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Abstract

Fischer-Tropsch synthesis over cobalt based catalysts is an important route for the conver-
sion of syngas, derived from natural gas, to liquid fuels. Fischer-Tropsch performance of
cobalt catalysts depends on a number of factors, for instance the type and structure of sup-
port have a significant effect on the particle size, dispersion, reducibility. These, in turn,
affect the activity of the cobalt supported catalysts [1–4]. Silica supports surface modi-
fied with different silanes, have been studied for cobalt Fischer-Tropsch synthesis [5–8].
Modification of γ-Al2O3 with silanes to yield hydrophobic surfaces has been carried out
[9–11]. However, use of silane modified γ-Al2O3 as a support for cobalt Fischer-Tropsch
synthesis has not been studied until now.
Herein, a systematic study was performed to investigate the effect of silane modification on
activity and selectivity of γ-Al2O3 supported cobalt Fischer-Tropsch catalysts. Six silane
modified Co/γ-Al2O3 catalysts were prepared by organic phase silylation with various
silanes differing with respect to number and type of active and organic groups. Catalysts
with 20 wt % Co promoted with 0.5 wt % Re were prepared by one step aqueous incipient
wetness impregnation. Catalysts were characterized by H2 chemisorption, N2 adsorption,
temperature programmed reduction (TPR), thermal gravimetric analysis (TGA), Fourier
transform infra-red spectroscopy (FT-IR) and X-ray diffraction (XRD). Activity and se-
lectivity of catalysts was determined in a fixed bed reactor at 20 bar, 210 oC and H2/CO =
2.1.
Effective surface organic modification of support was indicated by water absorption and
FT-IR. Most promising results in terms of Fischer-Tropsch activity and selectivity, were
displayed by methoxytrimethylsilane (TMMeS) modified catalyst. H2 chemisorption,
XRD and TPR revealed enhanced dispersion, similar cobalt crystallite size and reducibility
as reference catalyst. TG suggested partial decomposition below calcination temperature.
Site-time yield (STY) increased to 0.071 s−1 and C5+ selectivity slightly decreased to
85.15 % in comparison with 0.064 s−1 and 85.69 % of reference catalyst respectively.
Chlorotrimethylsilane, dichlorodimethylsilane and chlorodimethyloctylsilane modified cat-
alysts had lower cobalt crystallite sizes than the reference catalyst. A positive correlation
was observed between crystallite sizes and amount of silane present. Despite of smaller
cobalt crystallite size, modified catalysts have similar reducibility attributed to lower cobalt
support interaction as a result of surface modification. Dispersion measured from hydro-
gen chemisorption was apparently lower than actual. Smaller cobalt crystallite and lower
dispersion were ascribed to presence of chlorine and it needs further investigation. Rela-
tively small changes were observed in C5+ selectivity but STY decreased significantly.
Catalyst modified with methoxydimethyoctylsilane exhibited similar cobalt crystallite size
and observed a similar increase in STY to 0.071 s−1 as TMMeS modified catalyst but C5+

selectivity decreased to 83.04 % in comparison with reference catalyst. Modification with
trichloroctylsilane had the most severe impact with STY decreasing to 0.02 s−1.
The results indicate a positive effect of methoxy-silanes modification on the activity of cat-
alysts, ascribed to hydrophobicity induced by surface modification. Effect of chlorosilane
on dispersion, cobalt crystallite size and activity of catalysts need further investigation.
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Chapter 1
Introduction

From the early history of mankind to the current advanced technological world, the sources
of energy have evolved gradually. In early times, the energy needs were quite simple and
were fulfilled with wood and biomass, mostly for heating and cooking purposes. Industrial
revolution of the 18th century was attributed to the use of coal mostly in steam engines and
power plants. In the 19th century, coal was gradually replaced with oil. The consumption
of fossil fuels increased exponentially with advancement in transportation and produc-
tion industries. Today world economy depends to a large extent on fossil fuels derived
petroleum fractions i.e gasoline, diesel and natural gas.

The global energy demand is anticipated to increase by 35% in 2040 as compared
to 2010 and global economy will be almost doubled over the same period of time [12].
The increase in energy demand turns out to be associated with population growth and
consumption of energy per capita. It is increasing at an exponential rate and is projected
to increase from 7 billion in 2010 to 9 billion in 2040 [12].

