rate of typically 0.1 to 20°C/min [28]. A mass
spectrometer is used to measure the composition of the desorption
products.

Temperature programmed techniques can be used on a quantitative basis,
where reaction parameters such as pre-exponential factors and activation
energies can be determined. However, quantitative interpretation can be
rather complicated and thus TP techniques are often used on a qualitative
basis, such as determining the maximum peak temperature or peak width
at half-maximum.
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For instance, in temperature-programmed desorption (TPD) analysis, one
simplified method used is the Redhead method [29] which provides the
activation energy of desorption (𝐸𝑑𝑒𝑠) in the case of first order-desorption
and when a reliable pre-exponential value (𝜈) is used (Equation 2.4,
where 𝑅 is the gas constant). The heating rate (𝛽) is a particularly
important parameter as it impacts the rate of desorption and thus inherently
can shift the peak maximum temperature (𝑇max) in a TP-MS measurement.
𝜈𝑇𝑚𝑎𝑥
)
𝛽

𝐸𝑑𝑒𝑠 = 𝑅𝑇𝑚𝑎𝑥 [ln (

− 3.46]

(Equation 2.4)

gas supply
H2, O2, Ar, He

heating oven

reactor

mass
spectrometer

Temperature
programmer

Figure 2.9: Experimental set-up for temperature-programmed hydrogenation,
oxidation and desorption. The probing gas molecules can be hydrogen, oxygen or
inert gas. The reactor tube is inside an oven which is connected to a temperature
programmer which increases temperature linearly with time. Desorption products
are detected using a mass spectrometer.

TP techniques can be combined with gas chromatography mass
spectrometry (GC-MS), which is particularly useful since the individual
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molecular species which make up the gaseous product mixture can be
identified. Gas chromatography is the process of separating the gaseous
product mixture into individual components by selectively attracting the
components to a column. The column separates the components based on
the time taken from injection into the GC instrument until elution through the
column (retention time). The molecular structure of each component is
identified by comparison of the retention times of the components to that of
reference compounds.

In Chapter 4 of this thesis, temperature-programmed desorption (using inert
gas) coupled with mass spectrometry (TPD-MS) is used to identify the
decomposition temperature of adsorbed acid on pure γ-Al2O3 and detect
the gaseous products released when the sample is heated. GC-MS
analysis is used in combination with TPD-MS to identify the molecular
structure

of

the

desorption

and

reaction

products.

Temperature-

programmed oxidation (TPO-MS) is used to quantify the carbon deposited
due to acetic acid decomposition over γ-Al2O3. Temperature-programmed
hydrogenation (TPH-MS) is used to identify the temperature at which
carbon is removed (i.e. CH4 formation) when acetic acid is decomposed
over a reduced Co/γ-Al2O3 FTS catalyst.

2.9. Density Functional Theory (DFT)
Quantum chemistry can be used to study a number of chemical and
molecular systems in order to make predictions on the equilibrium
structures of molecules, transition states and reaction pathways [30].
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Quantum chemistry approaches can provide information on both molecular
(electronic, magnetic) and spectroscopic properties (e.g. NMR & IR).

In Chapter 5 of this thesis, Density Functional Theory (DFT) is used to
describe the interaction between acetic acid and two representative
alumina surfaces i.e. the γ-Al2O3 (100) and (110) surfaces. Vibrational
frequencies are obtained by carrying out normal mode analyses on the
most stable DFT optimized configurations. These frequencies are then
compared to measured IR data to determine the precise adsorption
structure of acetic acid adsorbed on γ-Al2O3. DFT calculations were
performed using the VASP 4.6 package.

2.9.1. Background of DFT

DFT is an approach to find the solution to fundamental equations that
describe the quantum behaviour of atoms and molecules [31,32]. The goal
of most quantum mechanical approaches is to approximate the solution of
the time-independent Schrödinger equation, aptly named after the
development of the quantum wave equation by Erwin Schrödinger in 1926
[33]. John Pople and Walter Kohn were awarded the Nobel Prize in
chemistry in 1998 for their work in the development of DFT and
computational methods in quantum chemistry [30]. Two mathematical
theorems by Kohn and Hohenberg as well as by Kohn and Sham (mid1960s) forms the fundamental background of DFT.

The first Hohenberg and Kohn theorem [34] states that the ground state
energy from Schrödinger’s equation is a unique functional of the electron
40

Experimental techniques and methods

density [35]. Their second theorem establishes the variational principle and
states that the electron density that minimizes the energy of the overall
functional (Eo) is the true electron density corresponding to the solution of
the Schrödinger equation (Equation 2.5).
𝐸𝑜 = min𝜌→𝑁 (𝐹(𝑝) + ∫ 𝑝(𝑟)𝑉𝑛𝑒 𝑑𝑟 )

(Equation 2.5)

, where 𝐹(𝑝) = 𝑇(𝑝) + 𝐽(𝑝) + 𝐸𝑛𝑐𝑙
The term (ρ) represents electron density, Vne is the attractive potential
exerted on electrons due to the nuclei, T(ρ) is the kinetic energy term, Encl
and J(ρ) are the non-Coulombic and Coulombic electron-electron potentials
respectively.

The Kohn-Sham method is derived from the fundamental idea that electron
density can be represented as the sum of squares of N orbital densities
[36], with the orbitals (referred to as spin orbitals) defining a single Slater
determinant [31,37]. The ground state energy, E(p), of a real, manyelectron system can be represented by Equation 2.6, and the derived
Kohn-Sham method by Equation 2.7 [35,37].
𝐸(𝑝) = 𝑇𝑠 (𝑝) + 𝐽(𝑝) + 𝐸𝑥𝑐 (𝑝) + 𝐸𝑛𝑒 (𝑝)
= 𝑇𝑠 (𝑝) +
1

1
𝜌(𝑟1)𝜌(𝑟2)
∬ 𝑟12 𝑑𝑟1 𝑑𝑟2
2

(− 2 ∇2 + 𝑉𝑒𝑓𝑓 ) 𝛹𝑖 = ℰ𝑖 𝛹𝑖

(Equation 2.6)

+ 𝐸𝑥𝑐 (𝑝) + ∫ 𝑝(𝑟)𝑉𝑛𝑒 𝑑𝑟 )

(Equation 2.7)

Veff, is the potential created when a reference system of N electrons
interacts with an external potential, Ene(ρ) is the potential energy due to
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nuclei-electron attraction, 𝛹𝑖 is the electronic wave function. The ExchangeCorrelation energy, Exc(ρ) [31] is a functional that groups together the
unknowns, including the residual kinetic energy, the Coulombic repulsion
term as well as exchange and correlation energies.

2.9.2. DFT calculations using VASP

The Vienna ab initio Simulation package (VASP) [38] is a widely used
modelling program able to perform DFT calculations. To calculate the
ground-state electron density, numerical approximations are applied to
accurately approach the exact solution posed by DFT using a specific
exchange-correlation functional.

DFT calculations are applied to atomic arrangements that are periodic in
space. Bloch’s theorem [39] is used in solving the Schrödinger equation
using periodic systems expressed as functions called plane-waves. VASP
uses plane-waves as basis sets which have the periodicity of the supercell.
VASP uses algorithms that solve the Kohn-Sham equations selfconsistently using an iterative matrix diagonalization scheme with a
Broyden/Pulay [40] mixing method for the charge density.

Numerical optimization enables that the electronic ground state energies
are calculated for an input geometry, then the forces acting on the atoms
are calculated. Thereafter, based on the calculated forces, a new geometry
is proposed and the steps repeated until a convergence criterion is
reached. VASP enables the numerical approximation of vibrational
frequencies using the harmonic approximation and finite displacements
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method. Atoms always move, or oscillate (even at 0 K) and do not have a
definite position in space (due to the Heisenberg uncertainty principle).
Atomic vibrations around an equilibrium position can contribute to the
overall energy and are called zero-point energies. Vibrational analyses
enable the determination of normal modes from vibrations of multiple atoms
in molecular interactions and gives the zero-point energy corrections.
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Ostwald ripening on a planar Co/SiO2
catalyst exposed to model FischerTropsch synthesis conditions
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3.1. Introduction
3.1.1. Sintering as a cobalt Fischer-Tropsch synthesis catalyst
deactivation mechanism

The capital investment required for a commercial-scale gas-to-liquids (GTL)
plant is in the range of a billion dollars with annual profits from commercial
operation reaching up to several hundred million dollars [1]. Stable catalyst
performance is vital to the economics of a GTL process, making catalyst
deactivation an important research topic in industrial catalyst development.

The postulated deactivation mechanisms of a cobalt Fischer-Tropsch
synthesis (FTS) catalyst include (i) sintering of cobalt crystallites, (ii) carbon
formation, (iii) poisoning by sulphur and/or nitrogen compounds, (iv) surface
reconstruction, (v) cobalt-support compound formation and (vi) oxidation of
the active cobalt metal [2,3].

In particular, sintering of the active metal phase has been identified in
numerous Co-catalyzed FTS studies [4-19]. Saib et al., for example,
reported on the deactivation of a Co/Pt/Al2O3 catalyst during FTS
(Figure 3.1) [3,20]. The observed deactivation was assigned to a complex
interplay of deactivation mechanisms acting together but on different
timescales. These proposed deactivation mechanisms included sintering as
well as carbon deposition and possibly surface reconstruction under typical
FTS conditions [21].
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Figure 3.1: Normalized activity for a Co/Pt/Al2O3 catalyst during realistic FTS in a
100-barrel/day slurry bubble column reactor (230°C, 20 bar, H 2 + CO conversion of
50-70%, feed gas composition of 50-60 vol.% H2 and 30-40 vol.% CO). Adapted
from Saib et al. [3].

Since catalyst deactivation translates into a loss of millions of dollars in
industrial application of FTS, uncovering mechanistic detail could help
reduce costs inherent with deactivation and assist with the development of
catalysts with improved stability. To our knowledge, direct evidence of the
mechanism of loss of metal surface area during Co-catalysed FTS has not
been reported in the literature. This is mainly due to the lack of direct
characterization of single-particle size and location under commercially
relevant reaction conditions. In this study, a Co/SiO2 model catalyst is used
in transmission electron microscopy (TEM) studies to uncover mechanistic
detail on the sintering of Co nanoparticles when exposed to low conversion
FTS conditions.
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3.1.2. Loss of metal surface area or ‘sintering’
Sintering, in the context of heterogeneous catalysis, is generally referred to
as (thermally induced) catalyst deactivation caused by a loss of active
metal surface area and/or support surface area [22]. However, sintering is
not always thermally induced and is in reality the result of a complex
interplay between different factors that affect particle loss and/or growth.
These factors include (i) temperature, (ii) gas atmosphere, (iii) metal type,
(iv) particle sizes and particle size distribution, (v) reaction time, (vi) support
type, surface area, texture and porosity and (vii) promotors or impurities
[23,24].

Sintering is unlikely to be exclusively thermally induced during Co-catalyzed
FTS because of the relatively low reaction temperature typically used (200230°C). The Hüttig temperature (~0.3*Tmelting) indicates the temperature
where atoms at surface defects become mobile, while the Tamman
temperature (~0.5*Tmelting) indicates the temperature when bulk atoms
become mobile [25]. The Hüttig and Tamman temperatures for cobalt are
around 250°C and 600°C respectively, above that of Co-catalyzed FTS.
Therefore, sintering during FTS most likely proceeds via a mechanism in
which all the abovementioned factors play a role.

Sintering, as described in an extensive review by Bartholomew et al., can
occur rapidly, within the first few hours [26]. Specifically in studies of Cocatalysed FTS, sintering has been reported within hours [16-18] or a few
days [5,7,11,15], which is relatively fast compared to the lifetime of a
catalyst. High temperatures could increase the extent of sintering as found
by Rønning et al., where a rather extreme temperature of 400°C resulted in
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a relatively larger increase in average particle size in a Co/Re/γ-Al2O3
catalyst when compared to 210°C [16]. The partial pressure of water during
FTS also affects the extent of loss of metal surface area. Bertole et al.
reported that high partial pressure of water (8 bar) significantly increased
loss of metal surface area causing lower activity when using an
unsupported Co-Re catalyst in isotopic transient studies [9].
‘Sintering’ is generally thought to be thermally induced agglomeration of
particles when referred to in the literature. However, as discussed above,
this is too simplistic in the description of a complex mechanism which
depends not only on temperature but also catalyst characteristics and
reaction conditions. Furthermore, the mechanism which leads to loss of
metal surface area can involve mobility of atomic species and not only
particle agglomeration. For this reason, the term ‘loss of metal surface area’
is used throughout the text.

3.1.3. Mechanisms of loss of metal surface area

Loss of catalyst active surface area is a result of loss and/or growth of the
active metal phase. The thermodynamic driving force for the process
originates from the higher chemical potential of the metal atoms in smaller
particles compared to larger ones. This means that a particle system with
fewer larger particles is more stable than one with many smaller particles,
causing a shift toward a larger mean particle size. The Gibbs-Thomson
relation (Equation 3.1) describes this dependence of the particle energy on
size and provides the difference between the chemical potential of a metal
atom in a particle (𝜇) compared to that in the bulk [27].
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𝜇 − 𝜇0 =

2𝛾Ω
𝑟

(Equation 3.1)

𝜇0 is the chemical potential of an infinite sized particle, 𝛾 is the metal
surface free energy, Ω is the bulk metal volume per atom & 𝑟 is the particle
radius.

The driving force for sintering is demonstrated in work by Campbell et al.
where it is shown that the stability of metal atoms in a particle decreases
substantially as the radius decreases (below ~3nm for the system of
Pb/MgO(100) based on heat of adsorption data) [28]. Thus, metal atom
stability depends strongly on particle size, with atoms being more stable at
larger particle sizes (as observed by little change in surface energy for
particles ~8-10 nm in the case of Pb/MgO(100)). The finding that smaller
particles have higher surface energy can be expected due to their relatively
lower average coordination number (compared to large particles with more
metal-metal bonds).

The principal mechanisms of loss of metal surface area on supported
catalysts are (i) particle migration and coalescence [29] and (ii) atomic
migration also referred to as Ostwald ripening [30]. Particle migration and
coalescence is the random movement of whole particles over the support
surface. When they collide with other mobile or immobile particles, they can
merge to form a single, larger particle [31]. Ostwald ripening describes the
emission of atomic species from immobile nanoparticles. Due to the
relatively higher chemical potential of atoms in smaller particles, small
particles emit more atoms than larger ones, which results is a net flux of
atoms from smaller to larger particles. This flux or transfer of atoms can
occur via diffusion over the support surface or through the vapour phase
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[30,32]. Figure 3.2 shows a schematic representation of the difference
between particle migration and Ostwald ripening.

Figure 3.2: Schematic representation of the particle migration and coalescence and
Ostwald ripening mechanisms. A planar surface is used to represent the catalyst
support.

3.1.4. Determining mechanisms of loss of metal surface area
Direct measurements of particle sizes, particle size distributions and
particle spacing is only possible using transmission electron microscopy
(TEM). Other techniques to measure loss of metal surface area or particle
growth include H2 chemisorption, extended x-ray absorption fine structure
(EXAFS) and x-ray diffraction (XRD). However, these techniques only
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provide a single average value for loss of metal surface area from the
contribution of all particles sizes.

Particle size distributions of spent catalyst, derived from TEM, have been
used to indirectly derive the particle growth mechanism. For example,
Sadeqzadeh et al. suggested that the fit of a particle size distribution of a
spent Co-Re/SiO2 FTS catalyst was indicative of a particle migration &
coalescence mechanism [33]. Particle size distributions skewed to the left
(Figure 3.3) have been suggested to indicate Ostwald ripening [34], while a
size distribution skewed to the right (Figure 3.3) is proposed to indicate
particle migration and coalescence [35,36].

Figure 3.3: Particle size distributions proposed for Ostwald ripening [34] and
particle migration and coalescence [35]. Adapted from Datye et al. [32]

However, the validity of this approach has been questioned in the literature
[32,37]. For example, Wanke et al. postulated that the shape of a
distribution could take a long time to change to that of the dominant
mechanism [37]. Also, smaller particles in a distribution can be difficult to
detect (although high-resolution TEM advancements have improved
detection limits). Furthermore, Datye et al. deduced that the absence of a
54

Ostwald ripening on a Co/SiO2 planar model catalyst…
tail toward smaller particles and a right-skewed distribution cannot be used
to rule out Ostwald ripening [32].

The challenge with using TEM to determine particle growth mechanisms on
supported catalysts is that it is very difficult to study particles from the same
area on the industrial catalyst support before and after the reaction.
Typically, randomly selected areas on the support are imaged. This means
that changes to single-particle size and location is not observed. Thus, loss
of metal surface area can occur, but comparing different areas on the
catalyst support does not provide information on the mechanism.

Furthermore, TEM images give a two-dimensional projection of a threedimensional support material. This can be challenging in mechanistic
studies as, for example, particles located in the pores of support can be
hidden from view. The approach to TEM studies using a model catalyst
(described in section 3.1.6) reduces the complexity that is faced when
studying the porous industrial catalyst support.

3.1.5. Determining mechanisms using model systems

Microscopy using model systems has provided direct evidence of dominant
particle growth mechanisms. For instance, in-situ TEM operated at 10 mbar
synthetic air and 650°C, convincingly revealed Ostwald ripening (atomic
migration) for Pt/Al2O3 and Pt/SiO2 model catalysts [38,39]. Simonsen et al.
showed, using a Pt/SiO2 model catalyst, that immobile particles could
decay and grow over short reaction times (up to 330 min) [39]. Parkinson et
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al. found, using scanning tunnelling microscopy imaging of a Pd/Fe3O4(001)
model system, that a migration and coalescence mechanism occurred [40].

Thus, model systems provide an effective means of uncovering
mechanisms of loss of metal surface area during reactions. The challenge
with such systems is to maintain the high level of microscopy detail while
operating under industrially relevant reaction conditions (which often
requires high reaction pressures). One approach is to conduct the relevant
reactions ex-situ and use the model system to maintain the high-level of
microscopy detail, as is done in the present study.

3.1.6. The Co/SiO2 model catalyst
SiO2/Si(100)

planar

model

systems

provide

a

convenient

and

representative model for a catalyst support (Figure 3.4) [41]. The semiconducting silicon single crystal is flat and covered by an outer layer of
polycrystalline silica [42]. The model support can be modified for TEM
analysis. The silicon substrate can be covered by a thin silicon nitride layer
(15-20 nm thick) and the underlying silicon etched away to create a
‘membrane window’ (100x100 μm2), thin enough for high energy electrons
to pass through (Figure 3.4). When this TEM ‘window’ undergoes a
calcination, an outer layer of amorphous silica (~3nm thick) is formed.
When using TEM, the electron beam can pass through the ‘membrane
window’ enabling morphological studies of nanoparticles deposited on the
surface [43,44]
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Figure 3.4: Schematic representation of the Co model catalyst with SiO 2/Si(100)
substrate (well-suited to x-ray photoelectron spectroscopy) and the SiO 2/SiNx
membrane for TEM analyses. Adapted from Thüne et al. [42].

The support surface is sufficiently conductive to prevent charging in x-ray
photoelectron spectroscopy (XPS) [45], resulting in higher resolution of
photoemission measurements. The benefits of using the model catalyst for
TEM studies is the fact that all nanoparticles present are exposed at the
surface and can be imaged with excellent contrast on the support. This
means that small particles cannot be hidden away from view, as can be the
case with porous industrial supports. Most importantly for this study, the
TEM ‘membrane window’ exposes an area on the model catalyst support
which is conveniently found back and imaged again after the reaction. This
enables a comparison of single particles before and after the reaction.

3.1.7. Research objective

In this study, a Co/SiO2 planar model catalyst is used to uncover the
mechanism of loss of metal surface area at the single-particle level.
Exposure of the model catalyst to Fischer-Tropsch synthesis conditions of
pressure (20 bara), temperature (230°C) and gas atmosphere (dry H2/CO,
low conversion) is achieved using a custom-designed high pressure
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treatment cell. Characterization using TEM and x-ray photoelectron
spectroscopy (XPS) is carried out before and after exposure to reaction
conditions.

3.2. Materials and methods
3.2.1. Preparation of the Co model catalyst
Cobalt is deposited onto the planar model support by spin-coating of a
viscous polymer solution containing the cobalt precursor. Subsequent
calcination produced cobalt oxide nanoparticles on the model support,
while the polymer solution is removed in the calcination step (confirmed
using XPS).

3.2.1.1. Preparation of the Co containing polymer solution
Poly(methylvinylether) (10g, 50 wt% in H2O) is added to H2O (10 ml) and
isopropanol (3.8 ml) to produce the polymer mixture. An aqueous
Co(NO3).6H2O solution (0.5 ml from 50mM) is added to the polymer mixture
(4.5 ml) to produce the spin-coating solution (5mmol) [46].

3.2.1.2. Preparation of Co nanoparticles on the model support
(i) The planar SiO2/Si(100) support is prepared by oxidation, of a single
crystal silicon wafer exposing the (100) surface plane, in stagnant air at
750 °C overnight.
(ii) The spin-coating solution is then spread over the entire support surface
(2x2 cm wafer) while stationary, by applying small drops using a 1ml
pipette. The sample is then spun at 3000 rpm for 1 min.
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(iii) The resulting polymer-covered wafer is calcined (350 °C, 5 °C/min, 5 h)
in flowing 20% O2/Ar (20 ml(NTP)/min) and reduced (425 °C, 2 °C/min, 5 h)
in pure H2 (10 ml(NTP)/min).
(iv) This Co/SiO2/Si(100) model catalyst is used for XPS analyses.

3.2.1.3. Preparation of the Co/SiO2/Si3N4 model catalyst for TEM
(iv) For TEM analyses, an analogous procedure was used, the only
difference being the use of a custom-designed model support containing
the SiO2/Si3N4 membrane (as described in section 3.1.6).

3.2.2. High-pressure cell experimental set-up
The Co/SiO2 model catalyst was exposed to FTS conditions using a
custom-designed high-pressure treatment cell (Figure 3.5). The model
catalyst is enclosed in the treatment cell inside an oven, enabling heating to
reduction and reaction temperatures. Feed gases are continuously supplied
and the flow into an out of the cell is controlled independently using flow
meters (Bronkhorst). After a reaction, the cell is detachable by closing the
manual inlet and outlet valves for transferring samples under inert
atmosphere.

A high-pressure control valve (Research Control® Valves) located before
the cell maintains the required pressure during the reaction (Figure 3.6A).
Samples are enclosed in the cell on a stainless steel plate (2x2 cm) with
small flow openings (0.5 mm internal diameter) on opposite sides to allow
the continuous gas flow through the cell (Figure 3.6B).
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Figure 3.5: Schematic representation of the high-pressure experimental set-up.

Figure 3.6: Images of (A) high-pressure experimental set-up, (B) model catalyst cell
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3.2.3. Reactions using the high-pressure cell

3.2.3.1. Reduction
Calcined samples are reduced under pure H2 (10 ml(NTP)/min) at 425°C
(1°C/min) for 4h at atmospheric pressure in the cell. After the reduction, the
cell is cooled to room temperature and transferred under inert atmosphere
to a glovebox for passivation.

3.2.3.2. Fischer-Tropsch synthesis conditions
After characterization in the reduced-passivated state, samples are placed
back into the cell where they are reduced again. After reduction, the cell is
cooled from 425°C to 230°C. The cell is then pressurized to 20 bar(a) using
pure H2. CO gas is then introduced to the cell to obtain the desired H2/CO
ratio (2/1) with a total gas flow of 10 ml(NTP)/min and a total pressure of
20 bar(a). After the reaction time of 10h, CO gas flow is stopped and the cell
is depressurized to atmospheric pressure under H2. Finally, the cell is
cooled to room temperature before inert transfer to a glovebox for
passivation.

Industrial FTS reactors are typically operated at relatively high synthesis
gas conversions (between 50-70%). This results in several bars of water
partial pressure during the reaction. In this study, we utilize model catalysts
which have low metal loading compared to industrial catalyst. This results
in low conversion and therefore negligible water partial pressure. Therefore,
in the present study, where only dry H2/CO (synthesis gas) is used, the
phrase ‘FTS conditions’ implies low conversion FTS conditions.
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3.2.3.3. Reactions using only H2
For the experiments using only a high-pressure of H2 (i.e. to elucidate the
role of CO gas), an analogous procedure is followed as described above
(section 3.2.3.2) except that CO gas is not introduced at the reaction
temperature (230°C), but instead the samples are exposed only to H2 gas
(20 bar(a)) throughout the treatment.

3.2.4. Co passivation using the model catalyst cell
The target of this study was to identify loss of metal surface area and
compare single-particle size and location before and after exposure to
realistic reaction conditions. TEM and XPS analyses were used to achieve
these targets, but both techniques require vacuum conditions to operate
and are therefore not attached to the high-pressure set-up. After the
reaction (reduction or FTS), samples are unloaded from the high-pressure
cell under inert atmosphere, undergo a passivation step (at RT) and are
finally transported through air for analyses. The passivation step prevents
complete cobalt re-oxidation before characterization. In this study,
passivation was achieved by overnight exposure of samples to a glovebox
atmosphere, typically containing low levels of oxygen (<1 ppm) and water
(~2-3 ppm). This produces a thin layer of cobalt oxide around the particles
(~3 nm passivation layer as measured by TEM).