To meet the increasing world’s energy demand is the biggest challenge. Fossil fuels are
non-renewable and their resources are depleting continuously. It is of utmost importance
to find alternate energy sources. Extensive research is being carried out for several poten-
tial renewable energy sources. Biomass, wind energy and solar energy are of significant
importance.

Huge resources of natural gas exist which are estimated to last for 200 years at the
current yearly consumption rate [12]. Natural gas is expected to become future fuel due to
its availability, efficiency and clean burning properties. Natural gas can play a vital role in
meeting world energy demands. Resources of natural gas are quite diverse and distributed
across the world in contrast with the other fossil fuels. Natural gas can also be produced
from unconventional resources like shale gas and tight gas [12].

Huge investments are required to shift from liquid fuel based infrastructure to gas
based. Gaseous phase of natural gas also poses difficulties during transportation. It can
either be transported in compressed form (CNG) compressed natural gas, liquefied form;
liquefied natural gas (LNG) or can be converted to liquid chemicals. Fischer-Tropsch
enables conversion of natural to liquid fuels and the products obtained have high purity
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Chapter 1. Introduction

and are virtually free from sulphur and nitrogen containing compounds thus helping in
resolving increased environmental concerns. Coal and natural gas are the most important
feed stocks.

Currently one of the most important interest is the consideration of Fischer-Tropsch
synthesis to the flared natural gas at certain huge oil fields having high levels of natural
gas[13]. This can resolve environmental issues as well as increase profitability. Interest in
use of bio-mass as feed stock for Fischer-Tropsch is also increasing [14].

Fischer-Tropsch synthesis aims at converting synthesis gas, derived from natural gas,
coal or other carbonaceous feed stocks, catalytically into higher hydrocarbons. Product
selectivity of C5+ hydrocarbons is used as a measure of production of higher hydrocar-
bons. Cobalt based supported catalysts are mostly used for conversion of natural gas based
synthesis gas to liquid fuels [15]. Enormous research has been carried out and several fac-
tors i.e temperature, pressure, syngas composition and type of active metal used, have
been identified in a quest to increase the activity and selectivity of the catalyst. The pu-
rity, structure and type of support, the synthesis variables such as cobalt precursor and
solvent, preparation method, cobalt loading, pretreatment conditions (drying, calcination,
reduction) and promoters have an influence on particle size, dispersion and reducibility
and hence the activity & selectivity to higher (C5+) hydrocarbons [15].

Cobalt Fischer-Tropsch catalysts are mostly supported on SiO2, Al2O3, TiO2.[16,
17]. Catalytic properties of cobalt based catalyst are influenced by the support material
used. Reducibility and dispersion of cobalt catalyst are influenced by the texture and sur-
face properties of support [18, 19]. The type and structure of support have a significant
effect on the particle size, dispersion, reducibility which thus affects the activity of the
cobalt supported catalysts [1–4, 16, 20–27].
Support material used also influences the product distribution in Fischer-Tropsch synthe-
sis. For instance use of different alumina phases lead to different selectivities for C5+
ranging in the order Co/α-Al2O3 > Co/δ-Al2O3 > Co/θ-Al2O3 > Co/γ-Al2O3 [28].

1.1 Goal

The overall goal of this research work was to the investigate the effect of silane modifica-
tion on activity & selectivity of Co/γ-Al2O3 Fischer-Tropsch catalyst.

Silica supports modified with different silanes have been studied for cobalt Fischer-
Tropsch synthesis and reported to have a positive influence on C5+ selectivity [5–8].
Successful modification of γ-Al2O3 with silanes to yield hydrophobic surfaces has been
reported [9–11]. However use of silane modified γ-Al2O3 as support for cobalt Fischer-
Tropsch synthesis has not been studied until now. Silane modification has two fold advan-
tage as two effects can be studied simultaneously

1. Effect of hydrophobic nature of catalyst as water affects the activity and selectivity
of Co/γ-Al2O3 [26, 29].

2. Effect of concentration of surface hydroxyl groups. The difference in higher hydro-
carbon (C5+) selectivity of different transitional aluminas is postulated to be due to
difference in chemical properties [30].

2



1.2 Strategy

One of the main differences between surface of α-Al2O3 and γ-Al2O3 is the amount
of hydroxyl groups with γ-Al2O3 having higher number. Substitution of surface hydroxyl
groups of γ-Al2O3 with silane will help in understanding the effect of hydroxyl groups.

1.2 Strategy
Ample hydroxyl groups on the surface of γ-Al2O3 were exploited and substituted by
chemical reaction with silane resulting in hydrophobic surface and altered surface proper-
ties. Six different silanes were used for liquid phase (non-aqueous) surface modification
of γ-Al2O3. Silanes used have the general formula Rn-Si-X4−n where

• n = 3
• R = methyl-, octyl-
• X = methoxy-, chlorine

Equation 1.1 represents a generalized chemical reaction between surface hydroxyl
group and trimethylmethoxysilane [31].

Al-OH + CH3-O-Si-(CH3)3 → Al-O-Si(CH3)3 +HOCH3 (1.1)

Catalysts with 20 wt% cobalt promoted with 0.5 wt% rhenium were prepared by aque-
ous incipient wetness impregnation and modified in two ways, silane modification of γ-
Al2O3 prior to cobalt impregnation and modification of catalyst after cobalt impregnation.
Catalysts were characterized by hydrogen chemisorption, nitrogen adsorption, tempera-
ture programmed reduction (TPR), thermal gravimetric analysis (TGA), Fourier transform
infra-red spectroscopy (FT-IR) and X-ray diffraction (XRD). Activity and selectivity of
catalysts have been determined in a fixed bed reactor at 20 bar and 210 oC with H2/CO
ratio of 2.1.
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Chapter 2
Fischer-Tropsch Synthesis

2.1 History
In the beginning of the 20th century, first experiments on the catalytic hydrogenation of
carbon monoxide were carried out. A brief history of Fischer-Tropsch process is as follows
[15].

• 1902 Sabatier and Senderens synthesized methane from a mixture of CO, CO2 and
H2.

• 1922 Hans Fischer and Franz Tropsch proposed the Synthol Process to produce a
mixture of aliphatic oxygenated compounds via reaction of CO and H2.

• 1923 Important developments were made in FT process and Hans Fischer and Franz
Tropsch published their first reports about hydrocarbon synthesis in 1926.

• 1934 FT process was licensed by Ruhrchemie and reached industrial maturity in 2
years.

• 1936 First large scale FT plant was operated in Braunkohle-Benzin.

• 1938 Germany reached a production capacity of 660 000 tons/year via FT process.

• 1955 Sasol plant in south Africa based upon both ARGE fixed bed and Kellog cir-
culating bed catalyst was built.

• 1980’s Fischer-Tropsch process again became the focus of research and develop-
ment.

• 1993 Shell Bintulu plant with a production capacity of 12,500 barrels per day came
into operation.

• 2006 Sasol Oryx 34,000 BPD plant inaugurated.
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• 2011 Shell pearl GTL plant with the production capacity of 120,000 BPD started its
production [32].

2.2 Technology
Fischer-Tropsch is an important process to convert syngas into liquid fuels. FT is cat-
egorised under indirect liquefaction as feed is first converted to syngas and then subse-
quently converted to liquid fuels. A block diagram of the process is shown in Figure 2.1.

Feed Feed to Syngas Syngas to Syncrude Syncrude to Product Products

Coal

Natural gas

Biomass

Waste

Oil shale

Gasi ca on

Reforming

Par al Oxida on

Fischer-Tropsch

Syngas to methanol

Kölbel Engelhardt

Syngas to Oxygenates

Re nery processes Fuels

Chemicals

Figure 2.1: Simple block diagram of a Gas to Liquid process [33]

Fischer-Tropsch process can be divided into three main steps [33].