This passivation step could be carried out because the high-pressure cell is
detachable from the experimental set-up (Figure 3.5). During the reaction,
the cell is connected to the experimental set-up at the manual inlet and
outlet valves (Figure 3.5). After a reaction, the manual inlet and outlet
valves are closed, keeping the model catalyst sample under an air and
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water-free atmosphere. The detached cell with closed valves is then
transferred to a glovebox, where the transfer cell is opened and the
samples undergo a slow passivation.

3.2.5. X-ray photoelectron spectroscopy

The passivated model catalyst samples were characterized using x-ray
photoelectron spectroscopy (XPS) before and after exposure to FischerTropsch synthesis conditions. Measurements on two separate XPS
instruments were carried out. The first instrument (section 3.2.5.1) was
used for ex situ measurements after the samples underwent passivation.
For measurement of samples in the reduced state, a second XPS
instrument was used, which consisted of an attached reactor cell (section
3.2.5.2).

3.2.5.1. XPS measurements (ex situ)
XPS spectra were measured using a ThermoFischer Scientific Kalpha
spectrometer equipped with a monochromatic Al Kα x-ray source
(1486.6 eV) operating at 150W. Measurements in the analysis chamber
were carried out at a background pressure of ≤8x10-8 mbar. Binding
energies were calibrated using the Si2p peak of amorphous silica at 103.3
eV. For analyses of Co dispersion, peak fitting and integration (using a
Shirley background correction) was carried out using the CasaXPS
software version 2.3.15. The relative peak area of the Co3p and Si2p
signals, from survey spectra, were quantified and used to determine Co/Si
peak intensity ratios. The average peak intensity ratios were determined
using six survey spectra which were measured from different areas on the
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sample. This was done to account for any sample inhomogeneity. The
orientation of the sample inside the XPS chamber was noted, so that
approximately the same areas on the sample could be located and
measured before and after the reaction.

3.2.5.2. XPS measurements (in situ)
XPS analyses were carried out using a Kratos Axis Ultra spectrometer with
monochromatic Al Kα x-ray source (1486.6 eV). The sample was reduced
in the attached reactor cell (1 bar(a) pure H2, 425°C, 1 °C/min, 4 h), cooled,
the cell evacuated and finally the sample transferred under vacuum
(7 x10-8 mbar) to the XPS analysis chamber.

3.2.6. Transmission Electron Microscopy (TEM)
Transmission Electron Microscopy (TEM) measurements were carried out
using a Tecnai 20F (FEI) Sphera microscope with primary electron energy
of 200 keV. Digital images were collected using a Gatan CCD system in the
Gatan Digitial Micrograph program. Typically, several images of the same
area on the support are taken at varying level of focus to ensure that all
particles are identified and counted.

3.2.7. Particle size determinations
Particle sizes were measured from TEM images using the ImageJ 1.45p
software [47]. The particles were measured in the passivated state using
TEM. The size of the passivation layer around the particles was
consistently measured to be ~3 nm in size (described in detail in section
3.3.3.1). This enabled a back-calculation to obtain the metallic particle
sizes.
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The metal size of small particles (<6nm, i.e. less than twice passivation
layer thickness) was back-calculated from the TEM measured size of the
passivated particle. This back-calculation was done on a volume basis (i.e.
from CoO to Co). For larger particles, the metal size is the sum of the TEM
measured metal size and the back-calculated metal size from the
passivation layer. These metal sizes were calculated as follows, assuming
spherical particles:

(i) For smaller particles, metal radii were back-calculated according to
Equation 3.2 [48] (assuming Co fcc).

(Equation 3.2):
1/3

𝑝(𝐶𝑜𝑂). 𝑀𝑤(𝐶𝑜)
𝑑(𝐶𝑜) = [
]
𝑝(𝐶𝑜). 𝑀𝑤(𝐶𝑜𝑂)

× 𝑑(𝐶𝑜𝑂)

Mw Co: 58.93 g/mol, Mw CoO: 74.93 g/mol, ρ(Co): 8.72 g/cm3, ρ(CoO):
6.49 g/cm3

(ii) For larger particles, metal radii were calculated using a total metal
volume determination according to Equation 3.3.

(Equation 3.3):
𝑇𝑜𝑡𝑎𝑙 𝑚𝑒𝑡𝑎𝑙 𝑣𝑜𝑙𝑢𝑚𝑒 = 𝑉𝑜𝑙(𝑠𝑖𝑧𝑒 𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑) + 𝑉𝑜𝑙(𝑏𝑎𝑐𝑘−𝑐𝑎𝑙𝑐𝑢𝑙𝑎𝑡𝑒𝑑)
Vol(size measured) is the metal volume calculated using the TEM measured
radius,
Vol(back-calculated) is the volume of metal back-calculated (using equation
3.2) from the volume of the 3nm passivation layer around the particle.
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3.2.8. Rutherford backscattering spectrometry

Rutherford

backscattering

spectrometry

(RBS)

was

performed

by

+

employing a 1.85 MeV He beam produced by the HVE Singletron from
AccTec BV in Eindhoven, the Netherlands (RBS by Detect99)1. Channeling
spectra have been collected under normal incidence with the surface
barrier detector at a scattering angle of 155°. The layer composition was
determined by simulation with the WiNDF package [49].

3.3. Results
The following results section describes the characterization of the model
catalyst before and after exposure to FTS conditions. The techniques used
and their application is as follows:


X-ray photoelectron spectroscopy (XPS) is used to detect all elements
present on the catalyst surface, check for contamination and to obtain
a qualitative measure for the average Co dispersion.



A second XPS instrument with an attached reactor cell enables
comparison of degree of reduction to detect the presence of any
unreduced or metal-support compounds.



Rutherford backscattering spectrometry (RBS) is used to determine the
metal loading and exclude the loss of Co from the catalyst surface.

1

RBS experiments carried out by Wim Arnold Bik at the Eindhoven University of

Technology.
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Transmission electron microscopy (TEM) enables comparison of
single-particle size and location and is the main tool used to deduce
the mechanism of loss of metal surface area.

3.3.1. X-ray photoelectron spectroscopy (XPS)

3.3.1.1. Ex situ XPS
The elements present on the Co/SiO2/Si(100) model catalyst surface were
measured using XPS. Figure 3.7 depicts the reduced-passivated XPS
survey spectrum. This is the state of the model catalyst when characterized
using TEM as well (described in section 3.3.3). The elements cobalt,
silicon, oxygen and carbon are identified, as expected. Therefore, no
unwanted elements are detected and the samples are found to be
sufficiently clean of contaminants.

A carbon signal is typically measured when carrying out ex situ analyses.
The

carbonaceous

deposits

originate

either

from

the

(glovebox)

atmosphere or from inside the XPS chamber. Consequently, the relative
concentration of carbon deposited from a reaction (e.g. hydrocarbons from
FTS) cannot be determined reliably when using ex situ analyses in this
manner.

Figure 3.7 (inset) shows specifically the Co2p region spectrum of reducedpassivated Co/SiO2/Si(100). The reduced-passivated sample contains both
CoO (Co2p3/2 peak at 781.4 eV) and metallic Co (Co2p3/2 peak at 778.3 eV).
The peak at ~787.4 eV arises due to shake-up lines from the
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photoemission process and occurs ~6eV on the higher binding energy side
of the Co 2p3/2 peak of CoO [50,51]. These spectra show that the
passivation step (which includes controlled exposure to ppm levels of
oxygen/water after reduction) produces CoO and leaves some metallic Co
as well, thus preventing re-oxidation to Co3O4.

Figure 3.7: XPS survey spectrum of reduced-passivated Co/SiO2/Si(100) model
catalyst. Inset: Co2p region spectrum.

3.3.1.2. Metal surface area determinations using ex situ XPS
analyses
Using XPS, the Co dispersion before and after the reaction is estimated.
The relative surface concentration of cobalt and support (Co/Si ratio) is
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used as a qualitative method which enables a simple comparison. The
Co/Si peak intensity ratios from two separate sets of experiments are
plotted in Figure 3.8. The first is before and after exposure of the model
catalyst to high-pressure of H2 (20 bar(a)) (as described in section 3.2.3.3).
The second is before and after exposure to FTS conditions.

Figure 3.8: Comparison of Co/Si XPS peak intensity ratio on Co/SiO 2/Si(100 (i) in
the reduced-passivated state and after reaction under pure H 2 followed by
passivation, (ii) in the reduced-passivated and FTS-passivated states. Peak
intensity ratios determined as described in section 3.2.5.1. Standard error in ratio
values is ± 0.002, determined using a standard deviation calculation from six
measurements per sample.

The results show that the Co dispersion is unchanged after a pure H2
treatment. However, the Co dispersion is ~40% lower after exposure to
FTS conditions. The deposition of carbon, which could lower the quantity of
either Co or Si that is visible by XPS, can be eliminated as a reason for this
decrease in Co dispersion as the carbon-to-silica (C/Si) ratio was
unchanged (Appendix Table 3.2).
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3.3.1.3. Excluding formation of unreduced compounds using
in situ XPS analyses

The presence of hard-to-reduce cobalt compounds, on the fresh and FTSexposed sample, was probed using XPS. Cobalt-oxide compounds that are
detected after a reduction treatment (to 425°C in pure H2), could be due to
metal-support compounds or cobalt particles that are not fully reduced.

The XPS instrument used for these experiments contains an attached
reactor cell (described in section 3.2.5.2). The sample exposed to FTS
conditions was passivated, re-reduced by flowing pure H2 in the attached
reactor cell and then transferred under vacuum to the XPS analysis
chamber. This circumvents the passivation step and gives information on
the degree of reduction. The freshly calcined sample was reduced in the
attached cell and also analysed.

Figure 3.9 compares the XPS Co2p region spectrum of the FTS-exposed
then re-reduced sample with a freshly reduced sample. In addition,
reference compounds for Co metal and CoO are plotted. The CoO
reference contains a shake-up peak (at ~787.4 eV) on the higher binding
energy side of the Co2p3/2 peak (~780.4 eV). This shake-up peak has also
previously been observed when measuring a Co2SiO4 compound [52].
Thus, the shake-up peak is distinctive of a Co2+ species. This shake-up
peak is not identified on either the freshly reduced or FTS-exposed and rereduced sample. In fact, the model catalyst samples closely match the
reference spectrum of metallic Co, which presents with the Co2p3/2
(~778.3 eV) and Co2p1/2 (~793.3 eV) peaks.
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These findings imply that the fresh sample is fully reduced and the
formation of cobalt-oxide compounds (such as Co2SiO4) during the FTS
reaction, is not significant.

Figure 3.9: XPS Co2p region spectrum of Co/SiO2/Si(100) model catalyst
(i) reduced, exposed to FTS conditions then re-reduced and (ii) reduced.
Reference compounds of metallic Co (a sputtered metal foil) and CoO (prepared by
decomposition of Co(OH) 2 followed by fast transfer through air to the XPS
instrument) are also plotted.
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3.3.2. Rutherford backscattering spectrometry (RBS)
Rutherford backscattering spectrometry (RBS) was used to compare the
Co loading on the Co/SiO2/Si(100) model catalyst before and after
exposure to FTS conditions (Figure 3.10). RBS quantifies all the cobalt
present on the sample, not just that at the surface (as opposed to XPS).
Therefore, it can be deduced whether Co is removed from the catalyst
surface during the reaction, for e.g., by evaporation of volatile Co species
such as carbonyls. RBS analyses indicated that the Co loading before and
after exposure to FTS conditions is comparable (~5.0x1015 Co atoms/cm2).
This indicated that the quantity of cobalt on the support is conserved during
the FTS reaction and therefore no Co metal is lost from the surface.

Figure 3.10: Rutherford backscattering spectra of Co/SiO2/Si(100) (i) reducedpassivated and (ii) FTS-exposed and passivated. Statistical error in Co loading:
1.5%.
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3.3.3. Transmission electron microscopy (TEM)

3.3.3.1. TEM after passivation

The passivation step after reduction or exposure to FTS conditions
(described in section 3.2.4), resulted in the formation of CoO and prevented
complete re-oxidation (confirmed by XPS, Figure 3.7). This enabled ex situ
TEM characterization of the nanoparticles which are preserved in a state
that is representative of their size (metal size with passivation layer) and
location on the silica support during the reaction. Figure 3.11 shows two
bright-field TEM images of a reduced-passivated sample. Both images,
taken from different areas on the support, show cobalt particles as a dark
core surrounded by a thin and slightly more transparent outer layer. The
dark core is interpreted as metallic Co, while the thin outer layer is assigned
to the passivation layer of (amorphous) CoO. The outer layer and inner
core are clearly visible for relatively larger particles, but for some of the
smaller particles, a darker inner core is not observed. This implies that for
small particles the metallic cobalt is quantitatively converted to CoO during
passivation.

The TEM images enable an accurate measurement of the thickness of this
passivation layer. From a large number of measurements on particles of
various sizes, the thickness of the passivation layer was estimated to be
~3nm (schematic below in Figure 3.11). This determination of passivation
layer thickness was used to back-calculate the original metallic particles
size (explained in detail in section 3.2.7) after both reduction and exposure
to FTS conditions.
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TEM observation of a thin CoO passivation layer around the metallic cobalt
particle explains the detection of both cobalt metal and CoO by XPS
(Figure 3.7). This CoO layer completely encapsulates the metallic particle,
but is thin enough to enable photoelectrons from the underlying metallic
cobalt to escape and reach the detector.

Figure 3.11: Bright-field TEM images of a reduced-passivated model catalyst.
Darker features are the Co particles while the brighter background is the silica
support layer. The schematic shows that the metallic particles are encapsulated by
the thin passivation layer (consistently measured to be ~3nm).
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3.3.3.2. TEM before & after exposure to high-pressure H2
conditions
In this study, TEM is used to identify the mechanism of loss of metal
surface area. This is done by comparing single-particle size and location,
on the same area of the support, before and after the reaction.

To observe changes to particles due to only H2 gas and temperature, TEM
was carried out on the cobalt model catalyst before (reduced-passivated
state) and after exposure to high-pressure conditions i.e. (20 bar(a)) pure H2
gas at 230°C for 10h. Figure 3.12 compares TEM images of sample before
(images a & c) and after the treatment (images b & d). Selected areas (box
frames in images (a) and (b)) have been further magnified to produce
images (c) and (d). Figure 3.12 shows that the same area on the support
was measured before and after the reaction.

In this particular case, the reduced-passivated fresh sample shows a
somewhat thicker passivation layer compared to the treated sample. This
can be attributed to a harsher passivation of this sample i.e. more metallic
Co converted to CoO as a somewhat more crude passivation method was
used for this earlier sample (i.e. the sample was unloaded in air rather than
controlled passivation in a glovebox as was the case for all other samples).
This difference in extent of passivation does not affect observations of
particle loss (in fact lack thereof) or location of particles after the reaction.

The location of all particles is found to be identical before and after the
treatment (Figure 3.12). In addition, all Co particles present before the
reaction are also observed after the reaction (i.e. none are lost). In other
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words, neither particle migration nor particle loss or growth occurs at typical
FTS temperatures and in the presence of H2. This is confirmed by the XPS
measurements (Figure 3.8), which showed that the Co dispersion is
unchanged after a pure H2 treatment.

b

a

a
a
c

d

Figure 3.12: Bright-field TEM images of model catalyst reduced-passivated (a & c)
and exposed to high-pressure H2 conditions (20 bar(a) at 230°C for 10h) &
passivated (b & d). The box frames in image (a) and (b) indicate the specific areas
that have been magnified to produce images (c) and (d) respectively (sample area
measured is 140 x 140 nm)
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3.3.3.3. TEM before & after exposure to Fischer-Tropsch
synthesis conditions

Figure 3.13 compares the TEM images of the same area on a model
catalyst before and after exposure to FTS conditions (i.e. 20 bar (a)
H2/CO:2/1 at 230°C for 10h). TEM images (a) & (c) show the fresh reducedpassivated state and images (b) & (d) shows the FTS-exposed then
passivated state. Selected areas (box frames in images (a) and (b)) have
been further magnified to produce images (c) and (d).

Under these reaction conditions, changes to Co nanoparticles due to
exposure to FTS conditions, is clearly evident. Firstly, loss of some
relatively smaller particles is observed (red circles in Figure 3.13(c)). The
size of these smaller particles lost is measured to be ~4nm (i.e. corrected
Co metal size). The loss of Co particles is quantified by manual particle
counting using these TEM images (Table 3.1), where the particles density
after exposure to FTS conditions has decreased by ~17%.
Table 3.1: Co particle densities before and after exposure to FTS conditions
2

Co/SiO2/Si(100) treatment

Number of particles per μm support *

Reduced-passivated

1445

FTS conditions-passivated

1200

* 71 & 59 particles were counted from the respective TEM images (Fig 3.13 a & b). When
counted manually, higher magnification images enable a more precise measurement of
particle diameters (compared to lower magnification images where particles appear smaller
due to scale). In this study, all particles that could be identified in the respective images
were counted.
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Figure 3.13: Bright-field TEM images of model catalyst reduced-passivated (a & c)
and after exposure to FTS conditions then passivation (b & d). The box frame in
images (a) and (b) indicate the specific areas that have been magnified to produce
images (c) and (d) respectively (sample area measured is 180 x 180 nm). Red
dashed circles indicate particles which have been lost during FTS treatment. Blue
dashed circles indicate particles which have significantly decreased in size with
treatment.
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Furthermore, some of the larger particles (typically ~5nm) were found to
decrease considerably in size (to ~2nm) after exposure to FTS conditions
(blue circles in Figure 3.13 (c) and (d)).

Finally, the remaining particles (i.e. are not lost) are found to be at the
same location on the support before and after the reaction. This implies that
these particles remained immobile on the support during the reaction.

The growth of particles due to the incorporation of the cobalt that was
initially present in the relatively smaller particles, is not clearly apparent
from the TEM images. As the particle volume scales with d3, the increase of
the diameter of a large particle requires a significant volume increase. For
example, for a particle of radius of 10nm to increase to 11nm its volume will
increase by ~1400nm3 (from 4189nm3 to 5580nm3 assuming spherical
particles). This increase is equivalent to the volume of five 4nm particles.
Thus, particles which have incorporated atoms from other relatively smaller
particles, have probably not grown enough to see a significant increase in
their diameter.

Particle size distributions before and after exposure to FTS conditions were
determined using the corrected metal sizes (Figure 3.14). Interestingly, a
number of smaller particles, below the size of ~4nm, are still measured
after exposure to FTS conditions. This implies that these particles have
either not lost any mass during FTS and/or they originate from larger
particles which have lost some of their initial mass and have consequently
decreased in size.
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Figure 3.14: Particle size distribution of corrected metallic particles sizes before &
after exposure to FTS conditions (derived from 71 & 59 particles counted
respectively).
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The possibility of beam damage needs to be thoroughly taken into account
in studies with prolonged beam exposure times such as in-situ TEM studies
[38,39]. The energetic beam has previously been shown to result in particle
decay and this could be mistakenly interpreted as sintering. In this study,
however, imaging was carried out over relatively short times (within 30 min
per sample) and reactions carried out in a reaction cell outside the TEM
instrument. Therefore, any effect of the beam was minimized.

Typically, several images of the same area on the support are taken at
varying level of optical focus to ensure that all particles are identified and
counted. These TEM observations are confirmed by a duplicate experiment
(Appendix A, Figure 3.16), where a different sample was used under
otherwise the same conditions.

3.4. Discussion
Loss of metal surface area is a proven deactivation pathway in
Co-catalyzed low-temperature FTS. To our knowledge, direct observation
of the loss of metal surface area has not been reported in the literature.
After exposure of the Co/SiO2/Si(100) model catalyst to FTS conditions (i.e.
20 bar(a) dry H2/CO (2/1) at 230°C), cobalt dispersion deceases significantly
(~40% decrease of Co/Si ratio in XPS). The fact that this occurs in a short
time interval (10h) shows that the initial decrease in metal surface area is a
rapid process. No loss in Co dispersion is found in experiments using pure
H2 gas only (i.e. 20 bar(a) dry H2 at 230°C for 10h), which implies that CO
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gas is required, in addition to H2 at FTS temperature, for loss of metal
surface area to occur.

TEM findings provide important information on the mechanism of loss of
metal surface area due to exposure to FTS conditions. TEM shows that
some small particles disappear (≤4nm corrected metal size), while some
particles decrease in size (from ~5nm to 2nm). Furthermore, the remaining
particles are completely immobile during the FTS reaction.

The random movement of particles over the surface, or the collision and
merging of particles is not observed by TEM in our experiments. Therefore,
a particle migration and coalescence mechanism, as previously suggested
by Sadeqzadeh et al. [33] & Tsakoumis et al. [53], is not observed on the
model catalyst under the reaction conditions used. On supported catalysts,
the mechanism of loss of metal surface area is typically derived from
changes in the shape of the particle size distribution [33,53], while in the
present study, changes are observed at the single-particle level (using
TEM).

The present study provides direct evidence of Ostwald ripening of smaller
particles in the early stages of FTS, where loss of metal surface area
proceeds via diffusion of monoatomic species (or very small clusters) over
the support surface with particles remaining immobile. This is in agreement
with the observations of Hansen et al. for Ni sintering on MgAl2O4 in a
reaction atmosphere of H2/H2O (1:1) at 4mbar and 750°C [54-56]. In their
study, early stages of sintering were dominated by the loss of small
particles (initial size of ~2.5 nm) which was found to be very rapid (within
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3h), with the important mechanism of sintering deduced to be atomic
migration rather than particle migration [54].

The reason for the observed rapid loss of smaller particles (via atomic
migration) compared to larger particles, can be explained in terms of the
difference in surface energy of atoms in smaller particles compared to
larger ones. Campbell et al. showed that the stability of metal atoms in a
particle decreases substantially as the radius decreases (below ~3nm for
the system of Pb/MgO(100)) [28]. Thus, metal atom stability depends
strongly on particle size, with atoms being more stable at larger particle
sizes (as observed by little change in surface energy for particles ~8-10 nm
in the case of Pb/MgO(100) [28]).

In the present study, in situ XPS analyses shows that the fresh model
catalyst was fully reduced after the reduction step and that metal-support
compound formation (e.g. CoO-SiOx) was not significant. Since cobalt
loading on the support was conserved during exposure to FTS conditions
(determined using RBS analyses), it is concluded that cobalt did not leave
the sample via the gas phase, which certainly would have occurred if
volatile Co compounds had formed. These findings imply that metal-support
compound formation and volatile Co species can be excluded as reasons
for the measured loss in Co dispersion (XPS) and loss of smaller particles
(TEM). Since the formation of volatile cobalt species was not significant,
this confirms that Co transport took place over the support surface and gas
phase transport is not significant.

Loss of metal surface area is not observed unless CO gas is present (i.e.
both CO and H2 gas is required at FTS temperature). Cobalt-subcarbonyl
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species, Co(CO)x (x=1-4), have previously been considered to be mobile
species over a Co surface under CO hydrogenation conditions (H2/CO:2, 4
bar, 250°C) [57]. (Sub)carbonyls undergoing Ostwald ripening have also
been considered to be the mobile species in CO hydrogenation using Ni
catalysts (H2/CO:2, 1 bar, 230°C) [58], although in the case of Ni gas phase
transport is likely. Instead for Co, the mobile species is deduced to be
transported via diffusion over the support surface (implied from RBS data).
Volatile Co-carbonyls are more difficult to form than Ni-carbonyls as they
contain two Co atoms (Co2(CO)8) [59] as opposed to the volatile Ni
carbonyl (Ni(CO)4). The observation that Co mobility is only apparent in the
presence of CO(g) is thus taken as evidence that mobile cobalt-subcarbonyl
species, transported via diffusion over the support, is the principal
mechanism for transport of Co during the FTS reaction (under the
negligible water partial pressure conditions used in this study).

Experimental details needs to be carefully considered when generalizing
the loss of metal surface area that is found in a specific reaction
environment [23]. Factors such as reaction gas atmosphere and less
obvious parameters such as catalyst pre-treatments and even catalyst
preparation method could also affect particle growth [60]. An important
discrepancy between the present model study and commercially applied
FTS, is the absence of water. Industrial FTS reactors are typically operated
at relatively high synthesis gas conversions (between 50-70%), resulting in
a water partial pressure of ~4-6 bar during the reaction [21]. In this study,
the utilized model catalyst has a significantly low metal loading compared to
industrial catalyst, resulting in low conversion and therefore negligible water
partial pressure. Bertole et al. reported that high partial pressures of water
(8 bar) significantly increased loss of metal surface area compared to lower
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pressures, resulting in lower activity when using an unsupported Co-Re
catalyst in isotopic transient studies [9]. Thus, loss of metal surface area
could be greater under conditions of high water partial pressure, which
could mean that atomic migration occurs faster or that pathways for
instances of particle migration are created.

A more fundamental limit for the usefulness of planar model catalysts is the
support. The model catalyst consists of a smooth, planar support surface,
while the industrially employed high surface area supports expose rough,
highly defective surfaces and are typically nanocrystalline. This affects the
interaction of Co particles and mobile Co species with the support and
could therefore give rise to differences, in particular to the sintering rate.
The impact of support substrate was recently shown by Fukamori et al.
where it was proposed that mitigation of sintering could be achieved when
the support substrate contains areas which strongly adsorb metal clusters
(preventing cluster diffusion) and areas of weak interaction with metal
atoms (preventing atomic diffusion) [61]. Monodispersed Pd clusters
underwent Ostwald ripening on a Rh(111) surface (scanning tunnelling
microscopy over several hours at RT under ultrahigh vacuum conditions)
exhibiting strong adsorption of metal clusters, while particle migration &
coalescence was found to dominate on a graphene/Rh(111) substrate
(after annealing to 300K-500K under ultrahigh vacuum conditions)
attributed to relatively weaker cluster adsorption on the substrate [61].
Apart from the roughness and defect density, chemical nature is expected
to be important as well. Al2O3, for example, could have an impact on Co
reducibility when compared to SiO2, which is typically attributed to a
stronger interaction between the metal and the support. This interaction of
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metal and support could also play a role for Co mobility over the support
surface.

Thus, the present model study provides a starting point for understanding
the loss of Co metal surface area during FTS on a fundamental level. The
impact of other contributing factors on the dominant mechanism of loss of
metal surface area, in particular the chemical nature of the support and the
role of water, needs to be investigated further using the model catalyst.
This can be done by changing the model support material as well as cofeeding water to mimic FTS at realistic conversion.

Industrial catalyst often consists of a mixture of both larger and smaller
particle sizes (i.e. a wide particle size distribution). For FTS on such a
catalyst, loss of metal surface area alone does not necessarily mean loss of
activity, due to the size-dependent reactivity of Co in FTS. Bezemer et al.
reported that particles smaller than 6-8nm have a low activity [62] and
hence their loss would not greatly affect the observed FTS activity. In the
present study, the loss of ~4nm particles was observed within the reaction
time of 10h, while some particles of ~5nm were observed to decrease in
size. Particles larger than 5nm, which may be optimum for FTS activity,
could become smaller with longer reaction times (>10h), resulting in
particles sizes which have low activity in FTS. Therefore, atomic migration
of cobalt could contribute to catalyst deactivation.

Our findings indicate that two approaches should be investigated. This
includes

reducing

the

driving

force

for

sintering

(thermodynamic

consideration) and slowing down the diffusion of mobile Co species (kinetic
considerations). One method can be to prepare fresh catalyst particles with
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a highly uniform particle size distribution (ideally with the optimal size for
target FTS performance [62,63]. This results in a catalyst with particles of
similar surface energy which will slow Co mobility. Loss of metal surface
area could also be slowed down by maximizing the inter-particle distances
during the catalyst preparation step. This increases the diffusion distance of
mobile species which therefore applies to both Ostwald ripening and
particle migration and coalescence. Lower Co loading could increase interparticle distance, but this may be less desirable in commercial catalyst
preparation (where highest activity per volume of catalyst used is
important). Alternatively, the reaction conditions can be adjusted to supress
formation of atomic cobalt-subcarbonyl species, such as lowering the CO
pressure (also a limited parameter as target FTS performance is dependent
on H2, CO and H2O partial pressures).

3.5. Conclusion
The mechanism of loss of metal surface area was studied by exposing a
Co/SiO2/Si(100) model catalyst to low-conversion Co Fischer-Tropsch
synthesis (FTS) conditions. Identical location TEM showed the loss of
≤4nm particles and decrease in size of ~5nm particles within 10h. All
remaining particles were immobile during the reaction, indicating that
Ostwald ripening mechanism is dominant using our model catalyst under
the present conditions. It was found that loss of metal surface area at FT
temperature requires the presence of CO in combination with H2, as the
temperature is too low for purely thermally-induced loss of metal surface
area. Metal-support compound formation as well as the formation of volatile
species were excluded as reasons for the measured loss of metal surface
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area. These findings suggested that the mechanism proceeds via a mobile
cobalt-subcarbonyl species that is transported via diffusion over the support
surface. The rapid loss of particles and decrease in particle size via
Ostwald ripening implies that particle sizes can be altered to sizes that are
less active for FTS and in this way could contribute to catalyst deactivation.
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3.6. Appendix
Table 3.2: XPS analyses of Co/SiO2/Si(100). Co/Si and C/Si peak intensity ratios of
reduced–passivated, FTS exposed-passivated and H2 exposed-passivated.
Co/Si XPS peak

C/Si XPS peak

intensity ratio

intensity ratio

reduced-passivated

0.07

0.08

FTS exposed-passivated

0.04

0.08

reduced-passivated

0.07

0.03

H2 exposed-passivated

0.07

0.12

Co/SiO2/Si(100) treatment

Peak ratios determined as described in section 3.2.5.1.

Figure 3.15: XPS Co3p of reduced Co/SiO2/Si(100) model catalyst and sample that
is reduced, exposed to FTS conditions and reduced again. Reference compounds
for metallic Co and CoO are also plotted.
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TEM before and after exposure to Fischer-Tropsch synthesis
conditions (duplicate experiment)

Figure 3.16: Bright-field TEM images of model catalyst reduced-passivated (A1 &
A2) and after exposure to FTS conditions & passivation (B1 & B2). The box frame
in images A1 and B1 indicate the specific areas that have been magnified to
produce images A2 and B2 respectively. Red dashed circles indicate particles
which have been lost during FTS treatment.
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4.1. Introduction
4.1.1.

Carbon

deposition

during

Cobalt

Fischer-Tropsch

synthesis
Build-up of carbonaceous species on the catalyst during Fischer-Tropsch
synthesis (FTS) can negatively influence activity over an extended reaction
time. The possible effects could be blocking of active sites, formation of
bulk or surface carbides and pore blockage resulting in mass transfer
limitations. Moodley et al. reviewed the role of carbon in Co FTS catalyst
deactivation [1,2]. The types of carbon identified on spent catalyst include
(i) surface carbidic species (referred to as atomic carbon) and (ii)
subsequent reactions with FTS intermediates and (iii) polymeric carbon
(which refers to hydrogen-lean chains of carbon atoms connected by
covalent

bonds).

Temperature-programmed

hydrogenation

mass

spectrometry (TPH-MS) data, carried out on spent Co/Pt/Al2O3 FTS
catalyst, exhibited three main methane peaks (Figure 4.1) which were
assigned to atomic carbon, residual wax in the pores of the alumina support
and polymeric carbon [2-5].

The polymeric carbon content, determined using TPH/TPO data, was found
to increase with the time that the catalyst was used (i.e. time-on-line, TOL),
with a 180 day old spent catalyst containing ~2wt% of polymeric carbon [2].
Based on the Co loading and dispersion, this quantity of polymeric carbon
was deduced to be the equivalent of four carbon atoms per surface cobalt
atom. This significant quantity of deposited carbon led to the conclusion
that only a portion of this carbon could be located on the metal phase
resulting in active site blocking. Energy-filtered transmission electron
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microscopy (EFTEM) identified that polymeric carbon was present on both
the cobalt and the alumina support. The support-bound carbon was
postulated to be the result of carbon spillover from the metal onto the
support [6].

Figure 4.1: TPH-MS CH4 peaks of a wax extracted spent Co/Pt/Al2O3 FTS
catalyst removed from a slurry reactor operated at commercially relevant
FTS conditions. Adapted from Moodley et al. [1].
H2 chemisorption experiments showed a correlation between loss of metal
surface area and an increase in polymeric carbon with time on line [2]. The
presence of polymeric carbon rather than sintering seemed to be
contributing to this loss in surface area, over long reaction times, since
hydrogen treatments (to 500°C) to remove this polymeric carbon restored
the metal surface area capacity to some extent. A regeneration treatment
(to 300°C in O2) of the spent catalyst to remove polymeric carbon, resulted
in a 90% recovery of FTS activity. Thus, it was concluded that polymeric
carbon could contribute to longer term deactivation in extended runs of
FTS.
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In a later study, Pena et al. deduced that, in addition to sintering, strongly
adsorbed hydrocarbons species and amorphous polymeric carbon plays a
significant role in deactivation of a Co/Al2O3 FTS catalyst [7]. Weststrate
et al. showed that polymeric carbon, formed via an ethylene treatment
(260°C, 3h) over a fresh Co/Al2O3 catalyst, was indeed detrimental for
catalyst activity [8]. The FTS activity of this catalyst (with carbon deposited)
demonstrated activity close to that of a spent catalyst of ~100 days of FTS.

Earlier work by Weststrate et al. investigated the surface chemistry of
carbon on a cobalt surface by dosing ethylene and acetylene to a single
crystal Co (0001) surface in a scanning tunneling microscopy (STM) study
[9]. Mono-atomic step edges on the Co (0001) surface were observed to be
the nucleation points for small graphene islands [9]. This polymeric-type of
carbon was suggested to form via a side reaction to FTS, whereby
acetylenic surface intermediates undergo cyclo-polymerization. Although
acetylenic intermediates are not typically found in the Co low temperature
FTS product spectrum, Density Functional Theory (DFT) calculations
together with energetic parameters obtained experimentally on Ni and Co
surfaces, provided evidence that alkynes (C2Hx and C3Hx) are the most
stable adsorbates on a close-packed Co metal surface [8]. Since long chain
products are produced during FTS, terminal alkynes of various chain length
were envisaged to be incorporated into the aromatic structure, forming
compounds known as asphaltenes [8]. The high reactivity of acetylenic
species on a cobalt metal surface, led to the conclusion that these alkyne
species could be responsible for the formation of both aromatic and nonaromatic polymeric carbon during FTS [8].
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In more recent work by Pinard et al. the chemical nature of carbon species
on spent Co-Ru/Al2O3 FTS catalyst was determined [17]. Carbon on spent
catalyst (after wax removal by N2 stripping) was extracted and found to
contain carboxylic acids and alcohols. The carboxylic acids were detected
using TPH-IR and found to be resistant to a hydrogen treatment (up to
600°C in 10% H2/Ar). This led to the postulation that carboxylic acids and
alcohols can be added to the list of carbon species detected during TPHMS on spent catalyst (Table 4.1) [2]. Pinard et al. found that carboxylic
acids and alcohols were removed at temperatures of 320-330°C and 275290°C respectively during TPH-MS (Table 4.1) [17].
Table 4.1: TPH-MS methane peaks and assigned carbon species reported by
Pinard et al. [17] and Moodley et al. [2]
Possible carbon species on spent catalyst

TPH-MS methane peak T (°C)

a

Pinard et al. [17]

Moodley et al. [2]

Surface carbidic species (atomic carbon)

260-270°C

250

Hydrocarbons (alcohols)

275-290°C

Hydrocarbons (carboxylic acids)

320-330°C

Residual wax (in small support pores)
Polymeric carbon on cobalt or support
a

330
420-460°C

445

TPH-MS studies (Ref [2] & [17]) were carried out under identical reaction conditions.

4.1.2. Carboxylic acids produced in FTS
FTS produces not only the desired hydrocarbons, but also water and
oxygenated compounds such as carboxylic acids, alcohols, esters and
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ketones [10,11]. Oxygenates are unwanted side-products in lowtemperature Co-catalyzed FTS which is geared towards production of long
chain paraffinic waxes. For Fe-catalyzed FTS some specific oxygenates
are in fact valuable commodities [12]. Carboxylic acids typically comprise a
very small quantity of the FTS liquid products (e.g. 0.05 wt% acetic acid &
0.01 wt% propanoic acid [13]). Typically, acetic acid is found to be the most
abundant of the carboxylic acids produced [14,15]. Short chain oxygenates
are predominantly found in the FT product water, while less soluble (long
chain) oxygenates are found in the hydrocarbon phases.

4.1.3. Oxygenated compounds on spent Co FTS catalyst
Oxygenates can be part of the composition of carbon which is deposited on
the catalyst during FTS. Pena et al. detected branched fatty acids (C7-C28)
and α-alkyl cinnamic aldehydes (C12 – C32) when the organic compounds
were extracted from spent Co/Al2O3 catalyst and analyzed using GC-MS
(FTS at 220°C, H2/CO:3/1, 20 bar) [16]. FTIR absorption peaks
corresponding to carboxylic acids were observed, in particular, after FTS at
relatively higher CO conversion (~65-70% initial conversion) [16].

Pinard et al. analyzed the carbon species on spent Co-Ru/Al2O3 FTS
catalyst [17]. Carbon extracted from the spent catalyst was found to consist
of both carboxylic acids (~C4-C24 on a 7 day old catalyst) and alcohols
(~C12-C32 on a 7 day old catalyst). TPH-IR indicated that complete
removal of carboxylate species required temperatures above 600°C.
Carboxylic acids (C1-C7 acids) adsorbed on pure γ-Al2O3 showed IR
frequencies in the same IR region (corresponding to O-containing
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molecules) as those of spent Co/Ru/Al2O3 FTS catalyst. Organic acids were
deduced to adsorb strongly on the support or on the metal, implying a
significant contribution of carboxylic acids to deactivation in the case of
adsorption on the metal.

4.1.4. Carbon formation from oxygenated compounds
Acid can adsorb on pure γ-Al2O3, as was reported by Hasan et al., where
in-situ FTIR spectroscopy showed that both dissociative and nondissociative adsorption of acetic acid occurs, with the former producing
adsorbed acetate species (stable up to 400°C on pure Al2O3) [18]. Lewis
acidic sites on oxidic support surfaces adsorb carboxylic acid while basic
sites can enable condensation reactions which produce carbon species.
For instance, thermal treatment of oxide compounds, such as TiO2, CeO2,
in the presence of acetic acid results in a ketonization reaction which
produces acetone [18]. Acetone can subsequently produce light, gaseous
carbonaceous compounds such as mesityl oxide (C6H10O), isobutylene
(C4H8) and methane (CH4) via condensation reactions over the support [1921].

Oxygenates are commonly known to form carbon (also referred to as coke)
on steam reforming catalysts. Steam reforming of acetic acid over Co/Al2O3
can result in thermal decomposition of acid [22] as reported by Hu et al.
[23]. Reactions using pure acetic acid on Co/Al2O3 catalyst (1h, 400°C)
produced hydrogen, acetone, ketene, methane, CO and significant carbon
formation [23]. The Co/Al2O3 catalyst deactivated (in the steam reforming
reaction) severely over time (100h, 400°C, 1 bar, steam-to-acid ratio: 7.5).
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TGA indicated significant carbon formation on the catalyst, which was
postulated to arise either from the Boudouard reaction (of the CO product)
or reaction between acetone intermediates [24,25]. Coke formed directly
from acid decomposition was deduced to be unlikely at the selected
reaction conditions [26]. Both oxidation of metal (determined by XRD) and
coke formation was proposed to be responsible for severe catalyst
deactivation. Interestingly, the production of CO, acetone and ketene were
not affected while the catalyst deactivated (i.e. during carbon build-up and
oxidation). This implied that the ketonization and dehydration reactions
were being catalyzed by the alumina support sites and did not require the
metal sites.

Vagia et al. investigated the feasibility of reforming oxygenated compounds
used thermodynamic calculations [26]. In their theoretical study, carbon
formation showed highest selectivity at low steam-to-acid ratio (0.5) and
showed a decreasing trend with temperature until being completely
suppressed above 723°C [26]. The effect of pressure (1-20 bar) was
investigated at constant steam-to-carbon ratio (3) and was found not to
significantly affect carbon formation.

4.1.5. Research objective
Polymeric carbon deposited on Co/Al2O3 catalyst can negatively impact
FTS activity. Carbon on spent Co/Al2O3 FTS catalyst has been found to
contain oxygenated compounds such as alcohols and carboxylic acids.
Oxygenated compounds could therefore be potential precursors for carbon
deposited on Co FTS catalyst. This carbon could be a result of oxygenate
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decomposition over the metal or support surface. Oxygenates could also be
strongly adsorbed on Al2O3 support or form metal-carboxylate compounds
and consequently affect Co FTS catalyst performance. The primary
objective of this study is to determine whether carboxylic acids contribute to
catalyst deactivation: This is achieved by investigating:
(i) The location (Co metal and/or γ-Al2O3 support) of the carboxylate
species identified on spent catalyst.
(ii) The feasibility of polymeric carbon formation due to carboxylic acid
decomposition on Co/Al2O3 FTS catalyst.
(iii) The effect of acid co-feeding during Co-catalyzed FTS at realistic
conditions.

4.2. Materials and methods
4.2.1. Materials
Acids
Acetic acid (99%) and octanoic acid (99%) were purchased from SigmaAldrich and used as received.

Alumina and cobalt catalyst
γ-Al2O3 support material was supplied by Sasol Germany. Fresh
Co/Pt/γ-Al2O3 catalyst (20 wt% Co, 0.05 wt% platinum) was obtained from
Sasol. The catalyst was prepared by slurry impregnation of the γ-Al2O3
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support with an aqueous cobalt nitrate and ammonium platinum nitrate
solution. After impregnation and drying, the catalyst precursor was calcined
(at 250°C in air) and this procedure was repeated to achieve the desired
metal loading [27-30]. The catalyst was reduced (in pure H2 at 425°C) and
embedded in wax (Sasol H1 wax, density 0.94 g/cm3) before FTS testing.

Spent FTS catalyst
Spent Co/Pt/Al2O3 FTS catalyst samples were supplied by Sasol. The
samples were removed from the Sasol Catalyst Testing Reactor in
Sasolburg, South Africa, which is a slurry bubble column FTS reactor
operated at commercially relevant conditions i.e. 230°C, 20 bar, H2 + CO
conversion 50-70%, feed gas composition of 50–60 vol% H2 and 30–40
vol% CO. Samples were removed at various time intervals (including 5 and
90 day old samples reported in this study) and contained a protective wax
layer. Before further analysis, a wax extraction procedure was carried out
according to the procedure described by Moodley et al. [2].

Acids adsorbed on γ-Al2O3
Acetic acid was adsorbed on γ-Al2O3 by adding (10 ml) of an aqueous
acetic acid solution (5 vol %, room temperature) to γ-Al2O3 (2g) which was
pre-dried at 120°C for 10 mins. The resulting suspension was stirred
(1 min) before the excess solution was filtered off and the sample dried (for
10 min) at 120 °C in air. Octanoic acid was adsorbed on γ-Al2O3 by adding
(10 ml) of an octanoic acid in methanol solution (5 vol %, room
temperature) to γ-Al2O3 (2g) which was pre-dried at 120°C for 10 mins.
Methanol was used a solvent for this acid solution instead of water, due to
the low solubility of octanoic acid in water.
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4.2.2. Methods

4.2.2.1. Acetic acid addition to alumina and pre-reduced cobalt
catalyst at 230°C under H2/CO
Acetic acid saturated synthesis gas was obtained by flowing H2
(10 ml(NTP)/min), CO (5ml(NTP)/min) and Ar (90 ml(NTP)/min) gas
through a stainless steel saturator filled with pure (99%) acetic acid (25 ml)
which was kept at room temperature (~0.02 bar vapor pressure of acetic
acid at RT as determined in Ref [31]).
The acetic acid saturated gas was led over the sample of either γ-Al2O3 or
Co/Pt/Al2O3 catalyst (100mg). The sample was loaded and enclosed with
glass wool in a quartz glass reactor tube (4mm internal diameter). The
reactor tube was contained in an oven that was used to heat the sample
evenly.
The reactor tube contained two separate inlet connections, one for acid
saturated gas and the other for acid-free gas. All treatments were carried
out at atmospheric pressure. The Co-catalyst sample was pre-reduced at
425°C (5°C/min, 4h) under 10% H2/Ar, followed by cooling to 230°C in the
same gas mixture. Once 230°C was reached, the feed gas was changed to
acid-saturated H2/Ar gas and CO was introduced to the gas mixture at this
point as well. The samples were exposed to this gas mixture for 15 min,
after which time the feed gas was changed back to acid-free H2/Ar gas,
which was flowed for 1h at 230°C to ensure acid was removed from the
reactor tube (as monitored by MS). The sample was then cooled to room
temperature under H2/Ar gas flow.

105

Chapter 4

In the cases where in-situ temperature programmed (TP) experiments
coupled with mass spectrometry (MS) was carried out, samples were
cooled in H2/Ar and kept under H2/Ar gas flow at room temperature until the
TPH-MS measurement was carried out. Those measurements were carried
out by heating the sample to 800ºC (5ºC/min) using 10% H2/Ar (50
ml(NTP)/min). The evolving gases were monitored using a OmnistarTM
ThermostarTM GSD 320 mass spectrometer.
In the cases where ex-situ TPH-MS, XPS and ATR-IR was carried out,
samples were slowly exposed to air after cooling to room temperature. This
was done by stopping the gas flow and opening the narrow inlet and outlet
openings of the reactor which enabled air to slowly replace the H2/Ar
mixture in the reactor tube. Samples were then unloaded in air and used for
measurements.

4.2.2.2. Temperature programmed (TP) techniques coupled with
mass spectrometry (MS)
For ex situ TP-MS measurements, samples were packed into a quartz
glass reactor tube (4mm ID) and enclosed with glass wool. Measurements
were carried out by heating samples to 800ºC (5ºC/min) using 10% H2/He
(50 ml(NTP)/min total flow) in the case of TPH-MS and pure He (50
ml(NTP)/min) in the case of TPD-MS . The evolving gases were monitored
using a Balzers QMA 400 mass spectrometer.
TPD-MS coupled with GC-MS was carried out on sample of acetic acid
adsorbed on γ-Al2O3.2 The sample (700 mg) was packed in a fixed bed
2

TPD-GC-MS experiments carried out by Jack Fletcher at the Eindhoven

University of Technology.
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reactor (catalyst bed 800 by 5mm) and enclosed with SiC (using a quantity
that filled the rest of the catalyst bed volume). The reactor was heated
under Ar (50 ml(NTP)/min) to 500°C (2°C/min). GC-MS was carried out
using a Varian CP-Pora-BondQ column (L=50m, ID 0.32mm) with He as a
carrier gas and a sampling temperature program of 240°C (5°C/min) for 10
min.

4.2.2.3. ATR-IR
Attenuated total reflectance infrared spectroscopy (ATR-IR) spectra were
recorded using a Nicolet Smart Golden gate instrument equipped with a
diamond crystal (cutoff at 800 cm-1). Measurements were carried out in
transmission mode using the appropriate background with a resolution of
2 cm−1 over 128 scans.

4.2.2.4. XPS
X-ray photoelectron spectroscopy (XPS) spectra were measured using a
K-alpha spectrometer equipped with a monochromatic AlKα x-ray source
(1486.6 eV) operated at 150W (15kV and 10mA emission current). The
γ-Al2O3 powder samples were filled into pots on a copper plate, which
served as the XPS sample holder. During measurements, the pressure in
the analysis chamber was <10-8 mbar. Binding energies were calibrated
using the Al2p peak of γ-Al2O3 at 74.4 eV [32]. For analyses of C1s/Al2p
peak intensity ratios, peak fitting (using a Shirley background correction &
atomic sensitivity factors for each element included) was carried out using
the CasaXPS software version 2.3.15. The relative peaks of the C1s
signals and the Al2p signal was quantified and used to determine C1s/Al2p
peak intensity ratios.
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4.2.2.5. SEM
Scanning electron microscopy (SEM) was performed using a Philips
environmental scanning electron microscope FEI XL-30 ESEM FEG in
high-vacuum mode at 2kV voltage. The alumina samples were deposited
onto a silica wafer containing a layer of colloidal silver dispersed in toluene
(supplied by Electron Microscopy Sciences).

4.2.2.6. TGA
Thermo-gravimetric analysis (TGA) was carried out using TGA Q5000
V3.15 Build 263 apparatus.3 Samples were heated from room temperature
to 700°C (5°C /min) under He (25 ml(NTP/min).

4.2.2.7. FTS testing
FTS testing was carried out using a Co/Pt/Al2O3 catalyst in a continuous
stirred-tank reactor (volume 1L) at commercially relevant FTS conditions
i.e. 230°C, ~20 bar, conversion between 50-70% (constant conversion was
targeted), feed gas composition of ~50 vol% H2, 30 vol% CO and 20% inert
gas (Ar), reactor PH2O of ~4-6 bar.4 To enable a comparison on the activity
profiles between two different FTS runs, activity was first calculated as
mol(CO converted)/g(catalyst)/h and then a FT activity ratio was
determined. For the FTS experiments with acid co-feeding, an HPLC pump
was used to flow (~0.1 mol/h) of an acetic acid (20-200 ppm) in ethanol
3

TGA experiments carried out by Veronica Patterson at Sasol Technology,

South Africa.
4

FTS testing carried out by Herman Preston at Sasol Technology, South

Africa.
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solution directly into the reactor using a separate inlet feed line. CO
conversion was determined using an online GC-MS with TCD detection.