1. Feed gas conversion to syngas

2. Syngas to syncrude conversion

3. Syncrude to product conversion

Any kind of carbonaceous material like coal, natural gas or biomass can be used as a
feed to produce syngas. Feed gas conversion is the most expensive and energy intensive
step in the overall process [33]. Syngas can be produced via different kind of processes
i.e partial oxidation, steam reforming, autothermal reforming or a combination. Choice
of process depends upon the type of feed and the H2:CO ratio required by the FT-process
which is usually 2 as a rule of thumb [33]. Syngas cleaning is an inevitable step to get rid
of all undesirable components and poisons for FT process. Sulfur is the most important
poison for the FT catalyst. In addition, nitrogen containing compounds, bromides and
oxygen can also cause poisoning [33]. CO2 is also removed from the syngas during the
cleaning step. Ratio of H2:CO is also adjusted during this stage. Once the desired purity
and ratio of syngas is achieved, it is fed to the FT reactor where it is converted to syncrude
consisting of a range of paraffinic and olefinic products. In the final step the product is
upgraded and refined to increase the yield of important commercial fractions like diesel
and gasoline.

Due to the high exothermic nature of the Fischer-Tropsch synthesis, temperature con-
trol is an important challenge. Different kinds of reactors are used commercially for effi-
cient management of heat namely [34].

• Fixed bed

• Fluidised bed
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• Slurry bed

2.3 Reactions and Thermodynamics
Fischer-Tropsh process converts syngas catalytically into a range of hydrocarbons and
oxygenated products through a series of polymerization reactions. The complex reaction
chemistry can be simplified as follows [34, 35]

Main Reactions
Methane : CO + 3H2 → CH4 + nH2O (2.1)
Heavier Hydrocarbons : nCO + 2nH2 → (−CH2−)n + nH2O (2.2)

Side Reactions
Water Gas Shift : CO +H2O → CO2 +H2 (2.3)
Alcohols : nCO + 2nH2 → CnH2n+2O + (n− 1)H2O (2.4)
Boudard Reaction : 2CO → C + CO2 (2.5)

These reactions are quite simplified versions of the reality and the consumption of
carbon monoxide and hydrogen depends upon extent of other reactions and secondary
reactions. The extent of water gas shift (WGS) reaction can have a significant effect on
the consumption. In case of cobalt catalyst, for which WGS reaction potential is almost
negligible, the usage ratio is mainly governed by reaction 2.2 with a significant influence
from reaction 2.1. The consumption ratio is typically between 2.06 and 2.16 depending on
the extent of methane formation, olefin content in long chain hydrocarbon and the slight
WGS reaction [35]. In case of iron catalyst which has a very high WGS potential, water
gas shift reaction approaches equilibrium, the usage ratio depends upon the composition
of the feed gas.

Under typical operating conditions, synthesis reactions are far from being in thermo-
dynamic equilibrium [33] and highly exothermic; the formation of one mole of -CH2- is
accompanied by a heat release of 145 kJ. Temperature has a significant affect on prod-
uct selectivity and Fischer-Tropsch technologies are classified based on temperature in to
low temperature FT (LT-FT < 250 o C) and high temperature FT (HT-FT > 320 o C). In-
crease in temperature leads to a shift in the carbon number distribution to lighter products
[36]. Effect of pressure and synthesis gas depends upon the catalyst used and operating
conditions.

2.4 Reaction Mechanism
Different mechanisms have been proposed for the FT reactions to explain the observed
product distribution. Four most popular ones are carbide mechanism, enol mechanism,
alkyl mechanism and CO-insertion mechanism. Common assumptions to all is that chain
growth occurs by a step growth mechanism. The basic building blocks of the FT reactions
are the ’CH2’ units, chemisorbed on the catalyst surface. The Fischer-Tropsch reaction
is initiated by adsorption of carbon monoxide on the catalyst surface which further reacts
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with hydrogen to produce a ’CH2’ unit. Chain growth propagates by subsequent addition
of ’CH2’ units thus producing hydrocarbons ranging from methane to high molecular mass
waxes. Chain termination either occurs by hydrogen addition yielding n-paraffain or by
β-H-elimination resulting in olefin product. At steady state, the concentration of each
’CnH2n’ species on the catalyst surfacce is constant. If the probability of chain growth is
α then the probability of chain termination is (1-α). [35]

The probability of chain growth is defined by equation 2.6 in terms of the rate of
polymerization (rp) and the rate of termination (rt) of the growing chains [36].