4.3. Results
4.3.1. ATR-IR of spent Co FTS catalyst
In order to confirm the presence of oxygenated compounds, ATR-IR
measurements were carried out on wax-extracted spent Co/γ-Al2O3 FTS
catalyst (Figure 4.2). Spent catalyst which is only wax-extracted still
contains residual wax that can be trapped in the pores of the support and
carbon that is deposited during FTS [2]. Therefore, not only a set of waxextracted spent catalysts were measured, but also a set of wax-extracted
then hydrogen treated (using pure H2, 5°C/min, 280°C, 6h) and passivated
spent catalysts were measured. The spectrum of a reduced fresh catalyst is
also measured to compare to spent catalyst samples and to identify the
presence of oxygenates on fresh catalyst. This reduced fresh sample was
wax-encapsulated and subsequently hydrogen-treated (to 280°C). The
background spectra used for each respective IR measurement is listed in
the Appendix (Table 4.5).

The IR absorption spectra of two spent catalyst (wax-extracted) samples
with relatively short (5 days-on-line) and longer (90 days-on-line) time in the
FTS reactor are shown in Figure 4.2. These spent catalysts show peaks in
the IR spectral region which correspond to functional groups of oxygencontaining molecules (at ~1409, 1464 and 1548 cm-1) and alkyl-containing
molecules (at ~2849 and 2916 cm-1). This provides evidence for the
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presence of oxygenated compounds (consisting of C-O and CH groups) on
spent catalysts. These findings are in agreement with those of Pinard et al.
where IR vibrations indicative of oxygenate species were identified on
spent Co-Ru/Al2O3 FTS catalyst [17]. Although appearing in the regions
corresponding to carboxylate (COO-) vibrations, the detected vibrational
frequencies in the 1400-1550 cm-1 IR region (Figure 4.2) are not unique for
only carboxylates, as other oxygenates could give rise to peaks in the same
region.

IR peaks of CH3/CH2 groups

-

IR peaks of COO or O-containing groups

absorbance (a.u)

spent catalyst (5 DOL)

spent catalyst (90 DOL)

spent catalyst (5 DOL) H2 treated to 280°C

spent catalyst (90 DOL) H2 treated to 280°C

reduced catalyst (in wax) H2 treated to 280°C

-1

wavenumber (cm )
-

Figure 4.2: Infrared absorption spectra showing the carboxylate (COO ) and alkyl
(CHx) region spectra for spent Co FTS catalyst (5 & 90 days-on-line) both waxextracted and after subsequent H2 treatment (to 280°C). In addition, a sample of
reduced catalyst embedded in wax (& H 2 treated to 280°C in) is measured for
comparison.
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The presence of absorption peaks corresponding to oxygenate-containing
molecules are also detected in the IR spectra of the hydrogen-treated (to
280°C) spent catalysts (Figure 4.2). Therefore, some of the oxygenated
compounds detected on spent catalyst are resistant to H2 up to 280°C,
which is above the temperature of Co FTS (200-230°C). Thus, the
oxygenated compounds are expected to be adsorbed during Co FTS.

The IR absorption spectra of reduced and hydrogen-treated (to 280°C)
fresh catalyst shows broad peaks in the spectral region corresponding to
oxygenate-containing compounds (~1390 and 1460 cm-1, Figure 4.2).
These oxygenates possibly originate from contaminants in the wax used for
embedding the reduced catalyst. This indicates that some oxygenates can
already be present prior to FTS. However, this is not expected to account
for all of the oxygenate species observed on spent catalyst since
oxygenates will be continuously produced during FTS and can therefore
accumulate on the catalyst.

4.3.2. ATR-IR of acetic and octanoic acid adsorbed on γ-Al2O3
The presence of oxygenate species, resistant to H2 (to 280°C), on spent
Co/γ-Al2O3 FTS catalyst (Figure 4.2) could be due to species that are
strongly adsorbed on the γ-Al2O3 support. Carboxylate molecules, which
contain a nucleophilic carboxylate (COO-) group, can be envisaged to have
a strong interaction with the aluminum cations (Al3+) of γ-Al2O3. In fact,
Pinard et al. reported that carboxylic acids (C1-C7 acids) adsorbed on pure
γ-Al2O3 showed IR frequencies in the same vibration region (corresponding
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to oxygen-containing molecules) as those detected on spent Co/Ru/Al2O3
FTS catalyst.

Carboxylic acids are a major component of the oxygenated compounds
produced during FTS, of which acetic acid is typically found in the highest
concentration [11-15]. This makes acetic acid a relevant compound to study
the interaction of a carboxylate with a Co metal surface and γ-Al2O3.
Octanoic acid is a carboxylate with a considerably longer carbon chain (C8)
compared to acetic acid (C2), making it a useful compound to study the
adsorption of carboxylate (with a long carbon chain) on γ-Al2O3.
To investigate the adsorption of a carboxylic acid on Co/γ-Al2O3 FTS
catalyst, model experiments were carried out using carboxylic acid and
pure γ-Al2O3 (described in the following section) or a Co metal surface
(described later in next section 4.3.3).
Pure γ-Al2O3 was impregnated with both short (acetic acid) and longer
chain (octanoic acid) carboxylic acid (as described in experimental section
4.2.1). Figure 4.3 shows the IR absorption spectra of the resulting acidimpregnated γ-Al2O3 samples as well as the respective pure acid
compounds for reference.

The IR absorption spectrum of pure acetic acid shows a sharp peak at
~1710 cm-1 attributed to the carboxyl group of the free acid (Figure 4.3). For
the sample of acetic acid-impregnated γ-Al2O3, the absorption peak of the
carboxyl group appears at a lower frequency of ~1580 cm-1. This shift in
absorption peak suggests that acetic acid is chemisorbed on γ-Al2O3, in the
form of acetate. This shift in frequency is expected when the oxygen atoms
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of the carboxylate group are coordinated to the aluminum cations of
γ-Al2O3, as this will result in a weaker C-O bond strength and consequently
a lower IR frequency. The IR frequencies (Figure 4.3) of acetic acid
adsorbed on γ-Al2O3 of ~1574, 1469 and 1424 cm-1 agree with reported
literature values [18,33] assigned to the anti-symmetric carboxylate
absorption, symmetric carboxylate absorption and rotational methyl
absorption respectively. The IR vibrations which result due to adsorption of
acetic acid on γ-Al2O3 is further studied using Density Functional Theory
(DFT) and discussed in Chapter 5 of this thesis.
For the case of acetic acid adsorbed on γ-Al2O3, the acid was impregnated
on γ-Al2O3 using an aqueous solution before a drying step followed by IR
measurement. This means that acetic acid and water are added
simultaneously to γ-Al2O3 during sample preparation. Since IR shows that
acetate is adsorbed (Figure 4.3), this implies that acetic acid competes with
water for adsorption sites on γ-Al2O3.
For the carboxylate with longer carbon chain length, the IR absorption peak
attributed to the carboxyl group shifts from ~1720 cm-1 in free octanoic acid
to ~1570 cm-1 for octanoic-impregnated γ-Al2O3 (Figure 4.3). This provides
evidence for the adsorption of the longer chain carboxylate on γ-Al2O3, in
the form of octanoate. The absorption spectrum of octanoic acid shows
peaks in the vibration region corresponding to alkyl (CH3/CH2) groups [34],
which identifies the alkyl chain of octanoate.
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Figure 4.3: ATR-IR of acetate and octanoate adsorbed on γ-Al2O3 compared to
reference compounds of pure acetic and octanoic acid (liquids).

These findings suggest that both short (acetic acid) and longer chain
(octanoic acid) carboxylic acids adsorb on γ-Al2O3, as carboxylates. In
addition, acetic acid competes with water for adsorption sites on γ-Al2O3.

4.3.3. Single crystal Co(0001) experiments using acetic acid
The stability of carboxylate on a Co surface was studied by dosing acetic
acid to a Co(0001) single crystal surface in an ultrahigh vacuum (UHV)
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experimental setup (see footnote5). These experiments were used to
determine if carboxylate detected on Co/Al2O3 FTS catalyst (using IR) could
in fact be due carboxylate located on the Co metal.

Figure 4.4 shows the temperature-programmed desorption spectrum
(detecting gas phase products) and the corresponding temperatureprogrammed work function data (detecting changes on the surface) from an
experiment where acetic acid was dosed onto a Co(0001) surface at low
temperature.

The TPD spectrum (Figure 4.4a) shows CO and H2 desorption below 400K
(127°C), indicating an acetic acid decomposition process that occurs at
relatively low temperature. The work function plot (Figure 4.4b) shows that
the decomposition proceeds in a series of reaction steps which all occur
below 230°C (the molecular structure of the intermediates after the different
steps is beyond the scope of the present study).

CO

H2

Figure 4.4: (A) TPD and (B) work function plots of acetic acid on Co (0001).
5

Ultrahigh vacuum (UHV) experiments were carried out by C.J. Weststrate

at the Eindhoven University of Technology.
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These findings indicate that acetic acid is thermally unstable on a Co metal
surface at FTS temperature. This implies that carboxylate compounds
which are strongly bound to spent Co FTS catalyst (detected using IR) are
not bound to the metal but instead are adsorbed on the γ-Al2O3 support.

4.3.4. SEM of acetic acid adsorbed on γ-Al2O3
SEM and BET measurements were carried out to investigate whether the
exposure of pure γ-Al2O3 to an aqueous acetic acid solution at room
temperature (as described in experimental section 4.2.1) influenced the
integrity of the support.
Figure 4.5 compares the SEM images of the γ-Al2O3 support material
before and after exposure to an aqueous solution of acetic acid. The size
and shape of the support particles is comparable before and after the acid
impregnation and there is no observable deterioration of the support
particles. BET measurements (Appendix, Table 4.6) confirm that the
support integrity is not compromised by the impregnation treatment, as the
surface area and pore volume do not change significantly. These findings
imply that the method used to adsorb acid on the support does not cause a
deterioration of the structural integrity of the support.
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Figure 4.5: SEM images of pure γ-Al2O3 and γ-Al2O3 impregnated with an aqueous
solution of acetic acid at RT.

4.3.5. XPS of acid adsorbed on γ-Al2O3
The binding energies of the C1s peaks in an XPS spectrum can
differentiate the carbon atom in a carboxyl group from the carbon atom(s) in
an alkyl group within the carboxylate molecule. This is because these
carbon atoms have a different chemical environment in the molecule. In
addition, XPS peak intensities can be used in a quantitative manner to
determine the ratio between different types of carbon present on a sample.
For instance, in the case of octanoate, a significantly larger peak intensity
of the carbon atom of the alkyl group is expected (C7H15:COO = 7:1), while
for the case of acetate the relative peak intensities should be the same
(CH3:COO = 1:1).
Figure 4.6 shows the XPS C1s core level spectra of acetate and octanoate
on γ-Al2O3 (XPS survey spectra in Appendix Figure 4.16 shows that all
expected elements were identified and that no unexpected elements were
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detected). For both cases, two distinct peaks are observed at 285.0 and
289.1 eV, which are assigned to the carbon atom(s) in the alkyl group and
carbon atom in the carboxyl group respectively.

Figure 4.6: XPS C1s region of acetate and octanoate adsorbed on γ-Al2O3. Dashed
lines (---) indicates the deconvolution of the respective peaks (as described in
experimental section 4.2.2.4)

For the case of acetate, the XPS spectrum shows (and peak fitting
confirmed) that the peak intensities are approximately equal, as expected
(CH3:COO = 1:1). For the case of octanoate, the C1s peak intensity due to
carbon atoms in the alkyl group was significantly larger, as expected
(~7 times larger peak area determined by peak fitting of the C1s spectrum)
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4.3.6. Thermal stability of acid adsorbed on γ-Al2O3: XPS
XPS was used to determine whether octanoate and acetate adsorbed on
γ-Al2O3 would remain intact during FTS. For this purpose, γ-Al2O3
containing adsorbed carboxylate was exposed to model FTS conditions i.e.
H2/CO gas (at 1 bar) at 230°C for 10h.
Specifically the carboxylate carbon peak (binding energy of ~289.1 eV,
Figure 4.6) intensities are compared before and after the reaction, since
they represent the molecular concentration of either acetate or octanoate.
The alkyl peak intensities were unchanged in spectral shape and only
changed in relative intensity. Thus, analyses of the carboxylate carbon
peak was sufficient to compare molecular concentration of acid adsorbed.
The peak intensities are reported as a ratio of C1s(carboxylate)/Al2p peak
intensity to account for variations in total photoelectron counts (total signal
intensity) between the measurements.
Figure 4.7 compares the relative amount of carboxylate on γ-Al2O3 before
and after the treatment. For both acids, the quantity of carboxylate
adsorbed was comparable before and after the treatment. This shows that
the carboxylates remained strongly adsorbed on γ-Al2O3 during exposure to
model FTS conditions, probably in their saturation amounts.
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Figure 4.7: XPS C1s(carboxyl peak)/Al2p peak intensity (at/at) ratio comparing acetate
and octanoate on γ-Al2O3 with the respective samples after exposure to model FTS
conditions (i.e. 230°C under H2/CO (1 bar) for 10h). Peak areas were determined
from peak deconvolution carried out using the CasaXPS 2.3.15 software (as
described in section 4.2.2.4).

4.3.7. Thermal stability of acetic acid adsorbed on γ-Al2O3
studied using TP-MS
TPD-MS was used to study the thermal stability of adsorbed acid on pure
γ-Al2O3 and the nature of the gaseous products released when the sample
is heated. For the case of acetate adsorbed on γ-Al2O3, online GC-MS
analysis was used to identify the molecular structure of the desorption
products and to translate the mass fragments detected by TPD-MS to
molecular products. In addition, TPO-MS was used to identify the nature of
the carbon deposited a result of thermal treatment of acetate over γ-Al2O3.
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Figure 4.8 shows the TPD-MS (under pure He) of acetate adsorbed on
γ-Al2O3. TPD-MS data shows that water desorbs at lower temperatures
(100 & 250°C), but the first gaseous products only appear above 300°C
(Figure 4.8). Using GC-MS, the major desorption peaks can be identified as
acetone (375°C) and carbon dioxide (400°C). Minor products include
carbonaceous species, specifically, isobutylene (420°C), propene (490°C)
and methane (600°C).

m/z 2 (H2)

Mass signal (a.u)

m/z 15 (CH4) (x5)
m/z 42 (C3H6) (x5)
m/z 41 (C4H8) (x5)
m/z 44 (CO2)
m/z 43 (CH3)2CO
m/z 17 (H2O)

Temperature (°C)
Figure 4.8: TPD-MS spectrum of acetate adsorbed on γ-Al2O3, labelled using GCMS data: (CH3)2CO (m/z = 43), CO2 (m/z =44), H2O (m/z =17), H2 (m/z =2), C4H8
(m/z = 41), CH4 (m/z = 15) & C3H6 (m/z = 42).

The hydrogen evolution starting around 500°C is deduced to be a result of
the thermal treatment of adsorbed acid on γ-Al2O3 since it was not observed
using a blank γ-Al2O3 sample (Appendix
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Figure 4.17). Thermal treatment of adsorbed acetate under a hydrogen
atmosphere produces identical results (TPH-MS in Appendix Figure 4.18a).

Figure 4.9. shows the TPD-MS (under pure He) of octanoate adsorbed on
γ-Al2O3. As was the case for acetate, water desorbs at relatively lower
temperatures (~150-250°C), while further products are detected above
300°C. In fact, the onset of products due to thermal treatment of adsorbed
octanoate is ~100°C higher compared to acetic acid, which indicates that
octanoate is more thermally stable on γ-Al2O3. The mass fragments of
major (m/z 43 & 44) and minor (m/z 15, 41 & 42) desorption species are
comparable to the case of acetate, which suggests that both short and
longer chain carboxylates have a similar reaction pathway on γ-Al2O3
(however, the exact nature of the desorbed species from octanoate
decomposition needs to be monitored using online GC-MS to confirm this).
Thermal treatment of adsorbed octanoate under a hydrogen atmosphere
produces identical results (TPH-MS in Appendix Figure 4.18b).

The detection of products due to a thermal treatment of carboxylate
adsorbed

on

γ-Al2O3,

occurs

at

temperatures

significantly

higher

(i.e. >300°C) than that of Co FTS (200-230°C). This implies that
carboxylate decomposition on γ-Al2O3 is expected to be slow at Co FTS
temperature.
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Figure 4.9: TPD-MS spectrum of octanoate adsorbed on γ-Al2O3

Carbon is deposited when acid is thermally decomposed over γ-Al2O3.
Figure 4.10a shows the image of a sample of acetate adsorbed on γ-Al2O3
in a reactor tube after a TPD treatment (700°C under He) is carried out.
The sample is black in color which indicates carbon deposition on γ-Al2O3.
The sample returns to its original white color (i.e. the carbon is removed)
when a TPO-MS experiment is carried out directly after the TPD treatment
(Figure 4.10b).
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Figure 4.10: Images of a sample of acetate adsorbed on γ-Al2O3 in a reactor tube
after (a) TPD and after (b) TPD followed directly by TPO.

The evolution of CO2 (m/z 44) was monitored during the TPO-MS
experiment and revealed a broad peak around 400°C (Figure 4.11).
Previous work by Moodley et al. showed that polymeric carbon on a spent
Co/Al2O3 FTS catalyst resulted in a TPO-MS peak around 450°C [2].
Therefore, thermal treatment (to 700°C in He) of acetate adsorbed on

MS intensity m/z 44 (a.u)

γ-Al2O3, results in polymeric-type carbon formation on pure γ-Al2O3.

Temperature (°C)

Figure 4.11: TPO-MS spectrum of acetate adsorbed on γ-Al2O3 carried out directly
after TPD.
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4.3.8. Saturation coverage of acids adsorbed on γ-Al2O3 studied
using TGA
TGA analyses were performed to estimate the saturation coverage of
acetate and octanoate adsorbed on pure γ-Al2O3. Figure 4.12 shows the
TGA curves of pure γ-Al2O3 as well as adsorbed acetate and octanoate on
γ-Al2O3. The weight loss measured from the TGA curve of pure γ-Al2O3 can
be attributed to the loss of water only as this sample does not contain
adsorbed acid. In the case of adsorbed acids on γ-Al2O3, the weight loss
measured is due to the loss of both water and acid. TP-MS of both acetate
and octanoate adsorbed on γ-Al2O3 (Figure 4.8 & Figure 4.9) indicated that
acid decomposition occurs above 300°C. Therefore, the weight loss
measured above 300°C in the TGA curves (Figure 4.12) can be taken as a
measure of loss of acetate or octanoate, while the weight loss below 300°C
can be attributed to the loss of water.
The TGA curve of pure γ-Al2O3 shows that significant loss of water occurs
below 300°C (Figure 4.12). This weight loss is relatively larger than that
observed for acetate or octanoate on γ-Al2O3, which instead show
significant weight losses above 300°C. This implies that relatively more
(weakly bound) water is adsorbed on pure γ-Al2O3, but in the case of the
acids on γ-Al2O3, some acid molecules are adsorbed instead of water
molecules.
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>300°C: loss of acid (as per TP-MS)

Weight loss (%)

<300°C: loss of water

γ-Al2O3
acetate/γ-Al2O3

octanoate/γ-Al2O3
Temperature (°C)
Figure 4.12: TGA curves of pure γ-Al2O3, acetate & octanoate adsorbed on γ-Al2O3.
Dotted line indicates the temperature (300°C) above which the weight loss is
attributed to acid decomposition (as determined using TPD-MS, Figure 4.8 &
Figure 4.9).

Table 4.2 indicates the calculated saturation coverage of the acids on
γ-Al2O3. These coverages refer to the freshly prepared acetate and
octanoate adsorbed on γ-Al2O3, which was previously found to be
comparable to the coverage after exposure to model FTS conditions (1 bar
H2/CO, 230°C, 10h) as determined by thermal stability studies using XPS
(Figure 4.7). Both acetate and octanoate is adsorbed at a coverage of ~3
molecules per nm2 of γ-Al2O3.
The difference between an acetate (C2) and octanoate (C8) molecule is the
length of the carbon chain, but they are similar in the fact that they both
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contain a carboxyl group. Therefore, the saturation coverage must be
determined by the carboxyl groups of the acid and not by the length of the
carbon chain.

Table 4.2: TGA results and calculated coverages of acetate & octanoate adsorbed
on γ-Al2O3.
Sample

Total weight loss
(%)

(mg)

Acid weight loss
(%)

a

(mg)

Acid Coverage

2

(molecules/nm )

acetate/γ-Al2O3

(6.6)

(0.2)

(4)

(0.1)

~3

octanoate/γ-Al2O3

(11.1)

(1.1)

(8.5)

(0.8)

~3

a

b

weight loss above 300°C in TGA curves (Figure 4.12)

b

2

calculated using γ-Al2O3 surface area (BET) of 142 m /g (Appendix Table 4.6)

Carbon is deposited on a sample of thermally treated adsorbed acetate on
γ-Al2O3 (Figure 4.10). This quantity of carbon contributes to the initial
quantity of acetate adsorbed on γ-Al2O3. In order to quantify the amount of
deposited carbon, TPO-MS calibration experiments were carried out
(Appendix Table 4.7). These experiments showed that the amount of
carbon deposited was ~0.1wt% (mCarbon/mSample). This translates to
~0.1 molecules of acetic acid per nm2 of γ-Al2O3. Therefore, the carbon
deposited (0.1 wt%) is very small compared to the quantity of acetate
desorbed from γ-Al2O3 after a thermal treatment (i.e. 4wt% acid loss
measured by TGA).
Table 4.3 indicates the calculated water coverages on pure γ-Al2O3 as well
as samples of acetate and octanoate adsorbed on γ-Al2O3. Interestingly,
the acetate and octanoate-impregnated samples have comparable water
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coverages of ~7 molecules per nm2 of γ-Al2O3. Furthermore, these samples
have a lower water coverage than that of pure γ-Al2O3 (7 vs 13 molecules
per nm2 of γ-Al2O3, Table 4.3). Thus, 3 acid molecules (Table 4.2) replaces
6 water molecules on γ-Al2O3. For the case of acetate adsorbed on γ-Al2O3,
the sample is prepared by impregnating an aqueous solution of acetic acid
on pure γ-Al2O3, which means that water and acid are simultaneously
added to γ-Al2O3. The result (after a drying step) is strongly adsorbed
acetate on γ-Al2O3, which is evidence that the acid competes with water for
adsorption on γ-Al2O3. This would explain the lower calculated water
coverage on the samples of acids adsorbed on γ-Al2O3 compared to pure
γ-Al2O3 (Table 4.3). For the case of octanoate adsorbed on γ-Al2O3, a
methanol/octanoic acid impregnating solution is used, with the result being
strongly adsorbed octanoate on γ-Al2O3. This further emphasizes the
adsorption strength of the carboxylate, as this proves it to be stronger than
that of an alcohol as well.
Table 4.3: TGA results and calculated water coverages on samples of pure γ-Al2O3
as well as acetate & octanoate adsorbed on γ-Al2O3.
Sample

Total weight loss

Water weight loss

a

Water Coverage
2

b

(%)

(mg)

(%)

(mg)

(molecules/nm )

pure γ-Al2O3

(5.0)

(0.3)

(5.0)

(0.3)

~13

acetate/γ-Al2O3

(6.6)

(0.2)

(2.6)

(0.1)

~7

octanoate/γ-Al2O3

(11.1)

(1.1)

(2.6)

(0.3 )

~7

a

weight loss below 300°C in TGA curves (Figure 4.12)

b

2

calculated using γ-Al2O3 surface area (BET) 142 m /g
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4.3.9. IR of Co/γ-Al2O3 catalyst treated with acetic acid at model
FTS conditions
The previous sections (4.3.2 to 4.3.6) dealt with the adsorption and thermal
stability of carboxylic acid on either the pure γ-Al2O3 support or cobalt metal
surface in isolation. The present section investigates the stability and
decomposition pathways of acetate on a commercially relevant Co/Pt/Al2O3
FTS catalyst. Reduced Co/Pt/Al2O3 catalyst was exposed to acetic acid
saturated H2/CO gas (1 bar(a)) at 230°C to obtain conditions to model that of
FTS. The resulting sample was characterized ex situ in the passivated state
using IR (described in the present section) and characterized in situ using
TPH-MS (described in the next section 4.3.9).
The IR absorption spectra of the acid-treated Co/Pt/Al2O3 FTS catalyst is
shown in Figure 4.13. For comparison, spent Co FTS catalyst as well as
acid-treated γ-Al2O3 is also plotted (Figure 4.13). A cobalt acetate reference
compound is used to identify if either the fresh or spent catalyst could
contain this metal-carboxylate compound.
The IR absorption spectrum of acetic acid-treated γ-Al2O3 exhibits peaks at
~1574, 1469 and 1424 cm-1 (Figure 4.13). This is in agreement with IR
absorption peaks obtained when acetate is adsorbed on γ-Al2O3 using an
aqueous solution (Figure 4.3). Therefore, two different methods of acid
impregnation have resulted in acetate formation on γ-Al2O3. In one method,
acetate formed on γ-Al2O3 in the presence of water (Figure 4.3), while in the
current method acetate formed on γ-Al2O3 at 230°C under H2/CO gas
(Figure 4.13). This emphasizes the adsorption strength of acetic acid to
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compete with water adsorption and the thermal stability of adsorbed
acetate.

Figure 4.13: ATR-IR of spent Co/Pt/Al2O3 FTS catalyst (90 DOL) (wax extracted
and hydrogen treated (to 280°C) and reference compounds (i) fresh catalyst acetic
acid treated at 230°C in 1 bar H2/CO (2/1), (ii) cobalt acetate and (iii) γ-Al2O3 acetic
acid treated at 230°C in 1 bar H2/CO (2/1).

The IR absorption spectrum of acetic acid-treated Co/Pt/Al2O3 catalyst
exhibits peaks at ~1572, 1463 and 1429, cm-1 (Figure 4.13). Therefore, the
IR absorption peaks of acid-treated catalyst is comparable to that of acidtreated γ-Al2O3. Furthermore, the IR frequencies of cobalt acetate do not
match those of acid-treated catalyst, implying that cobalt acetate compound
formation is not significant. These findings suggest that intact acetate,
observed after the treatment in acid-saturated synthesis gas, is adsorbed
on the γ-Al2O3 support of the catalyst.
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Similarly, the IR absorption peaks of spent catalyst also exhibit frequencies
comparable to that of acid-treated γ-Al2O3 (Figure 4.13). This then implies
that the origin of oxygenates on spent catalyst can be due to carboxylate
adsorbed on the γ-Al2O3 support.

4.3.10. TPH-MS of Co/Pt/γ-Al2O3 catalyst treated with acetic acid
at model FTS conditions
TPH-MS experiments were carried out in-situ after reduced Co/Pt/Al2O3
catalyst was exposed to acetic acid saturated H2/CO gas (1 bar) at 230°C
(i.e. conditions to model that of FTS). The TPH-MS profile was used to
characterize the carbon deposited as a result of acid decomposition on
Co/Pt/γ-Al2O3 FTS catalyst (Figure 4.14). For comparison, TPH-MS profiles
of spent catalyst as well as acid-treated γ-Al2O3 are also plotted (Figure
4.14).

The TPH-MS profile of wax extracted spent catalyst (90 DOL) shows three
methane peaks at ~290°C, 440 and 560°C (Figure 4.14). These
temperatures are comparable to those found by Pinard et al., where these
peaks were assigned to atomic carbon, reduction of surface carboxylates
and polymeric carbon respectively using TPH-IR [17]. The TPH-MS profile
of acid-treated catalyst exhibits a broad methane peak at ~295°C (Figure
4.14), which is in the temperature range assigned to atomic carbon
(~290°C) and lower than that assigned to polymeric carbon (~560°C) on
spent catalyst [17]. This indicates that acetic acid decomposition over
Co/Pt/γ-Al2O3 FTS catalyst deposits predominantly atomic carbon on the
catalyst.
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Carbon deposition could arise not only from acid decomposition on reduced
catalyst, but also from CO dissociation on the metal surface (since acid
saturated H2/CO was used at 230°C). Therefore, a reference TPH-MS
experiment was carried out on the reduced catalyst, where the synthesis
gas used was acid-free (Figure 4.14). In this case, only a relatively small
methane peak at ~285°C is observed, implying that carbon deposited
specifically from CO dissociation contributes only a small quantity to the
total carbon observed.

Figure 4.14: TPH-MS methane (m/z 15) profiles of wax-extracted spent Co FTS
catalyst (90 DOL) and model compounds (i) reduced catalyst acetic acid treated at
230°C in H2/CO, (ii) reduced catalyst H2/CO treated at 230°C (iii) γ-Al2O3 acetic
acid treated at 230°C in H2/CO.

Interestingly, the TPH-MS profile of acid-treated γ-Al2O3 showed two
methane peaks at 290°C and 550°C. Online GC-MS showed that these two
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peaks can be assigned to acetone and methane respectively (Figure 4.8).
Since these peaks are not observed at the same temperatures for that of
acid-treated catalyst, this implies that the presence of cobalt on γ-Al2O3
changes the thermal stability and decomposition pathway of acetic acid.
The major difference being that acetic acid decomposition forms polymeric
carbon on pure γ-Al2O3 (peak at ~550°C) but predominantly atomic carbon
when Co metal is present (peak at ~295°C).

4.3.11. Acetic acid co-feeding during Co-catalyzed FTS
In order to directly measure the effect of carboxylic acid on catalyst
deactivation, a Co/Pt/Al2O3 catalyst was tested in a CSTR operated at
commercially relevant FTS conditions, while acetic acid was co-fed into the
reactor with time-on-line (Figure 4.15).

The initial deactivation of a Co FTS catalyst can be attributed to a number
of deactivation mechanisms including sintering, carbon deposition and
metal surface reconstruction [35]. Sintering of the active metal phase is
particularly severe in the first few days of FTS [35]. Therefore, to limit the
contribution of sintering in the current deactivation study, the catalyst used
had already been utilised in FTS for an extended period. The spent catalyst
was initially removed from a FTS reactor after 30 days-on-line and
recovered by unloading into wax. Then, for the purpose of this acid cofeeding experiment, the sample was loaded into the reactor again and
reduced (at 425°C in H2) before FTS testing. The fact that this catalyst was
previously run for 30 days in a FTS reactor is the reason that the activity
profiles plotted in Figure 4.15 begin after 30 DOL.
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Figure 4.15: FTS testing of a Co/Pt/Al2O3 catalyst in continuous stirred-tank reactor
(volume 1L) operated at 230°C, ~20 bar, (H2+CO) conversion between 50-70%
(constant conversion was targeted), feed gas composition of ~50 vol% H 2, 30 vol%
CO and 20% inert gas (Ar), reactor water partial pressure of ~4-6 bar. An HPLC
pump was used to flow (~0.1 mol/h) an acetic acid in ethanol (20-200 ppm) mixture
directly into the reactor using a separate inlet feed line. Activity was first calculated
as mol(COconverted)/g(catalyst)/h and then the ratio “FT Activity (acid-free) / FT
Activity (acid added)” was determined.

Figure 4.15 shows the profile obtained when the FT activity of a typical Co
catalyst is compared to that of a run when the concentration of acetic acid
is gradually increased from 20ppm (at ~43 days) to 200 ppm (at ~60 days).
The activity ratio (FT Activity (acid-free) / FT Activity (acid added)) is
approximately 1 throughout the 24 days of FTS (Figure 4.15). This
indicates that there is no enhancement of deactivation due to the addition
of ~20-200 ppm acetic acid over 24 days. In fact, treating the catalyst with a
range of acids of various chain length, such as formic, acetic, isobutyric and
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hexanoic acid, during FTS still does not cause a significant enhancement of
catalyst deactivation (Appendix, Figure 4.20)

4.4. Discussion
The primary objective of this study is to determine whether carboxylic acids
contribute to Co FTS catalyst deactivation. Oxygenates have previously
been detected on spent Co/Al2O3 FTS catalyst [16,17] and have also been
identified as precursors for carbon formation [23,26]. These findings
prompted an investigation into:

(i)

The location of adsorbed oxygenates on Co/Al2O3 FTS catalyst

(ii)

The stability and quantity of adsorbed carboxylate on γ-Al2O3 support

(iii)

Carbon formation due to thermal treatment of carboxylate adsorbed
on γ-Al2O3

(iv)

Carbon formation due to acid decomposition over Co/Pt/Al2O3 catalyst

(v)

The current understanding of carbon formation as a Co FTS catalyst
deactivation mechanism

(vi)

The effect of acid co-feeding on FTS catalyst deactivation

The location of adsorbed oxygenates on Co/Al2O3 FTS catalyst
ATR-IR measurements show that oxygenated compounds are adsorbed on
spent Co/Pt/Al2O3 FTS catalyst and remain adsorbed above FTS
temperatures (i.e. they are stable up to 280°C in H2).
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To investigate the adsorption of an oxygenated compound on Co/Pt/γ-Al2O3
FTS catalyst, three separate approaches using model systems were taken.
The interaction of carboxylic acid and pure γ-Al2O3 or a Co metal surface
was studied in isolation. Also, Co/Pt/Al2O3 catalyst was exposed to acetic
acid under model FTS conditions.
IR absorption spectra show that acetic acid is chemisorbed on pure γ-Al2O3
at room temperature. This adsorption results in the formation of stable
acetate species via dissociative adsorption on γ-Al2O3 (Equation 4.1) [18].
(Equation 4.1)
CH3COOH(g) + Aln+(surf) + O2-/OH-(surf) → CH3COO- Aln+(surf) + OH-/H2O(surf)
Acetic acid competes with water for adsorption on γ-Al2O3 (since samples
were prepared in an aqueous impregnating solution yet adsorbed acetate is
still observed using IR). Furthermore, IR showed that a carboxylate with a
relatively longer carbon chain (octanoic acid) is also chemisorbed on pure
γ-Al2O3.
Co single crystal (0001) experiments indicate that acetic acid is thermally
unstable on a Co metal surface at Co FTS temperature (200-230°C). This
indicates that adsorbed oxygenates on spent catalyst are unlikely to be
located on the metal phase.

Reduced Co/Pt/Al2O3 catalyst was exposed to acetic acid at model FTS
conditions (i.e. acetic acid saturated H2/CO (2/1) gas (1 bar) at 230°C). IR
absorption peaks of acetic acid-treated Co/Pt/Al2O3 catalyst is comparable
to those of γ-Al2O3 containing adsorbed acetate. In addition, IR absorption
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peaks of a cobalt-acetate reference compound was not comparable to
those of acid-treated catalyst or spent catalyst. This implies that the
formation of a metal-carboxylate complex is not significant, supported by
the findings from Co single crystal experiments.

Findings from these model studies provide evidence that adsorbed
oxygenates detected on spent Co/Pt/γ-Al2O3 FTS catalyst are located on
the γ-Al2O3 support. These findings confirm the conclusions of Pinard et al.
where acids adsorbed on γ-Al2O3 were reported to exhibit IR absorption
peaks which were comparable to those of oxygenates identified on spent
Co/Ru/Al2O3 FTS catalyst.

The thermal stability and quantity of adsorbed carboxylate on catalyst
support
The thermal stability of acids adsorbed on pure γ-Al2O3 (acetate and
octanote) was investigated using XPS, TGA and TP-MS. XPS analyses
show that the quantity of acid adsorbed is comparable before and after
exposure to model FTS conditions. This implies that carboxylates adsorbed
on γ-Al2O3 are thermally stable under synthesis gas at FTS temperature.
TGA data enabled a calculation of the saturation coverages of acids on
γ-Al2O3. Both acetate and octanoate are found to contain a coverage of ~3
molecules of acid and 7 molecules of water per nm2 of γ-Al2O3, while pure
γ-Al2O3 contains a water coverage of ~13 molecules per nm2. These
comparable saturation coverages are explained by similar modes of
carboxylate and water coordination on the γ-Al2O3 surface. For instance,
the 3 carboxylate functionalities (for acetate & octanoate) have a large
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enough adsorption strength to displace the 6 water molecules from the Al3+
sites in a unit area of pure γ-Al2O3.

Carbon formation due to thermal treatment of carboxylate adsorbed
on γ-Al2O3
Products formed due to thermal treatment of acetate and octanoate
adsorbed on pure γ-Al2O3 requires temperature above 300°C. For the case
of acetate, GC-MS analyses indicate that major gaseous products include
acetone (375°C) and carbon dioxide (400°C) which can originate from a
ketonization reaction over γ-Al2O3 [18,36,37].
2CH3COOH → CH3COCH3 + CO2 + H2O

(Equation 4.2)

Specific carbonaceous desorption products include methane (TPH peak at
600°C), propene (490°C) and isobutylene (420°C). These carbon species
can arise from condensation reactions over the γ-Al2O3 surface as was
previously proposed for the formation of isobutylene [18,19].
2CH3COCH3 → i-C4H8 + CH3COOH

(Equation 4.3)

Products at temperatures significantly higher than that of Co FTS (i.e.
>300°C) imply that carboxylate decomposition on γ-Al2O3 is expected to be
slow at Co FTS temperature (200-230°C).

Thermal decomposition of acetate (to 700°C in He) deposits polymeric
carbon on γ-Al2O3. This was found using TPO-MS which showed a high138
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temperature CO2 peak (~450°C), which is in a comparable temperature
range assigned to polymeric carbon on spent Co/Pt/Al2O3 FTS catalyst
(~400°C) [2]. The amount of carbon deposited (~0.1 wt%) is a small fraction
of the quantity of acetate that is adsorbed at saturation coverage (i.e. 4wt%
measured by TGA).

Carbon formation due to acid decomposition over Co/Pt/Al2O3 catalyst
Thermal stability of adsorbed acetic acid on γ-Al2O3 is significantly
influenced by the presence of Co metal. The reaction of acetic acid with
reduced Co/Pt/Al2O3 catalyst at model FTS conditions (H2/CO, 1 bar(a) at
230°C) not only results in adsorption of acid on the γ-Al2O3 support (IR), but
also results in carbon formation on the catalyst (TPH-MS). The TPH-MS
profile of acid-treated catalyst exhibits a methane peak (at ~295°C), which
is in the temperature range assigned to surface carbidic species (atomic
carbon) on spent catalyst by Pinard et al. [17] (Table 4.4). Therefore, acid
decomposition over Co/Pt/γ-Al2O3 catalyst, under synthesis gas at FTS
temperature, deposits predominantly atomic carbon

Table 4.4: Carbon compounds on Co/Al2O3 catalyst from the present study compared to that
in the literature.
T (hyd)

This study

(°C)
295

Atomic carbon: formed via acetic

T (hyd)

Carbon species

(°C)

Pinard et al. [17]

280

Atomic carbon on spent

acid decomposition over

Co/Ru/Al2O3 FTS catalyst

Co/Pt/Al2O3 FTS catalyst.
545

Polymeric carbon: formed by

585

thermal decomposition of acetate

Polymeric carbon on
spent catalyst

over pure γ-Al2O3.
TPH-MS experiments reported were conducted using 10 vol% H 2.
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Polymeric carbon was not significant on the acetic acid-treated catalyst and
was only observed in the thermal decomposition of acid-treated γ-Al2O3
(TPH-MS methane peak at ~545°C, Table 4.4). This suggests that the Co
metal changes the thermal stability and/or decomposition of carboxylate
adsorbed on γ-Al2O3 support. A possible mechanism is the activation of
hydrogen on the Co metal surface which migrates onto the γ-Al2O3 support
(spill-over), enabling carboxylate decomposition at lower temperature. A
similar mechanism was postulated by Pestman et al. where hydrogen is
activated on platinum and migrates onto an oxidic support surface [37].
Previous studies have reported that atomic carbon on spent Co FTS
catalyst, originates from surface carbidic species or hydrocarbons on Co
[2,17]. The present study indicates that atomic carbon can also be
deposited on Co/Pt/Al2O3 FTS catalyst due to carboxylate decomposition.

The current understanding on carbon formation as a Co FTS catalyst
deactivation mechanism
Moodley et al. previously found that the build-up of polymeric carbon on
spent Co/Pt/Al2O3 FTS catalyst is correlated with a loss of available metal
surface area [2]. Therefore, polymeric carbon is expected to contribute to
FTS catalyst deactivation by blocking active metal sites.
Ciobîcă et al. investigated using theoretical calculations if atomic carbon
causes surface reconstruction on both the fcc-Co(100) and fcc-Co(111)
phases [38]. However, the high carbon coverages (0.5 ML) required for the
reconstruction to occur are not expected at typical FTS temperatures on a
close-packed surface where hydrogen is available [8]. Therefore, carbon
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formation is not envisaged to cause a surface reconstruction which might
drive catalyst deactivation.
Furthermore, the impact of cobalt carbide formation on the deactivation of a
Co/Pt/Al2O3 FTS catalyst was found to be negligible by Claeys et al., in
studies utilizing an using an in-situ magnetometer [39]. Only a small
percentage (~5-10%) of the available metal was deduced to form carbide
(Co2C) at FTS conditions, and particularly at atypical or rather extreme
conditions such as low syngas (H2/CO) ratio.
In the current study, acetic acid decomposition over the metal surface is
found to produce predominantly atomic carbon. Compared to polymeric
carbon, atomic carbon can be more readily hydrogenated at FTS
temperature. Therefore, the contribution of carboxylate decomposition to
FTS catalyst deactivation is expected to be limited (dependent on operating
conditions as high concentrations of acids could result in more severe
carbon deposition).
On the basis of findings in the present study, carboxylic acid decomposition
is excluded as a source of polymeric carbon during Co-catalyzed FTS.
Therefore, the source of polymeric carbon is envisaged to be that proposed
by Weststrate et al. whereby side reactions to FTS occur, resulting in
acetylenic surface intermediates which either react with each other to form
non-aromatic polymeric carbon species or undergo cyclo-polymerization to
form aromatic polymeric carbon species [8].
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The effect of acid co-feeding on FTS catalyst deactivation

The impact of carboxylic acid on Co/Pt/Al2O3 catalyst deactivation was
directly measured by co-feeding acetic acid to a continuous stirred-tank
reactor operated at commercially relevant FTS conditions. Co-feeding of
acetic acid (~20-200 ppm) over 24 days did not result in enhanced catalyst
deactivation.
The adsorption of carboxylate on γ-Al2O3 does not cause deterioration of
the structural integrity of γ-Al2O3 (as determined by SEM and BET).
However, strongly adsorbed carboxylates do imply that the support is
essentially modified during FTS. This finding could be significant since, for
example, the support could become more hydrophobic due to carboxylate
adsorption or the support pores could become plugged by longer chain
compounds. These hypotheses can be investigated using different supports
e.g. SiO2 and TiO2, which not only have different hydrophobicity and acidity
compared to Al2O3, but also different acid adsorption and decomposition
sites.

4.5. Conclusions
Adsorbed oxygenates detected on spent Co/γ-Al2O3 FTS catalyst are
located on the γ-Al2O3 support. The formation of a metal-carboxylate
compound is not detected and deduced to be unlikely since acetic acid
decomposes at low temperature on a Co metal surface. Both short
(acetate) and longer chain (octanoate) carboxylates are chemisorbed on
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pure γ-Al2O3 and are thermally stable at Co FTS temperature under
synthesis gas. Acetic acid competes with water for adsorption on γ-Al2O3.
Thermal decomposition of adsorbed acetate on pure γ-Al2O3 produces
polymeric carbon, however the thermal stability is significantly influenced by
the presence of Co metal. This is demonstrated when acetic acid vapor is
contacted with reduced Co/Pt/Al2O3 catalyst, at model FTS conditions (i.e. 1
bar(a) H2/CO:2/1 at 230°C) and deposits predominantly atomic carbon on
the catalyst. Co-feeding of excess acetic acid during FTS does not enhance
Co/Pt/Al2O3 catalyst deactivation. Carboxylic acids can cause atomic
carbon formation on Co/γ-Al2O3 catalyst during FTS and result in strongly
adsorbed carboxylates on γ-Al2O3 support, but these factors do not
significantly impact catalyst deactivation.
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4.6. Appendix
4.6.1. IR background spectra
Table 4.5: List of background spectra used for the respective IR measurements
Figure

IR spectrum

IR background spectrum

2

spent catalyst (5 and 90 DOL)

reduced and wax encapsulated
fresh catalyst

2

spent catalyst (5 and 90 DOL)
H2-treated to 280°C

reduced and wax encapsulated
fresh catalyst H2-treated to 280°C

2

reduced and wax encapsulated
fresh catalyst H2-treated to
280°C

reduced catalyst that is passivated
by controlled exposure to air in the
reactor

3

Acetic acid adsorbed on
γ-Al2O3

γ-Al2O3

3

Octanoic acid adsorbed on
γ-Al2O3

γ-Al2O3

9

γ-Al2O3 acetic acid treated at
230°C in H2/CO

γ-Al2O3

9

reduced catalyst acetic acid
treated at 230°C in H2/CO

reduced catalyst passivated by
controlled exposure to air in the
reactor

4.6.2. BET surface area measurements
Table 4.6: BET surface area measurements of γ-Al2O3 and acetate/γ-Al2O3.
2

3

Sample

BET surface area (m /g)

Pore volume (cm /g)

γ-Al2O3

142 ± 0.15

0.45

acetate/γ-Al2O3

148 ± 2.3

0.47
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4.6.3. XPS survey spectra

Figure 4.16: XPS survey spectra of acetate and octanoate adsorbed on γ-Al2O3,
showing only the expected signals of Al2p, C1s, O1s and the corresponding Auger
peaks.

Mass signal (a.u)

4.6.4. TP-MS spectra

m/z 2 (H2)

m/z 17 (H2O)

Temperature (°C)

Figure 4.17: TPD-MS spectra of pure γ-Al2O3, showing the expected peak for H2O
desorption and no significant increase in the H2 signal with increasing temperature.
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a

TPH-MS: acetic acid/γ-Al2O3

b

CH4 (x5)

CH4
m/z 42

Mass signal (a.u)

Mass signal (a.u)

TPH-MS: octanoic acid/γ-Al2O3

m/z 41
CO2
m/z 43

m/z 42

m/z 41
CO2
m/z 43

H2O
H2O

Temperature (°C)

Temperature (°C)

Figure 4.18: TPH-MS spectra of (a) acetic acid and (b) octanoic acid adsorbed on
γ-Al2O3, showing that the temperature of the spectral peaks are unchanged under
a hydrogen atmosphere.

4.6.5. Determination of the quantity of carbon deposited using
TPO-MS calibration
Various masses of NaHCO3 were used in TPO-MS experiments to produce
CO2 via Equation 4.4 [40]. This thermal decomposition reaction takes place
between 70-200°C while the subsequent decomposition (Equation 4.5)
takes place at 1000°C. Thus, the calibration experiments were carried out
at 250°C to fully complete the initial decomposition reaction but avoid the
latter.
2NaHCO3 → Na2CO3 + H2O + CO2

(Equation 4.4)

Na2CO3 → Na2O + CO2

(Equation 4.5)
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From the initial NaHCO3 masses used in TPO-MS measurements, the
theoretical quantity of CO2 produced can be calculated and correlated with
CO2 (m/z 44) peak areas in a TPO calibration plot (Figure 4.19). TPO-MS
is carried out directly after a TPD-MS experiment using acetate/γ-Al2O3
(Figure 4.11). The resulting CO2 (m/z 44) peak area from this experiment
can then be used to obtain the quantity of CO2 (derived from the TPO
calibration plot) which provides the quantity of carbon deposited
(Table 4.7).

Figure 4.19: Calibration curve of CO2 peak area vs theoretical quantity of CO2
produced with increasing masses of NaHCO3 used in TPO-MS experiments.
Table 4.7: Determination of quantity of carbon deposited on γ-Al2O3 after TPD-TPO treatment.

sample
acetate/γ-Al2O3
after TPD-TPO
a
b

Peak area

725

a

nCO2
(mmol)

b

0.0087

mC

mC/mSample

(mg)

wt(%)

0.1

0.1

from TPO-MS experiments (Figure 4.11)
from the TPO-MS calibration plot (Figure 4.19)
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4.6.6. The effect of acid co-feeding on FTS catalyst deactivation

Figure 4.20: FTS testing of a Co/Pt/Al2O3 catalyst in a continuous stirred-tank reactor
(volume 1L) operated at 230°C, ~20 bar, (H2+CO) conversion between 50-70% (constant
conversion was targeted), feed gas composition of ~50 vol% H 2, 30 vol% CO and 20% inert
gas (Ar), reactor water partial pressure of ~4-6 bar. An HPLC pump was used to flow
(~0.1 mol/h) acids in ethanol mixtures directly into the reactor using a separate inlet feed
line. Activity was first calculated as mol(COconverted)/g(catalyst)/h and then the ratio “FT
Activity (acid-free) / FT Activity (acid added)” was determined.
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5.1. Introduction
The role of carboxylic acids in cobalt Fischer-Tropsch synthesis (FTS)
catalyst deactivation has been investigated and the results discussed in
Chapter 4 of this thesis. Adsorbed oxygenates were detected on spent
Co/γ-Al2O3 FTS catalyst using infrared (IR) spectroscopy and deduced to
be located on the γ-Al2O3 support. Carboxylate compounds were found to
be chemisorbed on pure γ-Al2O3 and thermally stable at Co FTS
temperature under synthesis gas. In fact, carboxylates could only be
removed above 300°C, which is significantly higher than that of Co FTS
temperature (200-230°C). The reason for the strong adsorption of
carboxylate molecules was envisaged to be due to strong interaction of the
nucleophilic carboxylate (COO-) group with aluminum cations (Al3+) on the
γ-Al2O3 surface.