α =
rp

rp + rt
(2.6)

Schulz-Flory equation (2.7) is used to calculate the carbon number distribution ob-
tained during Fischer- Tropsch assuming that the chain growth is independent of the chain
length [33].

xn = (1− α).α(n−1) (2.7)

where n is the carbon number, α is the chain growth probability and xn is the molar
fraction of each carbon number in the product. In order to calculate the α value from the
molar fraction of each carbon number, equation (2.7) is often expressed in logarithmic
form as in equation 2.8 [33].

log(xn) = n.log(α) + log[(1− α)/α] (2.8)

The carbon number distribution described by the Schulz-Flory equation is commonly
referred to as the Anderson-Schulz-Flory (ASF) distribution [33]. The hydrocarbon spec-
trum calculated for α values ranging from zero to one is shown in Figure (2.2). All prod-
ucts except from “CH4” and “C35-C120” go through a maxima as α increases. The FT
products follow the ASF distribution except for the C1 and C2 [36]. From the Figure (2.2)
it is evident that only methane and wax can be produced with high selectivity.

Figure 2.2: Product selectivity as a function of chain growth probability. Adapted from [35]
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2.5 Catalysts
Good Fischer-Tropsch activity requires metals that allow dissociative CO adsorption and
have H2 adsorption behaviour [33]. Only the four group VIII metals, iron, cobalt, nickel
and ruthenium possess adequately high activities for the hydrogenation of carbon monox-
ide, suitable for possible application in Fischer-Tropsch synthesis. Ruthenium has the
highest activity but its low availability and high cost rules out its usage as industrial cata-
lyst. Nickel is sufficiently active but it has two major drawbacks. It produces more methane
due to its high hydrogenation potential. It also produces volatile nickel Carbonyls at the
operating conditions of FT synthesis, resulting in continuous loss of metal. Therefore
it is evident that only iron and cobalt based catalysts can be considered as practical FT
catalysts. [37]

Only cobalt & iron are used industrially and an important difference between them is
the potential for WGS reaction. Cobalt has less WGS activity thus making it suitable for
syngas obtained from natural gas feed. Iron has very high WGS activity and produces
more olefinic and oxygenates products. Iron is used for syngas derived from coal/biomass
based feed. [37]
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Chapter 3
Support Effects on Fischer-Tropsch
Synthesis

In supported heterogeneous catalysis, active metal is dispersed on an high surface area
support material. Ideally support should be a cheap material, having high surface area
and inert characteristics. It should also posses sufficient thermal and mechanical stability
at the reaction and regeneration conditions [38]. It is important to note that support can
contribute to selectivity, activity and stability of the catalyst under operating conditions
[39].

Most commonly used supports are oxide supports such as silica, alumina, zeolites and
active carbons. Non-reducible oxides can be used as solid bases or acids. For example
alumina has some acidic properties when calcined at lower temperatures while Cao, BaO
and MgO have basic properties. Silica-alumina possesses strong acidic properties and has
been used as a catalyst for hydrocarbon isomerisation [39].

3.1 Alumina

Aluminium oxide, alumina (Al2O3), is an interesting ceramic material which exists in
many metastable structures (such as χ , κ, γ, η, ,δ, θ, α-Al2O3 ) which are called transition
aluminas [40]. These polymorphs posses different structural and stability characteristics
[38]. The thermodynamic stability of transition alumina follows the trend α-Al2O3 >
θ-Al2O3 > γ-Al2O3 [41]. Among all the transitional aluminas, γ-alumina is the most
commonly used support material [39].

Alumina finds extensive application in catalysis owing to its high thermal stability,
moderate prices. Common applications of alumina as a support material in catalysis in-
clude [41].

• Hydrotreating of middle distillates via Co-Mo and Ni-Mo sulfides on alumia sup-
port.
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• Vapor phase benzene hydrogenation via Pt/Al2O3 catalyst.

• Fischer-Tropsch synthesis via cobalt/alumina catalyst

• Production of vinyl chloride monomer by oxychlorination of ethylene to ethylene
dichloride using copper chloride catalyst supported on alumina [42].

Alumina can have surface area varying from few m2/g to 300 m2/g, depending upon its
texture and phase [38].

3.2 Effect of Support Variables on Fischer-Tropsch Syn-
thesis

Most commonly used supports for cobalt based Fischer-Trposch catalysts are SiO2, Al2O3,
TiO2 [16, 17]. Surface properties and texture of support have a significant effect on the
reducibility and dispersion of cobalt catalysts [18, 19].