Raybaud et al. showed from molecular dynamics studies that a
crystallographic non-spinel monoclinic description for γ-Al2O3 is a viable
model for theoretical studies [1]. This model provided good agreement with
an experimentally determined non-cubic spinel γ-Al2O3 XRD structure and
has been used extensively as a model for Density Functional Theory (DFT)
studies [2-12]. Previous studies using neutron diffraction analysis have
shown that the γ-Al2O3 surface termination consists of 83% of the (110)
surface, while the (100) surface comprises the remaining 17% [13]. In
addition, electron microscopy studies showed that the (110) surface is the
predominantly observed surface, with significantly lower presence of the
(100) and (111) surfaces [14]. Recently, the γ-Al2O3 model was used in an
adsorption study of an oxygenate on the (100) and (110) surfaces [15].
Isopropanol was found to interact with the γ-Al2O3 surface via its hydroxyl
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group. Dissociative and molecular adsorption of isopropanol was identified
on the dehydrated (100) surface, while molecular adsorbed isopropanol
was found to be thermodynamically most competitive on the (110) surface
[15].

5.2. Research objective
The aim of the present study is to describe the strong interaction between a
carboxylate compound, acetic acid, and two representative γ-Al2O3
surfaces. Vibrational frequencies were obtained by carrying out normal
mode analyses on the most stable DFT optimized configurations. These
frequencies were then compared to measured IR data. This enabled a
determination of the precise adsorption structure of acetic acid adsorbed on
γ-Al2O3. Determination of surface residence times of acetic acid on the
γ-Al2O3 surfaces, and comparison to adsorption of water, is used to provide
further insight into experimental findings.

The main objectives of the study include:
(i) Identification of the most stable adsorption structure of acetic acid on the
dehydrated γ-Al2O3 (110) & (100) surfaces.
(ii) Comparison of IR measured and DFT calculated vibrational frequencies
of acetic acid adsorbed on γ-Al2O3
(iii) Determination of surface residence times of acetic acid adsorbed on
the dehydrated γ-Al2O3 (100) & (110) surfaces.
(iv) Determination of comparative adsorption between acetic acid & water
on the dehydrated γ-Al2O3 (100) & (110) surfaces.
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5.3. Calculation Methodology
5.3.1. Preparation and IR measurement of acetic acid adsorbed
on γ-Al2O3
Acetic acid was adsorbed on γ-Al2O3 by adding (10 ml) of an aqueous
acetic acid solution (5 vol%, room temperature) to γ-Al2O3 (2g) which was
pre-dried at 120°C for 10 mins. The resulting suspension was stirred
(1 min) before the excess solution was filtered off and the sample dried (for
10 min) at 120 °C in air. The sample of acetic acid adsorbed on γ-Al2O3
was measured using attenuated total reflectance infrared spectroscopy
(ATR-IR) recorded using a Nicolet Smart Golden gate instrument equipped
with a diamond crystal (cutoff at 800 cm-1). Measurements were carried out
in transmission mode using the appropriate background with a resolution of
2 cm−1 over 128 scans.

5.3.2. Geometry optimization parameters
All density functional theory (DFT) calculations were performed using the
Vienna ab initio simulation package (VASP 4.6). The exchange-correlation
energy was calculated using the Perdew-Wang (PW91) generalized
gradient

approximation

(GGA)

functional,

together

with

projector

augmented wave (PAW) method. The VASP plane wave basis set cut-off
energy of 425 eV was used. Brillouin zone integration was achieved by
summation over a Monkhorst-Pack mesh of k-points using a k-point grid of
3x3x1 for the respective a, b and c unit cell parameters for both the (100)
and (110) γ-Al2O3 unit cell slabs. For all calculations, Gaussian smearing
was employed with σ = 0.05 eV. A vacuum spacing of 12 Å was set
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between two periodically repeating slabs. The energy convergence criteria
for self-consistent field (SCF) optimization was set to 1x10-4 eV, while ionic
relaxation was performed according to a conjugate gradient optimization
algorithm.

Structural

optimization

continued

until

the

forces

on

unconstrained atoms fell below 0.02 eV/Å.
Calculations were carried out using four layer periodic slab models for the
p(2x1) and p(1x1) slabs, containing 16 Al2O3 units, for the (100) and (110)
surfaces respectively.6 The surface layer of the slab and adsorbed
molecules were fully relaxed for the calculations.
The γ-Al2O3 (100) surface unit cell (a = 1.12 nm, b = 0.84 nm, surface area
= 0.94 nm2) contained a slab thickness of 0.67 nm. For optimization, atoms
in the bottom 0.23 nm of the slab were constrained to their bulk optimized
positions, while all remaining atoms and adsorbates were allowed to fully
relax during optimizations. The γ-Al2O3 (110) surface unit cell (a = 0.81 nm,
b = 0.84 nm, surface area = 0.68 nm2) contained a slab thickness of
1.0 nm. The atoms situated in the bottom 0.44 nm of the slab were
constrained to their bulk optimized positions, while all remaining atoms
including adsorbates were allowed to fully relax during optimization.

5.3.3. Vibration analysis
The most stable optimized geometries were subjected to a normal mode
analysis within the frozen phonon approximation. The Hessian matrix for
each structure was constructed using finite differences by perturbing all

6

Dehydrated alumina slab models were developed by Werner Janse van Rensburg

at Sasol Technology, South Africa.
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surface and adsorbate atoms, in the top 0.25 nm of the slab, by 0.02 Å in
the direction of each Cartesian coordinate. All atoms situated in the bottom
0.42 nm of the (100) surface slab and 0.77 nm of the (110) slab were kept
fixed to their optimized positions for normal mode analysis. Diagonalization
of the mass-weighted Hessian matrix for each geometry yielded the
associated vibrational stretches within the harmonic approximation, from
which zero-point energy corrections to calculated total electronic energies
have been determined. Accelrys Materials Studio 6.1 software was used for
visualization purposes.

5.3.4. Adsorption energy calculations
Acetic acid adsorption energies were calculated according to Equation 5.1.
Eads = [Eacid/alumina - Ealumina - ηEacid ]/η
•

(Equation 5.1)

Eads refers to the average adsorption energy (i.e. enthalpy at 0K) for an
acetic acid molecule adsorbed on the γ-Al2O3 surface, the more negative
the value the more favorable the adsorption.

•

Eacid/alumina is the zero-point corrected energy for an adsorption structure
of acetic acid adsorbed on γ-Al2O3

•

Ealumina is the zero-point corrected energy of the γ-Al2O3 surface

•

η denotes the number of acid molecules per surface unit cell in the
adsorption structure of acetic acid adsorbed on γ-Al2O3
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•

Eacid is the zero-point corrected energy of a free acid molecule in the gas
phase

5.3.5. Surface residence time calculations
Acetic acid surface residence times, (𝜏), were calculated according to
Equation 5.2 [16].

𝜏 = 𝜏𝑜 𝑒

−𝐸(𝑎𝑑𝑠)
𝑅𝑇

(Equation 5.2)

•

𝜏𝑜 is oscillation time in the adsorbed state (~10-13 s [17])

•

Eads refers to the average adsorption energy (i.e. enthalpy at 0K) for an
acetic acid molecule adsorbed on the γ-Al2O3 surface (determined using
Equation 1).

•

R is the gas constant

•

T is the absolute temperature (i.e. Co FTS temperature of 500K)
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5.3.6. γ-Al2O3 surface models
5.3.6.1. γ-Al2O3 (110) surface model
The γ-Al2O3 model used in the present study is based on the orientation
within the non-spinel monoclinic γ-Al2O3 structure developed by Raybaud et
al. [1,18]. Figure 5.1 shows the top and side views of the dehydrated
γ-Al2O3 (110) unit cell representation, which exposes a total surface area of
0.68 nm2 (unit cell lengths of a=0.81 nm, b=0.84 nm). Four tri-coordinated
O atoms, O(6), O(10), O(11), O(12) and two equivalent di-coordinated O
atoms, O(4) and O(5), are exposed at the surface.
One tri-coordinated Al(III) atom, Al(1), and three tetra-coordinated Al(IV)
atoms, Al(2) as well as equivalent Al(3) & Al(4) atoms, are exposed at the
surface. Al(1) forms a planar AlO3 surface with O(1), O(4) & O(5).
Subsurface layers consist of Al atoms with two octahedral centres, one
penta-coordinated Al(V) atom and one tetra-coordinated Al(IV) atom. Acetic
acid adsorption was investigated on all Al and O atoms exposed at the
surface.
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0,81 nm
unit cell lengths (0.81 x 0.84 nm)
surface area 0.68 nm2
O(12) Al(8)
O(11)
Al(6)
Al(7)
Al(4)

Al(3)

O(8)

O(7)

Al(5)

O(4)

O(5)

top view

O(9)

0.84 nm

O(10)

Al(1)

O(6)
Al(2)

O(1)

O(2)

O(3)

O
Al

side view

atoms relaxed for calculation

atoms constrained

Figure 5.1: Top and side views of the optimized γ-Al2O3 (110) surface model.

5.3.6.2. γ-Al2O3 (100) surface model
Figure 5.2 shows the top and side views of the dehydrated γ-Al2O3 (100)
unit cell representation which exposes a total surface area of 0.94 nm2 (unit
cell lengths of a=1.12 & b=0.84 nm).
Twelve tri-coordinated O atoms are exposed at the surface. Atoms O(1),
O(2), O(5) and O(6) are equivalent, atoms O(3), O(4), O(7) and O(8) are
equivalent and also atoms O(9), O(11), O(10) and O(12) are equivalent.
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Four penta-coordinated aluminum Al(V) atoms Al(1), Al(2), Al(3) & Al(4)
are exposed at the surface. Atoms Al(1) & Al(3) are equivalent and also
atoms Al(2) & Al(4) are equivalent. Four equivalent tetra-coordinated Al(IV)
atoms Al(5), Al(6), Al(8) & Al(9) are also exposed at the surface. Two
equivalent tetra-coordinated Al(IV) atoms, Al(7) & Al(10), are positioned
subsurface. The subsurface positioned aluminum atoms are not available
for adsorption, therefore, all remaining Al sites and O sites exposed at the
surface were investigated for acetic acid adsorption.
1.12 nm
unit cell lengths (1.12 x 0.68 nm)
surface area 0.94 nm2
Al(9)

Al(6)
Al(7)
O(9)
O(10)

O(12)
Al(8)

Al(5)
O(2)

O
Al

Al(10)
O(11)

Al(1)

O(4)
Al(2)

O(1)

O(6)
Al(4)

Al(3)
O(3)

O(8)

0.84 nm

top view

O(5)

O(7)

side view
atoms relaxed for calculation

atoms constrained

Figure 5.2: Top and side view of the optimized γ-Al2O3 (100) surface model.
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5.4. Results
Acetic acid adsorption, on all Al and O atoms exposed, was investigated to
identify the most stable adsorption structures of acetic acid on the γ-Al2O3
(100) and (110) surfaces. The following results section compares various
modes of acetic acid adsorption on the different Al sites, including an
investigation of adsorption at higher acid coverages.

5.4.1. Acetic acid adsorption on the γ-Al2O3 (110) surface
Figure 5.3 shows four optimized configurations on the γ-Al2O3 (110) surface
when acetic acid undergoes both molecular and dissociative adsorption as
well as adsorption at a higher coverage.

The largest acetic acid adsorption energy (-354 kJ/mol) is obtained when (i)
two O atoms of the acid are coordinated to two Al atoms, Al(1) and Al(2)
and (ii) the H atom of the acid has dissociated from the acid molecule to be
coordinated to an O atom, O(12), on the γ-Al2O3 (110) surface. This is
shown by the most stable adsorption structure, 110-Al(1,2)-O(12), in Figure
5.3. Coordination of only one O atom of the acid to an Al atom as shown by
configuration 110-Al(1)-O(10), results in less favorable adsorption (by a
difference of 130 kJ/mol). Furthermore, coordination of only one O atom
and in the case that the H atom is not dissociated from the acid molecule,
as shown by configuration 110-Al(2), results in the least favorable
adsorption (by a difference of 208 kJ/mol). Therefore, dissociative
adsorption of acetic acid, via coordination of two O atoms to two Al atoms
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on the dehydrated γ-Al2O3 (100) surface, provides the most stable
adsorption structure.

The adsorption of acetic acid at a higher coverage on the dehydrated
γ-Al2O3 (110) surface was investigated by increasing the number of
acetic acid molecules in the unit cell. For the (110) surface, only two acid
molecules are dissociatively adsorbed in a higher coverage configuration
(110-Al(1:4)-O(5,12), Figure 5.3) since only 4 Al sites are exposed at the
surface. For the case of the (100) surface, 8 Al sites are exposed at the
surface and therefore adsorption of up 4 molecules is investigated
(discussed in the next section).
Acetic acid adsorption at higher coverage on the γ-Al2O3 (110) surface is
found to be a favorable adsorption structure (110-Al(1:4)-O(5,12), -278
kJ/mol, Figure 5.3). However, the adsorption of a consecutive acetic acid
molecule becomes less favorable as the coverage increases (shown by
the calculation of adsorption energy per consecutive molecule in Table
5.1). The adsorption energy of a second consecutive acid molecule
decreases by 70 kJ/mol (from -354 to -284 kJ/mol) when the surface
already contains one acid molecule (Table 5.1). Therefore, acetic acid
adsorption becomes less favorable with increasing acetic acid coverage
on the γ-Al2O3 (110) surface, probably until an eventual coverage limit is
reached.
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top view

Oalumina
Al
Oacid
H
C

side view

110-Al(1,2)-O(12)
-354 kJ/mol

110-Al(1)-O(10)
-224 kJ/mol

110-Al(2)
-146 kJ/mol

110-Al(1:4)-O(5,12)
-319 kJ/mol

Figure 5.3: Optimized adsorption configurations of acetic acid on the dehydrated
γ-Al2O3 (110) surface.
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Table 5.1: Calculated adsorption energies of consecutive acid molecules on the (110)
surface

Adsorption structure

a

b

Eads /

Eads / consecutive

2

molecule

molecule

(kJ/mol)

(kJ/mol)

Acid coverage

(molecules/nm )

110-Al(1,2)-O(12)

1.5

-354

-

110-Al(1:4)-O(5,12)

2.9

-319

-284

a

from Figure 5.3

b

Acid coverage = no. of acetic acid molecules / 0.68 nm of γ-Al2O3

c

Eads /consecutive molecule = [no. of molecules*Eads/molecule]

c

2

Eads/molecule]

higher coverage

– [no. of molecules*

lower coverage

5.4.2. Acetic acid adsorption on the γ-Al2O3 (100) surface
Figure 5.4 shows six optimized configurations of acetic acid on the
dehydrated γ-Al2O3 (100) surface using the various modes of adsorption.
The largest acetic acid adsorption energy (-198 kJ/mol) is obtained when
(i) two O atoms of the acid are coordinated to two Al atoms, Al(1) and Al(2)
and (ii) the H atom of the acid has dissociated from the acid molecule to be
coordinated to an O atom, O(9) on the γ-Al2O3 (100) surface. This is shown
by the most stable adsorption structure, 100-Al(1,2)-O(9), in Figure 5.4.
This adsorption mode of acetic acid also resulted in the most stable
structure on the γ-Al2O3 (110) surface (Figure 5.3).
As was the case on the (110) surface, coordination of only one O atom of
the acid to an Al atom, as shown by configuration 100-Al(2)-O(4), results is
less favorable adsorption (by a difference of 40 kJ/mol). Furthermore,
coordination of only one O atom and in the case that the H atom is not
dissociated from the acid molecule, as shown by configuration 100-Al(2),
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results in the least favorable adsorption (by a difference of 147 kJ/mol).
Therefore, as is the case on the (110) surface, dissociative adsorption of
acetic acid on the dehydrated γ-Al2O3 (100) surface provides the most
stable adsorption structure,

top view

Oalumina
Al
Oacid
H
C

side view

100-Al(1,2)-O(9)

100-Al(2)-O(4)

100-Al(2)

-198 kJ/mol

-158 kJ/mol

-51 kJ/mol

100-Al(1:4)-O(6,9)
-182 kJ/mol

100-Al(1:6)-O(2,4,9) 100-Al(1:6,8,9)-O(2,4,6,9)
-165 kJ/mol

-150 kJ/mol

Figure 5.4: Optimized adsorption configurations of acetic acid on the dehydrated
γ-Al2O3 (100) surface.

For the case of dissociative adsorption with only one O atom coordinated
(100-Al(2)-O(4)), the Al(2) site is found to be the most stable site, as
adsorption on the Al(1) site is less favorable by 40 kJ/mol (configuration
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100-Al(1)-O(2) in Appendix Figure 5.8). This finding is in agreement with
reported energy levels of the surface Lewis acid sites on the (100) surface
i.e. the site with the relatively higher Lewis acidity results in more favorable
adsorption [15,18].

The adsorption of acetic acid at higher coverages was also investigated on
the dehydrated γ-Al2O3 (100) surface. Structures, containing 2, 3 and 4
acetic acid molecules, that are dissociatively adsorbed, are shown by
configurations 100-Al(1:4)-O(6,9), 100-Al(1:6)-O(2,4,9) and 100-Al(1:6,8,9)O(2,4,6,9) in Figure 5.4 respectively.

Adsorption structures containing higher coverages are also found to be
favorable adsorption structures (e.g. 4 acid molecules, Eads: -150 kJ/mol,
Figure 5.4). However, the adsorption of a consecutive acetic acid molecule
becomes less favorable as the coverage increases (Table 5.2). For
instance, the adsorption energy of a consecutive acid molecule decreases
by 32 kJ/mol (=198-166 kJ/mol, Table 5.2) when the surface already
contains one acid molecule and decreases by 60 kJ/mol (=165-105 kJ/mol,
Table 5.2) when the surface already contains three acid molecules.

In order to estimate the acid saturation coverage, adsorption energy (per
consecutive acetic acid molecule adsorbed) as a function of coverage is
plotted in Figure 5.5. The higher coverage case of 4.3 molecules/nm2
utilizes all Al sites (8) exposed on the (100) surface due to dissociative
adsorption of acetic acid molecules. Therefore, further acid adsorption (of a
5th consecutive acid molecule) probably occurs via molecular adsorption,
which is a significantly weaker adsorption mode. Molecular adsorption of
acid was found to result in significantly smaller acetic acid adsorption
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energy (100-Al(2), -51 kJ/mol, Figure 5.4). This molecular adsorption case
is added to the plot (Figure 5.5) at a coverage of 5.1 molecules/nm2
(although calculated at a coverage of 1.1 molecules/nm2, it is assumed that
molecular adsorption will exhibit the same adsorption energy at a coverage
of 5.1 molecules/nm2 i.e. -51 kJ/mol).

Figure 5.5 suggests that the

adsorption of acetic acid becomes significantly less favorable beyond a
coverage of 4.3 molecules/nm2. In fact, fitting a polynomial functional to all
five data points suggests that acetic acid adsorption may become
endothermic at a coverage above ~5 molecules/nm2.

Table 5.2: Calculated adsorption energies of consecutive acid molecules on the (100)
surface

Adsorption structure

a

b

Eads /

Eads / consecutive

2

molecule

molecule

(kJ/mol)

(kJ/mol)

Acid coverage

(molecules/nm )

100-Al(1,2)-O(9)

1.1

-198

-

100-Al(1:4)-O(6,9),

2.1

-182

-166

100-Al(1:6)-O(2,4,9)

3.2

-165

-131

100-Al(1:6,8,9)-O(2,4,6,9)

4.3

-150

-105

a

from Figure 5.4

b

Acid coverage = no. of acetic acid molecules / 0.94 nm of γ-Al2O3

c

Eads /consecutive molecule = [no. of molecules*Eads/molecule]

c

2

Eads/molecule]

higher coverage

– [no. of molecules*

lower coverage

169

Chapter 5

Figure 5.5: Plot of acetic acid adsorption energy (per consecutive acid molecule) vs
acid coverage on the γ-Al2O3 (100) surface. The five data points are fitted with a
4

3

2

polynomial function (y = 2.5x – 27.9x + 107.6x – 145.4).

These findings imply that the adsorption of a consecutive acid molecule
becomes less favorable, as the surface becomes fully occupied. Molecules
could begin to repel each other as the surface becomes occupied due to
lateral electronic interactions or induced steric hinderance between
molecules. Although the Al sites are fully occupied at a coverage of 4.3
molecules/nm2, the saturation coverage on the dehydrated γ-Al2O3 (100)
surface is deduced to be ~5 molecules/nm2.
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5.4.3. Acetic acid adsorbed on γ-Al2O3: Comparison of IR & DFT
results
In Chapter 4, the adsorption of acetic acid on γ-Al2O3 was studied in detail
experimentally. IR indicated that acetic acid undergoes dissociative
adsorption on γ-Al2O3, forming an acetate species (Equation 5.3) [19].
(Equation 5.3)
CH3COOH(g) + Al3+(surf) + O2-/OH-(surf) → CH3COO- Al3+(surf) + OH-/H2O(surf)
Figure 5.6 shows the IR absorption spectrum of acetate adsorbed on
γ-Al2O3 (sample prepared experimentally as described in section 5.3.1),
which exhibits IR vibrational frequencies that are in agreement with
literature reported values [19,20]. Absorption peaks at ~1572 & 1469 cm-1
are attributed to anti-symmetric (νaCOO-) and symmetric (νsCOO-)
carboxylate vibrations, while peaks at 1422 & 1339 cm-1 are attributed to
δCH3 vibrations, and peaks at 1053 & 1026 cm-1 are attributed to ρr(CH3)
vibrations [19,20].

Absorbance (a.u)

VaCOO1572

VsCOO1469
1422

δCH3
1339

ρr(CH3)

1053 1026

Wavenumber (cm-1)

Figure 5.6: Infrared spectrum of acetic acid adsorbed on γ-Al2O3.
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In the present chapter, the most stable adsorption structures of acetic acid
on γ-Al2O3 (100) & (110) surfaces were determined using DFT calculations
and subsequently vibrational analyses (described in section 5.3.3) were
carried out on these structures. In order to elucidate the precise adsorption
structure of acetate adsorbed on γ-Al2O3, DFT calculated vibrational
frequencies are compared to those obtained using IR (Figure 5.6).

5.4.3.1. IR & DFT vibrational frequencies on the γ-Al2O3 (110)
surface
Table 5.3 compares the IR measured vibrations to DFT calculated
vibrational frequencies of chemisorption configurations on the γ-Al2O3 (110)
surface. Close correlation between IR measured and DFT calculated
vibrational frequencies is found for the configuration determined to be the
most favorable adsorption structure on the γ-Al2O3 (110) surface (110Al(1,2)-O(12), Figure 5.3). The antisymmetric carboxylate stretch (VaCOO-)
is measured at ~1572 cm-1 by IR and the DFT calculated value, for
configuration 110-Al(1,2)-O(12), is ~1571 cm-1. In addition, the symmetric
carboxylate stretch (VsCOO-), rotational methyl stretch (δCH3) as well as
rocking methyl vibrations (ρr(CH3)) are all within ±15 cm-1 difference
between IR measured and DFT calculated values. This indicates a
remarkably close correlation between the DFT calculated adsorption
structure and that measured experimentally using IR.

172

Acetic acid adsorption on γ-Al2O3 (110) & (100) surfaces…
Table 5.3: Comparison of IR and DFT calculated vibrational frequencies of
adsorbed acetic acid on the γ-Al2O3 (110) surface.
Vibrational

IR vibration

mode

(cm )

DFT calculated vibration

-1

110-Al(1,2)-O(12)

110-Al(1:4)-O(5,12)

110-Al(2)

-

1572

1571

1572, 1601

1598

νsCOO

-

1469

1473

1479, 1442

1442

δCH3

1422, 1339

1417,1349

1425,1416,1350,1343

1428, 1392

ρr(CH3)

1053, 1026

1038, 1028

1027,1021,1037,1032

1067, 1037

νaCOO

Vibrational frequencies are also comparable for the case of higher acetic
acid coverage on the γ-Al2O3 (110) surface. Chemisorption configuration
110-Al(1:4)-O(5,12) indicates two antisymmetric (~1572, 1601 cm-1) and
two symmetric (~1479,1442 cm-1) carboxylate vibrations, since two acid
molecules are adsorbed on the surface, of which both sets of vibrations are
comparable to IR measured vibrations (Table 5.3). In this case, the
adsorbed acids are coordinated via two O atoms to two Al atoms on the
γ-Al2O3 (110) surface and H is dissociated from the acid molecule. This is
also the mode of coordination for the lower coverage case, 110-Al(1,2)O(12). Therefore, close correlation between IR and DFT calculated
vibrational frequencies are obtained in adsorption structures which
specifically fit the aforementioned criteria (i.e. a dissociative mode of
adsorption).
For the molecular adsorption configuration, (110)-Al(2), the IR measured
and DFT calculated vibrations are also comparable. For this configuration,
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only one O atom is coordinated to an Al atom on the surface and the H
atom is not dissociated from the acid molecule. However, in this case, the
H atom of the acid molecule is stabilised by the electronic interaction with
the O atom, O(10), on the γ-Al2O3 (110) surface (Figure 5.3). Therefore, the
strong interaction between the H atom of the acid and the O atom on the
surface results in the comparable IR measured and DFT calculated
vibrations.

5.4.3.2. IR & DFT vibrational frequencies on the γ-Al2O3 (100)
surface
Table 5.4 compares the IR measured vibrations to DFT calculated
vibrational frequencies of chemisorption configurations on the γ-Al2O3 (100)
surface. As was the case on the (110) surface, close correlation to IR
values is found for configuration 100-Al(1,2)-O(9), which was determined to
be the most stable adsorption structure on the γ-Al2O3 (100) surface (Figure
5.4). In this case, the IR measured antisymmetric carboxylate stretch
(VaCOO-) is found at ~1572 cm-1 and the DFT calculated value is ~1582
cm-1. In addition, the symmetric carboxylate stretch (VsCOO-), rotational
methyl stretch (δCH3) as well as rocking methyl vibrations (ρr(CH3)) are all
within ±15 cm-1 difference between IR the measured and DFT calculated
values. This, once again, indicates a remarkably close correlation between
the DFT calculated adsorption structure and that measured experimentally
using IR.
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Table 5.4: Comparison of IR and DFT calculated vibrational frequencies of
adsorbed acetic acid on the γ-Al2O3 (100) surface.
Vibrational

IR vibration

mode

(cm )

DFT calculated vibration

-1

100-Al(1,2)-O(9)

100-Al(1:4)-O(6,9)

100-Al(2)

-

1572

1582

1606, 1578

1793

νsCOO

-

1469

1466

1472, 1466

1488

δCH3

1422, 1339

1408, 1352

1425,1422,1349,1346

1405, 1346

ρr(CH3)

1053, 1026

1039, 1018

1022,1020,1039,1038

1037, 1017

νaCOO

Vibrational frequencies are also comparable for the case of higher acetic
acid coverage on the γ-Al2O3 (100) surface. Chemisorption configuration
100-Al(1:4)-O(6,9) indicates two antisymmetric (~1606, 1578 cm-1) and two
symmetric (~1472,1466 cm-1) carboxylate vibrations, of which both sets of
vibrations are comparable to IR measured vibrations (Table 5.4). These
findings suggest that close correlation between IR and DFT calculated
vibrational frequencies are obtained in adsorption structures which
specifically fit the criteria of dissociative adsorption on both γ-Al2O3 (100)
and (110) surfaces.
Significant difference to IR vibrational frequencies (± 220

cm-1 for the

VaCOO- vibration) is found for configuration 100-Al(2), which was
determined to have the least favorable adsorption of acetic acid on the
γ-Al2O3 (100) surface (Figure 5.4). This implies that molecular adsorption
of acetic acid on the (100) surface is an imprecise description of the
experimentally measured adsorption structure. This in contrast to the
findings on the γ-Al2O3 (110) surface (Table 5.3), where this coordination
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mode showed comparable IR and DFT calculated vibrations. On the
γ-Al2O3 (100) surface, the H atom of the acid molecule is directed away
from the surface (Figure 5.4), and is therefore not stabilized by electronic
interaction with an O atom on γ-Al2O3 as is the case with the (110) surface.
This explains the correlation between IR measured and DFT calculated
vibrations for molecular adsorption on the γ-Al2O3 (110) surface, and the
reason for no correlation on the (100) surface.

5.4.4. Surface residence times of acetic acid molecules on the
γ-Al2O3 (100) & (110) surfaces
In order to determine the length of time that an acid molecule remains
adsorbed on the γ-Al2O3 surface at FTS temperature, the surface residence
times of an acetic acid molecule on both the γ-Al2O3 (100) & (110) surfaces
is determined (as described in section 5.3.5). Surface residence times, for
configurations with the largest and smallest acetic acid adsorption energy
on the γ-Al2O3 (100) & (110) surfaces, is compared in Table 5.5.
Dissociative adsorption on the (110) surface, results in a residence time of
~3x1020 h, while the relatively weaker molecular adsorption case, results in
a residence time of ~5x10-2 h. Similarly on the (100) surface, dissociative
adsorption results in a significantly longer residence time of ~104 h,
compared to molecular adsorption (~6x10-12 h). Therefore, acetic acid
molecules which are bound via dissociative adsorption, at FTS temperature
(500K), remain adsorbed on the γ-Al2O3 surface for significantly long
periods of time (~3x1016 years in the case of dissociative adsorption on the
110 surface).

176

Acetic acid adsorption on γ-Al2O3 (110) & (100) surfaces…
Table 5.5: Surface residence times of acetic acid adsorbed on γ-Al2O3 (100) &
(110) surfaces.
Adsorption
a

Acid coverage
2

Eads / molecule

Surface residence
time (h)

a

structure

(molecules/nm )

(kJ/mol)

110-Al(1,2)-O(12)

1.5

-354

~ 3 x 10

110-Al(2)

1.5

-146

~ 5 x 10

100-Al(1,2)-O(9)

1.1

-198

~ 10 h

100-Al(2)

1.1

-51

~ 6 x 10

a

20
-2

4

-12

calculated according to Equation 5.2 (section 5.3.5).

5.4.4. Adsorption of water on γ-Al2O3 (100) & (110) surfaces
The adsorption of water on the γ-Al2O3 (100) & (110) surfaces was
investigated and compared to the adsorption strength of acetic acid on the
respective surfaces. Figure 5.7 shows the most stable optimized
configurations, 100-Al(2)OH-O(4) & 110-Al(3,4)OH-O(4), for one water
molecule adsorbed on both dehydrated γ-Al2O3 (100) & (110) surfaces
respectively. The water molecule undergoes dissociative adsorption on
both surfaces. On the (100) surface, the OH group of the water molecule is
coordinated to an Al site (Al(2)) on the surface, and the H atom is
coordinated to an O atom, O(4). On the (110) surface, the OH group of the
water molecule is adsorbed as a bridging species over two Al atoms
(Al(3,4) sites), while the H atom is coordinated to an O atom, O(4).

The adsorption energy of a water molecule (-101 kJ/mol, Figure 5.7) is
smaller than that of an acetic acid molecule (-198 kJ/mol, Figure 5.4) on the
(100) surface (by a difference of 97 kJ/mol). Similarly, the adsorption
energy of water (-189 kJ/mol, Figure 5.7) is smaller than that of acetic acid
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(-354 kJ/mol, Figure 5.3) on the (110) surface (by a difference of 165
kJ/mol). The comparatively more exothermic adsorption of acetic acid on
both surfaces provides evidence that acetic acid competes with water for
adsorption sites on the dehydrated γ-Al2O3 surfaces.

top view

Oalumina
Al
Owater
H
side view

100-Al(2)OH-O(4)
-101 kJ/mol

110-Al(3,4)OH-O(4)
-189 kJ/mol

Figure 5.7: Optimized adsorption configurations of water on the dehydrated γ-Al2O3
(100) and (110) surfaces.

5.5. Discussion
The precise chemisorption configuration of acetic acid adsorbed on a
γ-Al2O3 surface is determined by identifying the most stable adsorption
structures on the γ-Al2O3 (110) and (100) surfaces and comparing DFT
calculated vibrations to experimental results (IR). The surface residence
times of strongly adsorbed acetic acid, on both γ-Al2O3 surfaces, is
determined. In addition, the strength of adsorption of acetic acid is
compared to that of water on the γ-Al2O3 surfaces.
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Acetic acid adsorption on two practically representative γ-Al2O3 surfaces,
the (110) and (100) surfaces, is studied using DFT. Acetic acid favored
dissociative adsorption on both γ-Al2O3 (100) and (110) surfaces. The
largest acetic acid adsorption energy is obtained when (i) two O atoms of
the acid are coordinated to two Al atoms on surface and (ii) the H atom of
the acid has dissociated from the acid molecule to be coordinated to an O
atom on the surface.
Adsorption of acetic acid at higher coverages are also favorable on both
γ-Al2O3 (100) and (110) surfaces. However, the adsorption of a consecutive
acetic acid molecule becomes increasingly less favorable as the coverage
increases. For the (100) surface, coverages consisting of up to 4 acid
molecules is investigated since this surface exposes more Al atoms (8) in
the unit cell compared to the (110) surface (4 Al atoms). Adsorption of
acetic acid becomes significantly less favorable beyond a coverage of 4.3
molecules/nm2. In fact, acetic acid adsorption is deduced to be endothermic
above a coverage of ~5 molecules/nm2, which is an indication of saturation
coverage on this dehydrated γ-Al2O3 (100) surface. This estimation of
saturation coverage is reasonable since it is comparable to an
experimentally determined saturation coverage.

Experimentally,

the

saturation coverage of acetic acid on is found to contain ~3 molecules of
acetate and ~7 molecules of water per nm2 of γ-Al2O3 (using
thermogravimetric data analyses in Chapter 4). This experimentally
determined coverage is obtained for acetic acid which is adsorbed on a
hydrated γ-Al2O3 surface (in which case water molecules occupy some
sites on the γ-Al2O3 surface). This could be the reason for the difference
between the theoretical (~5 molecules/nm2) and experimentally (~3
molecules/nm2) determined acid saturation coverage.
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Close correlation between IR measured and DFT calculated vibrational
frequencies is found for the adsorption structures determined to be the
most stable (largest acetic acid adsorption energy) on both γ-Al2O3 (100)
and (110) surfaces. Furthermore, adsorption structures containing acetic
acid at higher coverage also shows comparable vibrational frequencies to
that of IR and is attributed to the comparable coordination mode of acetic
acid in both the lower and higher coverage cases (i.e. a dissociative
adsorption configuration).
Surface residence times, for configurations with the largest acetic acid
adsorption energy, showed that dissociative adsorption results in residence
times of ~3x1020 h and ~104 h on the γ-Al2O3 (110) & (100) surfaces
respectively. Therefore, acetic acid remains adsorbed on the γ-Al2O3
surface, (at FTS temperature of 500K), for significantly long periods of time
(~3 x 1016 years in the case of the 110 surface). In Chapter 4, strongly
adsorbed oxygenates were detected on spent Co/Pt/γ-Al2O3 FTS catalyst
using infrared (IR) spectroscopy and deduced to be located on the γ-Al2O3
support. The spent catalyst samples were obtained from the FTS reactor
after 5 and 90 days-on-line, which is shorter than the calculated surface
residence times of a strongly adsorbed acetic acid molecule on both the
γ-Al2O3 surfaces. These findings suggest that an oxygenate molecule, such
a carboxylic acid, remains strongly adsorbed on the γ-Al2O3 support during
the FTS reaction and explains why oxygenates are detected on the spent
catalyst after long periods of time-on-line.

An adsorbed water molecule is found to undergo dissociative adsorption on
both γ-Al2O3 (100) and (110) surfaces. The adsorption of acetic acid is
more exothermic than that of water on both dehydrated γ-Al2O3 (100) &
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(110) surfaces. Interestingly, Feng et al. found the reverse to be true for
isopropanol adsorption [15]. Water adsorption was reported to be more
competitive than isopropanol adsorption on both γ-Al2O3 (100) & (110)
surfaces. In their study, dissociative and molecular adsorption of
isopropanol was identified on the dehydrated (100) surface, while molecular
adsorbed isopropanol was found to be thermodynamically most competitive
on the (110) surface [15]. These findings suggests that the functional
groups of the oxygenate molecule play an important role in determining the
strength of adsorption on the γ-Al2O3 surface. The larger adsorption energy
of a carboxylate molecule compared to an alcohol is probably due to the
carboxyl group which strongly interacts with Lewis acidic Al sites and the H
atom which can be extracted by basic O atoms on the surface.

The finding that acetic acid adsorption is comparatively more exothermic
than water on both surfaces, provides supporting evidence to experimental
findings. Experimentally, adsorbed acetate (determined using IR, Figure
5.6) was prepared by impregnating γ-Al2O3 with an aqueous solution of
acetic acid. Furthermore, acetate molecules were deduced to displace
water molecules on pure γ-Al2O3 (determined using thermogravimetric data
analyses in Chapter 4). These findings imply that acetic acid competes with
water for adsorption sites on the γ-Al2O3 surface. Cobalt-catalyzed low
temperature Fischer-Tropsch synthesis (FTS) is typically operated under
several bars of water partial pressure [21], which suggests that the γ-Al2O3
surface is significantly hydrated during the reaction. The present study
provides both experimental and theoretical evidence that a carboxylic acid
(i.e. acetic acid) competes with water and strongly adsorbs on a hydrated γAl2O3 surface. This provides further evidence that oxygenates can be
adsorbed on the support of Co FTS catalyst.
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The present study investigated acetic acid adsorption on dehydrated
γ-Al2O3 surfaces (at 0K). Previous studies have shown that the γ-Al2O3
(100) & (110) surfaces contain 8.8 & 8.9-11.8 OH/nm2 at 500K respectively
[15,18]. Thus, acetic acid adsorption on hydrated γ-Al2O3 surfaces should
be investigated to compare the strength of acetic acid adsorption with
increasing levels of hydration. The coordination mode of acetic acid
resulting in the largest adsorption energy on a hydrated alumina surface
can then be compared to that on the dehydrated surface. This would
elucidate whether acetic acid coordinates (i) to alumina cations (i) via a
hydroxyl group on the alumina surface or (iii) to both alumina cations and
hydrogen atoms of hydroxyl groups on the hydrated alumina surface.

5.6. Conclusion
Acetic acid is strongly adsorbed via dissociative adsorption on γ-Al2O3 (100)
and (110) surfaces, forming an acetate species. Close correlation between
IR measured and DFT calculated vibrational frequencies indicate that this is
the precise coordination mode of acetic acid on the γ-Al2O3 surface.
Determination of surface residence times, suggests that acetic acid
remains strongly adsorbed on γ-Al2O3 for significantly long periods of time.
Furthermore, acetic acid competes with water and strongly adsorbs on a
hydrated γ-Al2O3 surface. These findings support experimental findings that
adsorbed oxygenates detected on spent Co/γ-Al2O3 FTS catalyst, are most
likely due to strongly bound carboxylic acids located on the γ-Al2O3 support.

182

Acetic acid adsorption on γ-Al2O3 (110) & (100) surfaces…

5.7. Appendix
top view

Oalumina
Al
Oacid
H
C

side view

100-Al(1)-O(2)
-118 kJ/mol

100-Al(1,2)-O(2))
-190 kJ/mol

100-Al(1,2)-O(4)
-232 kJ/mol

Figure 5.8: Optimized adsorption configurations of acetic acid on the dehydrated
γ-Al2O3 (100) surface.

top view

Oalumina
Al
Oacid
H
C

100-Al(1,2)-O(10)

100-Al(2,3)-O(9)

100-Al(8,9)-O(8)

-141 kJ/mol

-134 kJ/mol

-89 kJ/mol

110-Al(1,2)-O(5)

110-Al(1,3)-O(5)

side view

110-Al(3,4)-O(5)
-265 kJ/mol

-252 kJ/mol

-201 kJ/mol

Figure 5.9: Optimized adsorption configurations of acetic acid on the dehydrated
γ-Al2O3 (110) surface.
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Table 5.6: Comparison of IR and DFT calculated vibrational frequencies of
adsorbed acetic acid on the γ-Al2O3 (100) surface.
DFT calculated vibration
Vibrational mode

-1

IR vibration (cm )
100-Al(1,2)-O(4)

100-Al(1,2)-O(2)

-

1572

1580

1590

νsCOO

-

1469

1462

1465

δCH3

1422, 1339

1409, 1350

1431,1414

ρr(CH3)

1053, 1026

1040, 1020

1009,1020

νaCOO

Table 5.7: Comparison of IR and DFT calculated vibrational frequencies of
adsorbed acetic acid on the γ-Al2O3 (110) surface.
DFT calculated vibration
Vibrational mode

110-Al(3,4)-O(5)

110-Al(1,3)-O(5)

-

1572

1600

1508

νsCOO

-

1469

1474

1445

δCH3

1422, 1339

1426,1349

1425, 1335

ρr(CH3)

1053, 1026

1026, 1035

1050, 1037

νaCOO
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6.1. Introduction
Cobalt catalysts are preferred for the gas-to-liquids process in large-scale
commercial Fischer-Tropsch synthesis (FTS) plants. As is the challenge
faced with many catalysts, the Co FTS catalyst deactivates with time on
line [1]. The economics of the gas-to-liquids process is strongly dependent
on the stability of the catalyst. Understanding catalyst deactivation
mechanisms is crucially important because the insight gained can be used
to improve catalyst stability and inspire rational design of future catalysts.
Cobalt is active for FTS in the metallic state [2]. Loss of active metal
surface area, leading to deactivation, could occur in number of different
ways, including (i) poisoning by sulphur and/or nitrogen compounds, (ii)
oxidation of the active cobalt metal, (iii) cobalt-support compound
formation, (iv) surface reconstruction, (v) carbon deposition and (vi)
sintering of cobalt crystallites [1,3,4]. Of these postulated mechanisms,
carbon deposition and sintering is deduced to be particularly important
under typical Co FTS conditions [1].
The industrial catalyst is often too complex to obtain ‘atomic level’
structural, morphological and compositional detail of a catalytic process.
Planar model catalysts provide well-defined, controllable and convenient
representations of real catalysts. Highly informative techniques, such x-ray
photoelectron spectroscopy (XPS) and transmission electron microscopy
(TEM), are often not easily applied to industrial catalysts, but well-suited to
model catalysts with flat surfaces and nanoscale variations in height [5].
In this thesis, a model catalyst is exposed to realistic Co FTS temperature
and pressure and characterized using TEM and XPS. In this way, the
dominant sintering mechanism during Co-catalysed FTS is elucidated.
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Model systems were further utilized in a study of carbon formation during
Co FTS. Model compounds as well as real catalyst samples are exposed to
model FTS conditions and characterized using temperature-programmed
techniques coupled with mass spectrometry (TP-MS). This was done to
ascertain whether carboxylic acids deposit carbon that is detrimental for
FTS activity and subsequently cause catalyst deactivation.

6.2. Objective of this chapter
The objective of this chapter is to evaluate the results presented in this
thesis in the context of the Co FTS catalyst deactivation research field.
Future work to progress the understanding on the respective research
topics is proposed and in some cases is based on preliminary experimental
results.

6.3. Ostwald ripening on a planar Co/SiO2 model catalyst
exposed to model Fischer-Tropsch synthesis conditions
Loss of metal surface area, commonly referred to as ‘sintering’, has been
established as a mechanism of Co FTS catalyst deactivation [1]. To our
knowledge, direct evidence of the mechanism of loss of metal surface area
during Co FTS has not been previously been reported.
The planar Co/SiO2 model catalyst is used to uncover the mechanism of
loss of metal surface area at the single-particle level (Chapter 3). A novel
feature of this work is the exposure of the model catalyst to FischerTropsch synthesis (FTS) conditions of pressure (20 bar(a)), temperature
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(230°C) and gas atmosphere (dry H2/CO, low conversion) using a customdesigned high pressure treatment cell. Another unique feature of the work
is the employment of the planar model support, SiO2/Si3N4, which is
custom-made for TEM analysis and is compatible with the technique
employed to mimic industrial catalyst preparation i.e. spin-coating
deposition. The planar model support enables TEM measurement of the
same area of the support before and after exposure to FTS conditions (i.e.
identical location TEM is employed).

6.3.1 Conclusions on the loss of metal surface area
In the literature, a particle migration and coalescence mechanism has been
proposed for the loss of metal surface area during Co-catalyzed FTS [6,7].
However, these conclusions were based on indirect evidence, using the
change in shape of the particle size distribution from the fresh to the spent
catalyst. In the present study, the dominant mechanism for the loss of metal
surface is directly observed using the model catalyst in TEM studies (i.e.
identical location TEM). Loss of metal surface area is found to proceed via
an atomic migration (Ostwald ripening) mechanism. The TEM micrographs
of the same area before and after FTS show (i) rapid loss (within 10h) of
most smaller particles (≤4nm Co metal), (ii) a decrease in size of somewhat
larger particles (size decreases from ~5nm to 2nm) and (iii) all remaining
particles are

immobile during

the reaction.

Complementary x-ray

photoelectron spectroscopy (XPS) analyses confirmed the loss of metal
surface area after exposure to FTS conditions. An additional finding is that
loss of metal surface area requires the presence of CO in combination with
H2 gas. This led to the conclusion that the mechanism of loss of metal
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surface area proceeds via a mobile cobalt-subcarbonyl species that is
transported via diffusion over the support surface from the smaller to
relatively larger particles.
Industrial catalysts typically exhibit a wide particle size distribution of the
active phase. For FTS on such a catalyst, loss of metal surface area alone
does not necessarily mean loss of activity, due to the size-dependent
reactivity of Co in FTS. For instance, Bezemer et al. reported that particles
smaller than 6-8nm exhibit low activity [8] and hence their loss would not
greatly affect the observed FTS activity. In the present study, the loss of
~4nm particles was observed within the reaction time of 10h, while some
particles of ~5nm were observed to decrease in size. This implies that
particles larger than 5nm, which may be optimum for FTS activity, could
become smaller with longer reaction times. Therefore, atomic migration of
cobalt could contribute to catalyst deactivation.
Experimental details needs to be carefully considered when generalizing
the loss of metal surface area that is found in a specific reaction
environment. Therefore, it is proposed that the influence of additional
factors should be investigated further, in particular (i) the effect of higher
water partial pressure during FTS (ii) the influence of support substrate
roughness, defect density and chemical nature (iii) the influence of
promoters and (iv) reaction time.
In the present study, although realistic pressures, synthesis gas ratio and
temperature is used, the conversion is negligible due to the small quantity
of Co present on the flat model sample and the relatively high reactant flow
(i.e. a very high space velocity). The largest consequence of this is that the
water partial pressure is unrealistically low (~4-6 bar of water partial
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pressure is expected during commercial operation of FTS [1]). Previous
studies have shown that higher water partial pressures can indeed cause
an increase in loss of metal surface area [9,10]. The effect of higher water
partial pressure can be carried out as future work on this topic by modifying
our current high-pressure cell experimental set-up such that several bars of
water are co-fed during exposure of the model catalyst to FTS conditions.

6.3.2. Outlook: the effect of promoter & reaction time
Co FTS catalysts typically contain a promoter to aid reduction of the cobalt
oxide that is present after catalyst preparation. Pt is among the frequently
used promoters employed in Co/Al2O3 FTS catalysts. To study the factors
of promoter and longer reaction time simultaneously, a planar Co/Pt/SiO2
model catalyst (Co:Pt molar ratio of 50:1) was prepared and exposed to
model FTS conditions (20 bara, dry H2/CO (2/1), 230°C) for 120h. This is
significantly longer than the reaction time used for the promoter-free case
discussed in Chapter 3 (i.e. 10h). Identical location TEM is carried out
before and after exposure to FTS conditions. The TEM results obtained
from this single experiment are shown in Figure 6.1. These images allow
for several interesting observations. The micrographs show that (i) some
smaller particles of ~4nm are lost, (ii) particles which remain are immobile,
(iii) some particles have decreased in size (for instance, from ~7nm to 3nm
and (iv) some particles have decreased in size (from ~6nm) leaving behind
tiny features of (~ 1nm) and (iv) some, but not all particles which are in
close proximity to each other (blue circles, Figure 6.1), appear to be
merging.
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Although these results were obtained in a single experiment and need to be
reproduced to validate this data, some interesting observations can be
made. Firstly, the dominant mechanism of loss of metal surface area,
during this reaction at longer time, is still observed to be Ostwald ripening.
As was the case with the 10h experiments, smaller particles are lost, some
particles are observed to decrease in size and remaining particles are
observed to be immobile during the reaction (Figure 6.1). These findings
are indicative of an Ostwald ripening mechanism. The random movement
of particles over the surface resulting in collision and merging of particles is
not observed. Therefore, a particle migration and coalescence mechanism
is not significant under the reaction conditions used.