The type and structure of support have a significant effect on the particle size, dis-
persion, reducibility which thus affects the activity of the cobalt supported catalysts [1–
4, 16, 20–27]. Type of the support and promoter used influences the C5+ selectivity
[1, 21, 23, 25–27].

S. Storsæter et al. [43] investigated the effect of different support on the size, shape
and reducibility of cobalt particles. They found that reducibility and Coo particle size
increases with increasing average pore diameter of support. C5+ selectivity is favored by
large pores and thus large cobalt particle, particularly when external water is added. Borg
et al. [44] also reported a positive correlation between the catalyst pore diamter and C5+

selectivity.
Zhang et al. reported that acidity of γ-Al2O3 has an effect on the reducibility of the

cobalt. Higher Fischer-Tropsch activity and C5+ is shown by supports with low acidity
[45].

Use of different transitional alumina as a support material affects the product distri-
bution in the Fischer Tropsch synthesis. Selectivities for C5+ ranging in the order Co/α-
Al2O3 > Co/δ-Al2O3 > Co/θ-Al2O3 > Co/γ-Al2O3 are obtained [28]. This effect of
support material is not clearly understood and explained until now [46]. Probability of
diffusional limitations leading to varied product distribution in these supports was ruled
out by Rytter et al. [47]. Borg et al. suggested that the difference in chemical properties
of α-Al2O3 and γ-Al2O3 can be the reason for difference in C5+ selectivities [30].

3.3 Surface Modified Supports for Cobalt Fischer-Tropsch
Synthesis

Shi et al. [5] modified 10 wt% cobalt and 0.4 wt% ruthenium supported on SiO2 catalyst
with trimethylchlorosilane (TMCS). They observed a monotonic increase in C5-C11 se-
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lectivity with increasing surface coverage of modifier at 24 hrs on stream. The effect was
attributed to the increased hydrophobicity of the catalyst.

In another research, Shi et al. [6] modified silica support with three different silanes,
Methyltriethoxysilane (MTES), dimethyldiethoxysilane (DMDES), and chlorotrimethyl-
silane (TMCS). After modification, catalyst with 5 wt% cobalt loading was prepared by
impregnation using ethanol as a solvent. An increase in CO conversion and and C5+ se-
lectivity was observed with decrease in surface hydroxyl group concentrations at 24 h on
stream.

Jia et al. [7] used vapor phase silylation for surface modification of SBA-15 using
hexamethyldisilazane (HMDS). Cobalt catalysts with 20 wt% loading were prepared by
impregnation using ethanol as a solvent. Samples were prepared by both pre-modification
of support and post modification of catalyst. Modified catalysts showed a decrease in C5+

selectivity with post modified sample showing the highest decrease. An increase in CO
conversion was reported for pre-modified samples. Pre-modified catalyst showed largest
Co3O4 crystallite size and the highest reducibility. Weaker cobalt support interactions
were believed to be the reason of larger cobalt size. Post modified catalyst exhibited poor
catalytic performance.

Zhang et al. [48] used various organic solvents for silica support modification prior to
cobalt impregnation. Pre-treatment with acetic acid resulted in an increase in CO conver-
sion and C5+ Selectivity but a simultaneous decrease in turn over frequency (TOF) was
also observed.

Ojeda et al. [8] also used hexamethyldisilazane (HMDS) for pre- and post-modification
of 20 wt% Co/SiO2 catalyst. They reported an increase in conversion and decrease in C5+

selectivity in post modified sample at 2300 min on stream.
J Zhang et al. [49] used organic solvents for treatment of γ-alumina support prior to

active metal impregnation. Modified catalyst with 12 wt% cobalt loading supported on
γ-Al2O3 were used for Fischer-Tropsch synthesis. In contrast to Zhang et al. [48], acetic
acid modified supports showed smaller Co3O4 crystallite size, lowest CO conversion and
C5+ conversion.

All these research groups compared catalytic performance of modified catalyst in terms
of CO conversion and product selectivities at specific time on stream. It is important for a
reliable comparison of Fischer-Tropsch catalyst to compare C5+ selectivities at same CO
conversion level as C5+ selectivity is strongly dependent on the CO conversion [2, 43, 50].
In addition, activities of the catalysts are not reported at all, either in terms of site time yield
(STY) or rate of reaction. STY is preferred when comparing catalyst with different metal
loading as STY is independent of dispersion [2].

3.4 Surface Modification with Silanes
As established, supports have an effect on the performance of cobalt supported Fischer-
Tropsch catalysts. Numerous efforts have been made to modify the supports in order to
achieve better catalytic performance. Surface modification of supports is quite signifi-
cant in this respect. Surface modification makes use of the presence of ample hydroxyl
groups on the surface of the support. As a result of surface modification, support becomes
hydrophobic and researchers have tried to make use of this effect. Borg et al. [29] investi-
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gated the effect of water on the activity and selectivity of cobalt Fischer-Tropsch catalyst
supported on γ-alumina with different pore sizes. The addition of water increased the
C5+ selectivity with corresponding decrease in methane selectivity. Addition of water at
a lower partial pressure ratio had a different effect on activity for supports having narrow
and large pore sizes. It reduced for narrow pore sized catalyst while increased for large
pore catalysts. Addition of water in higher partial pressure resulted in decreased rate of
reaction and permanent deactivation.
For surface modification, organofunctional-silanes seem to be the best option. The main
advantage of silanes as compared to other organic compounds lies in their ability to form
bonds through several mechanisms. Silanes commonly used for surface modification have
the general formula Rn − Si − X4−n (n=1-3) where R is an nonhydrolyzeable organic
radical that imparts hydrophobicity and X is a hydrolyze-able ligand, capable of reacting
with hyroxyl group and forming a stable bond. Most common X groups are methoxy,
ethoxy and chlorine [11, 51].

Upon surface modification, silanes can form either monolayer or multilayer. If the
silanes contains more than one active group i.e ’X’ then it has more tendency to form
multilayer due to the polycondensation of −Si − OH groups to form −O − Si − O
linkages. On the other hand if silane contains three organic groups and only one active
group then silane is only capable of forming a monolayer [31].

3.5 Surface Structure of Supports
Surface structure of supports is very important in catalysis as catalysis is a surface phe-
nomena. Both alumina and silica have hydroxyl groups on the surface which impart acidic
character to the supports.

It is important to study the surface structure of silica and alumina support in order to
understand the surface modification mechanism with silanes. Surface of both alumina and
silica have hydroxyl groups but they cannot be treated in a similar way as they differ in
dehydration behavior and reactivity.

3.5.1 Surface Structure of Alumina
Transitional aluminas have acidic properties which have significant importance in specific
applications. Presence of significant concentration of hydroxyl groups on the surface of
γ-Alumina gives rise to the acidic sites. These hydroxyl groups are formed either during
the precursor decomposition or by subsequent interaction with atmospheric water. Figure
3.1 shows the formation of surface hydroxyl groups by the interaction of dehydrated γ-
alumina surface with water.

The dehydrated surface is a Lewis acid whereas Brönsted acidic character is exhib-
ited by surface AlOH groups. If the surface is not fully hydrated, then it gives rise to a
combination of Brönsted and Lewis acid character [39].

An interesting property of alumina which makes it an excellent support material is its
ability to disperse the active phase that is attributed to the acid-basic character of alumina
surface. The deposition or impregnation of active phase onto support is a true chemical
reaction. Alumina, with its Lewis acidity, stable surface OH groups and the very high
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Figure 3.1: Formation of surface hydroxyl from the dehydrated γ-alumina. Adopted from [39].

polarity of the surface acid-base pairs, offers specific sites for anchoring anionic, cationic
and metallic species. The acidity, attributed to surface hydroxyl groups, differs in different
alumina polymorphs. It has been shown that high surface area γ-Al2O3 presents strong
Lewis acid sites as compared to low surface area γ-Al2O3 [52]. This surface acidity pro-
vides a unique advantage of having acidic support which is effectively utilised in many
catalytic systems.