Figure 6.1: TEM images of Co/Pt/SiO2 model catalyst (a) reduced-passivated and
(b) after exposure to FTS conditions (230°C, 20 bar H 2/CO (2/1) for 120h) followed
by passivation. The black circles indicate particles which have decreased in size,
red circles indicates particles which are completely lost and blue circles indicate
particles which appear to be merging.
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Furthermore, the longer reaction time (120h) has affected relatively larger
particles (up to ~7nm Co metal size) (Figure 6.1). This specific result is of
particular importance since it demonstrates that not only smaller particles
sizes, but also larger particles are affected by atomic migration during FTS.
Interestingly, some particles decrease in size and in each case leaves
behind a very small feature (~1nm) after exposure to FTS conditions
(Figure 6.1). These are possibly very small Co particles, but are more likely
to be Pt particles as these features are not observed in the Pt-free case
(discussed in Chapter 3). In the case that these small particles are Pt, this
presents a particularly interesting observation since it implies that atomic
Co species (Co sub-carbonyls) are mobile during FTS, but Pt atoms are
less mobile and do not easily migrate over the support surface.
The merging of two particles is an interesting observation as well. Firstly,
the process resulting in this merging is slow, since it is only halfway
complete after 120h (Figure 6.1b). Secondly, cobalt is observed at the
same location (i.e. immobile during the reaction), therefore the neck
formation indicates atomic transport between the two stationary particles
(blues circle in Figure 6.1b). Although, such particle morphologies are
typically interpreted as the occurrence of a particle migration and
coalescence mechanism, the present study provides evidence that it is the
result of atomic rather than particle migration.
The findings from the experiment described in the present section warrants
further investigation into the impact of time and promoter on the loss of
metal surface area during Co FTS, as several interesting and relevant
observations are made.
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6.3.3. Outlook: the effect of support nature
Future work on the loss of metal surface area during FTS should also
include an investigation into the influence of support material. An Al2O3
model support provides a relevant comparison to the commercial Co/Al2O3
cobalt catalyst. This topic was briefly explored by depositing a thin film of
Al2O3 (~3nm thickness) on the SiO2/Si(100) substrate using atomic layer
deposition (ALD).
Cobalt

oxide

nanoparticles

were

deposited

onto

the

planar

Al2O3/SiO2/Si(100) model support by spin-coating of a cobalt nitrate
polymer mixture followed by calcination (similar to the procedure followed
for

the

SiO2/Si(100)

case).

Two

typical

TEM

images

of

the

Co/Al2O3/SiO2/Si(100) model catalyst in the reduced and passivated form
are shown in Figure 6.2. The cobalt nanoparticles exhibit no significant
agglomeration and particles sizes range between 5-20 nm (as was the case
on the SiO2/Si(100) support). Therefore, this model catalyst, containing an
alumina substrate, would be suitable for further use in a sintering study.
Challenges in utilizing this model catalyst in sintering studies include a
lower extent of reduction on the alumina substrate as there could be
greater metal-support interaction compared to the silica substrate. This also
means that the disappearance of particles due to the formation of cobaltaluminate compounds [11] needs to be considered, unlike the case of the
planar Co/SiO2 model support, where metal-support compounds formation
was found to be negligible (Chapter 3 section 3.3.1.3)
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Figure 6.2: TEM images of the reduced and passivated Co/Al2O3/SiO2/Si(100)
model catalyst.

6.3.4. Outlook: the effect of particle size and distribution
For the sintering study described in Chapter 3, cobalt oxide nanoparticles
are prepared by spin-coating of a polymer mixture containing cobalt nitrate
onto the model support, followed by calcination. This procedure produces a
wide distribution of particle sizes and interparticle distances. An alternative
method to prepare the model catalyst is to pre-form the cobalt (oxide)
nanoparticles in a colloidal solution and then spin-coat the particles onto
the model support. To investigate this method, cobalt oxide (Co3O4)
nanoparticles were synthesized in a colloidal solution by the procedure
described by Chou et al. [12]. These pre-formed particles were then
deposited on the SiO2/Si(100) support by spin-coating. Figure 6.3 shows
the TEM images of the resulting model catalyst with nanoparticles directly
deposited (Figure 6.3 (a)) and after a reduction followed by a passivation
treatment (Figure 6.3 (b)). The pre-formed particles have irregular shapes
in the calcined state, but change (as expected) to a more uniform spherical
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shape after reduction. The nanoparticles appear as shell-type structures
after reduction then passivation, but this is a consequence of a harsh
passivation, which causes partial re-oxidation of the particles. The particle
size in the reduced, passivated form is ~8-10 nm (i.e. with the passivation
layer included).
The important result is that a narrower particle size distribution is observed
and the interparticle spacing appears to have good uniformity. This implies
that this model catalyst, containing pre-formed nanoparticles, can be used
in a sintering study which focuses on the effect of particle size, particle size
distribution and inter-particle spacing.

Figure 6.3:

Pre-formed cobalt oxide nanoparticles on the model SiO 2/Si(100)

support (a) directly deposited and (b) after reduction then passivation.
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6.4. The role of carboxylic acids in Co Fischer-Tropsch
synthesis catalyst deactivation
Polymeric carbon deposited on Co/Al2O3 catalyst can negatively impact
FTS activity [13]. Oxygenate compounds, such as carboxylic acids, ketones
and esters are produced as side products during FTS. To our knowledge,
oxygenates have not previously been investigated as potential precursors
for polymeric carbon on Co FTS catalyst.
Previous studies have reported that spent Co/Al2O3 FTS catalyst contain
oxygenated compounds, such as carboxylic acids and alcohols (determined
using infrared (IR) spectroscopy) [14,15]. Oxygenated compounds were
deduced to be adsorbed on the γ-Al2O3 support (using IR) [14].
Chapter 4 describes the potential contribution of FTS-produced carboxylic
acids to Co FTS catalyst deactivation. Specifically, carbon deposition due
to acid decomposition on Co/Pt/γ-Al2O3 FTS catalyst has been studied and
the location of adsorbed oxygenate on spent catalyst has been identified.
Finally, to directly observe the impact of acids on deactivation, acid has
been co-fed during FTS using a Co/Pt/Al2O3 catalyst in a continuous-stirred
tank reactor (CSTR) operated at commercially relevant conditions.
Chapter 5 describes the chemisorption of a carboxylate compound, acetic
acid, on two representative γ-Al2O3 surfaces using Density Functional
Theory (DFT). DFT calculated vibrational frequencies are compared to
measured IR data to determine the precise adsorption structure.
Determination of surface residence times and comparison of adsorption
strength of acetic acid and water on the two most abundant γ-Al2O3
surfaces, (100) and (110), provides insight into the strong adsorption of
carboxylate on the γ-Al2O3 support.
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6.4.1. Conclusions on the role of carboxylic acids in Co FischerTropsch synthesis catalyst deactivation
Adsorbed oxygenates detected on spent Co/γ-Al2O3 FTS catalyst are
predominantly located on the γ-Al2O3 support. The formation of a metalcarboxylate compound is not detected (using IR) and is in fact unlikely,
since acetic acid decomposes at low temperature on a Co metal surface
(inferred from ultra-high vacuum single crystal experiments).
Both short (acetate) and longer chain (octanoate) carboxylates are
chemisorbed on pure γ-Al2O3 and are thermally stable at Co FTS
temperature under synthesis gas (IR and XPS analyses). Comparison of
DFT calculated to IR measured vibrational frequencies indicates that the
most stable chemisorption structure of acetic acid on the γ-Al2O3 surface is
dissociative (i.e. an acetate species is formed via coordination of both
oxygen atoms of the acid to two aluminium ions on the support). These
chemisorption structures correspond to high adsorption energies (-354
kJ/mol on the γ-Al2O3 (110) surface) and significantly long surface
residence times for an adsorbed acetic acid molecule (~3 x 1016 years
predicted for the case of adsorption on the 110 surface). These theoretical
findings support experimental findings, since carboxylates (both acetate
and octanoate) decompose, rather than desorb, above 300°C on pure
γ-Al2O3 (determined using temperature-programmed techniques coupled
with

mass

spectrometry

(TP-MS)).

These

findings

suggest

that

carboxylates are practically irreversibly adsorbed on the γ-Al2O3 support of
the catalyst during FTS (i.e. at temperature of ~200-230°C under synthesis
gas).
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Acetic acid adsorbs on γ-Al2O3 in an aqueous medium (IR), which implies
that the acid competes with water for adsorption on γ-Al2O3. Further
evidence for this is provided by thermogravimetric analyses (TGA) data,
where a lower water coverage is found on γ-Al2O3 with acetate adsorbed
compared to pure γ-Al2O3 (i.e. ~3 acid molecules displace 6 water
molecules per nm2 of γ-Al2O3). DFT calculations confirmed this competitive
adsorption since the adsorption of acetic acid is found to be more
exothermic than that of water on both γ-Al2O3 (110) and (100) surfaces.
Therefore, the theoretical and experimental findings imply that acetic acid
chemisorbs on a hydrated γ-Al2O3 surface, which is the expected state of
the surface during FTS. The strength of adsorption of a carboxylate and the
long residence time of an acid molecule on the γ-Al2O3 surface, explains
why oxygenated compounds are detected on spent Co FTS catalyst (both 5
and 90 day old samples).
Thermal decomposition of acetic acid over reduced Co/Pt/Al2O3 catalyst, at
model FTS conditions (i.e. 1 bar(a) H2/CO:2/1 at 230°C), deposits
predominantly atomic carbon on the catalyst (TPH-MS). Atomic carbon is
more easily hydrogenated during FTS, unlike polymeric carbon which was
previously found to be detrimental for FTS activity [11]. Interestingly, acetic
acid decomposed over pure γ-Al2O3 does produce polymeric carbon (TPHMS), but requires temperatures significantly above that of Co FTS. This
implies that in the case of the model experiment using Co/Pt/Al2O3 catalyst,
atomic carbon formation is mostly due to acid decomposition over the metal
surface. In fact, single crystal experiments showed that acetic acid
decomposes at low temperature (120°C) over a Co(0001) surface,
producing surface carbon. These findings imply that either (i) the interaction
of acetic acid and cobalt metal dominates (probably dependent on the
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metal loading of the sample) or (ii) the Co metal changes the thermal
stability and/or decomposition pathway of carboxylate adsorbed on γ-Al2O3
support. A possible mechanism for the latter case is the activation of
hydrogen on the Co metal surface which migrates onto the γ-Al2O3 support
(H2 spill-over), enabling carboxylate decomposition at lower temperatures.
Co-feeding of excess acetic acid, to either fresh or spent catalyst, during
FTS did not enhance Co/Pt/Al2O3 catalyst deactivation. Although it was
found that carboxylic acids can cause atomic carbon deposition
(presumably on the cobalt surface) and they are chemisorbed on γ-Al2O3
support, this does not significantly impact Co FTS catalyst deactivation.

6.4.2. Outlook: effect of oxygenate molecule and reaction time
Although the present study provides evidence that carboxylic acids do not
significantly impact catalyst deactivation, further considerations need to be
taken into account. These include (i) the reaction time of the co-feeding
experiments, (ii) the type of oxygenate molecule studied for carbon
formation and during co-feeding experiments and (iii) the impact of
adsorbed carboxylate on the hydrophobicity of the γ-Al2O3 support.
Findings from the present study do not exclude the possibility that the
atomic carbon, formed due to carboxylate decomposition, transforms into
detrimental carbon with time during FTS. This can only be tested by
carrying out acid co-feeding experiments during FTS over extensively long
reaction times (i.e. months) and incorporating atypical or upset conditions
(such at high temperatures and low H2/CO ratio) during the experiments.
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Furthermore, different oxygenate molecules should be used in studies of
deposition of polymeric carbon on cobalt catalyst and in co-feeding
experiments. Carboxylic acids contain functional groups which strongly
coordinate to alumina support and explains why oxygenate compounds are
observed on spent Co FTS catalyst. The detection of these oxygenates,
and the fact that acetic acid is typically found in the highest concentration in
Co FTS, is the reason that acetic acid was used in the model studies and
acid co-feeding experiments of the present study. However, other
oxygenated compounds, albeit typically found in low concentrations, could
be the precursors for polymeric carbon. For instance, esters, ketones and
long chain carboxylic acids are also produced during FTS and could
decompose over the cobalt catalyst leading to polymeric carbon formation.
Even small amounts of polymeric carbon formed from these species can
lead to deactivation, especially if they preferentially adsorb on metal sites
that are critical for FTS activity.

6.4.3. Outlook: Probing changes in hydrophobicity due to
carboxylate adsorption
Adsorbed oxygenates detected on spent Co/γ-Al2O3 FTS catalyst are found
to be located on the γ-Al2O3 support. The chemisorption of these
compounds suggests that the support is essentially modified during FTS.
For instance, octanoic acid adsorbed on γ-Al2O3 changes the support
surface from hydrophilic to hydrophobic. The carboxylate group of the acid
coordinates to the Al cations of the support, while the long, a-polar alkyl
group does not interact with the support surface and extends inside the
support pore. This could change the local polarity at the support surface
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and consequently the interaction of the support with water. This hypothesis
was tested by studying the affinity of an octanoate-modified γ-Al2O3 sample
toward solvents of different polarity (see footnote7). This was compared
with the affinity of pure γ-Al2O3 toward the respective solvents.
Figure 6.4 shows photographs as well as schematic representations, of
fresh γ-Al2O3 (Figure 6.4a) and octanoate-modified γ-Al2O3 (Figure 6.4b) in
physical mixtures of water (hydrophilic phase) and hexane (hydrophobic
phase). The support particles are hydrophilic before any acid modification
(Figure 6.4a), and are therefore observed to be in the water phase and not
in the non-polar hexane phase. However, upon modification by octanoic
acid (Figure 6.4b), the γ-Al2O3 particles have an increased affinity for the
hydrophobic solvent as they appear to be suspended in the hexane phase.
These images show that the γ-Al2O3 has changed from hydrophilic to
hydrophobic due to carboxylate adsorption.
Similar experiments were carried out using fresh Co/Pt/γ-Al2O3 FTS catalyst
(Figure 6.4c) and spent catalyst that underwent a wax extraction procedure
(as described by Moodley et al.) [13] (Figure 6.4d). As determined in
Chapter 4, spent catalyst contains strongly adsorbed oxygenated
compounds, such carboxylic acids, located on the γ-Al2O3 support. Figure
6.4 shows that the spent catalyst exhibits an increased hydrophobicity
compared to fresh catalyst, which suggests that the catalyst changes from
hydrophilic to hydrophobic when oxygenates are adsorbed during FTS. A
further consideration in this case is that the residual wax in the pores of the

7

Hydrophobicity experiments carried out by C.J. Weststrate at the Eindhoven

University of Technology.
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spent catalyst (remaining after wax extraction) contributes to this
observation of increased hydrophobicity.

Figure 6.4: Images with schematic representations of physical mixtures of
hexane and water containing (a) γ-Al2O3, (b) octanoate/γ-Al2O3, (c) fresh
Co/Pt/γ-Al2O3 catalyst and (d) spent wax-extracted Co/Pt/γ-Al2O3 catalyst.

These experiments imply that oxygenates adsorbed on the catalyst support
during FTS (as well as residual wax), results in a support with increased
hydrophobicity. Consequently, the local water partial pressure as ‘seen’ by
the Co particle could decrease due to carboxylate adsorption during FTS.
The increased hydrophobicity may also induce effects on the diffusion of
FTS products into and out of support pores. Hydrocarbons could
experience longer residence times in support pores, since they would have
an affinity toward a hydrophobic environment. This build of hydrocarbons
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could then lead to pore blocking, induce product or reactant gas diffusion
limitations and in this way impact FTS performance. Experiments to test
these hypotheses include (i) impregnating the catalyst with long chain
carboxylates (e.g. octanoic acid) then observing the impact on FTS
performance and (ii) co-feeding longer chain carboxylates during FTS.

6.5. Concluding remarks on fundamental understanding of
cobalt Fischer-Tropsch synthesis catalyst deactivation
The research questions addressed in this thesis originate from challenges
currently faced during commercial operation of Co-catalysed FTS.
Specifically, fundamental understanding on two catalyst deactivation
pathways has been obtained. Planar model catalyst systems, well suited to
advanced spectroscopic and microscopic techniques, are exposed to
commercially relevant reaction conditions and the findings translated back
to identify solutions to the challenges faced when using industrial catalysts.
In this thesis, two important mechanisms of Co FTS catalyst deactivation
are studied i.e. (i) sintering of small crystallites leading to the loss of metal
surface area and (ii) deposition of polymeric carbon from FTS-produced
carboxylic acids leading to the blocking of active metal sites. For both
deactivation studies, the use of model systems was vital to achieve the
presented fundamental insight into these catalyst deactivation mechanisms.
For the study on sintering, the planar support combined with TEM provided
direct evidence for atomic migration (Ostwald ripening), rather than particle
migration and coalescence, as the dominant mechanism when cobalt
crystallites are exposed to FTS conditions. This enabled a proposal for the
design of future catalysts such that sintering and consequently catalyst
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deactivation can be reduced. For the case of carbon deposition, the
characterization of model systems, containing the support or the metal
surface in isolation, was combined with findings from catalyst testing under
relevant conditions. This led to the conclusions that carboxylic acids are
precursors for atomic rather polymeric carbon and do not significantly
contribute to Co FTS catalyst deactivation.
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Fundamental understanding of cobalt Fischer-Tropsch
synthesis catalyst deactivation

Co is the preferred metal for the gas-to-liquids process in large-scale
commercial Fischer-Tropsch synthesis (FTS) plants. As is the challenge
faced with many catalysts, the Co FTS catalyst deactivates with time on
line. This is a significant problem since the economics of the gas-to-liquids
process is strongly dependent on the stability of the catalyst. Understanding
catalyst deactivation mechanisms is crucially important because the insight
gained can be used to improve catalyst stability and inspire rational design
of future catalysts.
There are a number of postulated deactivation mechanisms of Co FTS
catalysts including (i) poisoning (which can be minimized by using a clean
gas feed), (ii) oxidation (which can be prevented by tuning of particle size
and reaction conditions), (iii) cobalt-support compound formation (which
does not impact particle sizes optimum for FTS) and (iv) carbon-induced
surface reconstruction (which requires a high carbon coverage that is not
expected during FTS). This thesis provides fundamental understanding on
specifically two deactivation mechanisms of Co FTS catalysts i.e. sintering
and carbon formation.
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Sintering is generally referred to as (thermally induced) catalyst
deactivation caused by a loss of active metal surface area. The loss of
catalyst active surface area is a result of loss and/or growth of the
nanoparticles into which the active metal phase is dispersed. The principal
mechanisms of sintering on supported catalysts are (i) particle migration
and coalescence and (ii) atomic migration also referred to as Ostwald
ripening. To our knowledge, direct evidence of the sintering mechanism
during Co FTS has not been reported in the literature
We use a planar Co/SiO2 model catalyst to uncover the sintering
mechanism at the single-particle level. The model catalyst is exposed to
FTS conditions of pressure (20 bara), temperature (230°C) and gas
atmosphere (dry H2/CO, low conversion) using a custom-designed high
pressure treatment cell. Loss of metal surface area is found to proceed via
an atomic migration (Ostwald ripening) mechanism. TEM micrographs of
the same area before and after FTS show (i) rapid loss (within 10h) of most
smaller particles (≤4nm Co metal), (ii) a decrease in size of some larger
particles (size decreases from ~5nm to 2nm) and (iii) all remaining particles
are immobile during the reaction. Complementary x-ray photoelectron
spectroscopy (XPS) analyses confirmed the loss of metal surface area after
exposure to FTS conditions. Metal-support compound formation (excluded
using in-situ XPS analyses) as well as the formation of volatile species
(excluded using Rutherford backscattering data) were excluded as reasons
for the measured loss of metal surface area. The mechanism of loss of
metal surface area is deduced to proceed via a mobile cobalt-subcarbonyl
species that is transported via diffusion over the support surface from the
smaller to relatively larger particles. Longer FTS reaction times (> 10h) are
deduced to affect relatively larger particle sizes, which are optimum for FTS
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activity, via Ostwald ripening. Therefore, atomic migration of cobalt could
contribute to catalyst deactivation during Co-catalyzed FTS.
Our findings suggest that loss of metal surface area can be reduced by
lowering the driving force for sintering and slowing down the diffusion of
mobile Co species. One method can be to prepare fresh catalyst particles
with a highly uniform particle size distribution (ideally with the optimal size
for target FTS performance). Loss of metal surface area could also be
slowed down by maximizing the inter-particle distances during the catalyst
preparation step.
Polymeric carbon deposited on Co FTS catalyst can negatively impact FTS
activity. Carbon on spent Co/Al2O3 FTS catalyst has been found to contain
oxygenated

compounds

such

as

alcohols

and

carboxylic

acids.

Oxygenated compounds could therefore be potential precursors for carbon
deposited on Co FTS catalyst. This carbon could be a result of oxygenate
decomposition over the metal or support surface. Oxygenates could also be
strongly adsorbed on Al2O3 support or form metal-carboxylate compounds
and consequently affect Co FTS catalyst performance.
We studied the impact of FTS-produced carboxylic acids on catalyst
deactivation. Thermal decomposition of acetic

acid over reduced

Co/Pt/Al2O3 catalyst, at model FTS conditions (i.e. 1 bar(a) H2/CO:2/1 at
230°C), deposits predominantly atomic carbon on the catalyst (determined
using

temperature-programmed

hydrogenation

coupled

with

mass

spectrometry (TPH-MS)). Adsorbed oxygenates detected on spent
Co/Pt/γ-Al2O3 FTS catalyst are deduced to be located on the γ-Al2O3
support. Both short (acetate) and longer chain (octanoate) carboxylates are
chemisorbed on pure γ-Al2O3 and are thermally stable at Co FTS
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temperature under

synthesis gas (determined using infrared (IR)

spectroscopy and XPS analyses). Co-feeding of excess acetic acid, to
either fresh or spent catalyst, during FTS in continuous stirred tank reactor
(CSTR) at relevant reaction conditions

(20 bar(a) H2/CO:2/1 at 230°C), did

not enhance Co/Pt/γ-Al2O3 catalyst deactivation.
On the basis of findings in this thesis, carboxylic acid decomposition is
excluded as a source of polymeric carbon during Co-catalyzed FTS. Acetic
acid decomposition over the metal surface is found to produce
predominantly atomic carbon. Compared to polymeric carbon, atomic
carbon can be more readily hydrogenated at FTS temperature. Therefore,
the contribution of carboxylate decomposition to FTS catalyst deactivation
is expected to be limited (dependent on operating conditions as high
concentrations of acids could possibly result in more severe carbon
deposition).
The finding that oxygenates are chemisorbed on γ-Al2O3 support suggests
that the support is essentially modified during FTS. For instance, octanoic
acid adsorbed on γ-Al2O3 changes the support surface from hydrophilic to
hydrophobic. Consequently, the local water partial pressure as ‘seen’ by
the Co particle could decrease due to carboxylate adsorption during FTS.
The increased hydrophobicity may also induce effects on the diffusion of
FTS products into and out of support pores. Hydrocarbons could
experience longer residence times in support pores, since they would have
an

affinity

toward

a

hydrophobic

environment.

This

build-up

of

hydrocarbons could then lead to pore blocking, induce product or reactant
gas diffusion limitations and in this way impact FTS performance. Future
experiments to test these hypotheses include (i) impregnating the catalyst
with long chain carboxylates (e.g. octanoic acid) then observing the impact
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on FTS performance and (ii) co-feeding long chain carboxylates during
FTS.
Quantum chemistry can be used to study a number of chemical and
molecular systems in order to make predictions on the equilibrium
structures of

molecules,

transition states and reaction pathways.

Specifically, Density Functional Theory (DFT) provides the solution to
fundamental equations that describe the quantum behavior of atoms and
molecules.
Since carboxylate compounds were found to be chemisorbed on pure
γ-Al2O3 and thermally stable at Co FTS temperature, the reason for the
strong adsorption was studied using DFT. Carboxylate molecules were
envisaged to strongly interact, via the nucleophilic carboxylate (COO-)
group, with aluminum cations (Al3+) on the γ-Al2O3 surface.
We use DFT to describe the interaction between acetic acid and two
representative alumina surfaces i.e. the γ-Al2O3 (100) and (110) surfaces.
Vibrational frequencies determined using DFT calculations are compared to
those measured using IR. The most stable chemisorption structure of acetic
acid on the γ-Al2O3 surface is found to be dissociative (i.e. an acetate
species is formed via coordination of both oxygen atoms of the acid to two
aluminum ions on the support). These chemisorption structures correspond
to high adsorption energies and significantly long surface residence times
for an adsorbed acetic acid molecule. These findings suggest that
carboxylates are practically irreversibly adsorbed on γ-Al2O3 support.
Theoretical and experimental findings (thermogravimetric analyses (TGA)
data) imply that acetic acid chemisorbs on a hydrated γ-Al2O3 surface,
which is the expected state of the surface during FTS. The strength of
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adsorption of a carboxylate and the long residence time of an acid molecule
on the γ-Al2O3 surface, explains why oxygenated compounds are detected
on spent Co FTS catalyst using IR (i.e. both 5 and 90 day old spent
samples).
Finally, we have summarized some important results in future research
(described in Chapter 6). The major conclusions for this thesis are that (i)
Ostwald ripening of cobalt nanoparticles is the dominant mechanism of loss
of metal surface area when the planar Co/SiO2 model catalyst is exposed to
low-conversion FTS conditions, (ii) acetic acid is strongly adsorbed via
dissociative adsorption on two representative γ-Al2O3 surfaces (i.e. the
(100) and (110) surfaces), forming an acetate species and (iii) carboxylic
acids cause atomic carbon formation on Co/γ-Al2O3 FTS catalyst and result
in strongly adsorbed carboxylates on γ-Al2O3 support, but these factors do
not significantly impact catalyst deactivation.
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