Surface Modification of Alumina Supports

Recently various studies have been conducted to convert hydrophilic alumina into hy-
drophobic alumina. Chemical modification of the surface was carried out by using differ-
ent modifiers like methyltrimethoxysilane (MTMS), tetraethylorthosilicate (TEOS), stearic
acid and methyltrichlorosilane [9–11]. All these modifiers aim at complete substitution of
the surface -OH- groups to induce hydrophobicity. Figure 3.2 shows the modification reac-
tion of alumina with Trimethylmethoxysilane (TMMeS). During the reaction the methoxyl
group combines with alumina through oxygen bonding while the organic group serves for
inducing hydrophobicity. In the same fashion almost all of the surface hydrogens of Al-OH
groups are replaced by -Al-O-Si bonds making the surface hydrophobic [31].

Figure 3.2: Surface modification reaction of alumina with Silane [31].

3.5.2 Surface Structure of Silica Support
Silica surface is reasonably acidic due to the presence of surface hydroxyl groups [39]. The
structure of silica terminates at the surface with either a siloxane group (≡ Si−O−Si ≡)
or as a silanol group (≡ SiOH). Silanol groups can be divided into three classes (1)
Isolated silanol (free silanols) (2) Vicinal Silanols (bridged silanols) (3) Germinal Silanols
(bridged silanols) as shown in Figure 3.3 [51].
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Figure 3.3: Silanol groups on silica surface. Adopted from [51].

In isolated silanols, silica has one bond to -OH and rest of the three bonds into the
bulk structure. In vicinal silanol, the hydroxyl groups attached to two different silicon
atoms are close enough to form hydrogen bonding. In geminal silanol, two hydorxyl
groups are attached to a single silicon atom. The free silanols are sufficiently far enough
to form a hydrogen bond. The concentration of bridged silanols increases with temperature
exhibiting enhanced reactivity [51].

Surface of silica may be covered by vicinal as well as isolated hydroxyl groups. The
reactivity of different silanol differs from each other and should be understood in detail to
explain the surface modification. The reactivity of halogen silanes decreases in the order
(CH3)SiI > (CH3)SiBr > (CH3)SiCl. Alkoxy-silanes have increased reactivity with
free silanols as compared to chloro-silanes. Reactivity of bridged and free silanols with
chloro-silanes depends upon temperature and time of reaction. Chloro-silanes mostly react
with free silanols with a smaller contribution from bridged silanols as well [51]. The extent
of surface silanol group that reacts depends upon three factors [51].

• The ability of the silane to penetrate to inaccessible hydroxyl group. The smaller
the size of reactant, the more surface groups modified.

• Bifunctional ability of the reactant leads to higher degree of modification.

• The steric hinderane of the chemisorbed species. The higher the steric hinderance,
more it prevents the neighboring silanol groups to react.

Surface modification is carried out by reaction of these surface silanol groups with
silanes.

Surface modification of Silica Supports

The modification can be carried out either in aqueous phase or hydrocarbon phase. Silanes
undergo hydrolysis and condensation, in aqueous solvent, before deposition on the surface.
Reaction mechanism is depicted in Figure 3.4. Alkoxy or halogen groups are hydrolyzed
when they come in contact with water. The silanol groups thus formed, show hydrogen
bonding towards neighboring silanol groups and also surface silanol groups. Formation of
siloxane bond takes place with release of water. Subsequently polymerisation takes place
at the surface of silica resulting in a three dimensional polymeric silane network [51].

Surface coating of silane consists of chemisorbed as well as physisorbed molecules.
Physisorbed molecules condense slowly and a post-reaction curing step, consisting of heat
treatment generally at 80-200 oC, is required for the chemical stabilization of the layer.
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Figure 3.4: Mechanism of silane modification of silica in aqueous phase. Adopted from [51].

Hydrolysis rate of silanes is influenced by the functionality of the organic groups.
With an increase in size of the organic group, the stability of the silanol also increase. As
concentration of silane in modifier solution increases, amount of silane deposited increases
up to a certain concentration and rate of deposition becomes slow above that concentration.

Hydrolysis is prevented if the modification with alkoxy-silanes or chloro-silanes is
carried out in dry condition(dehydrated surface, dry organic solvent). Therefore silane
should react with the surface by direct condensation of alkoxy- or chlorogroups with sur-
face silanols. Blitz [53] reported that direct condensation does not occur in dry condi-
tions. Presence of water is necessary for silane hydorlysis and subsequent reaction with
the surface [51]. The reaction between silica surface and (methyl)chlorosilanes have been
investigated by many researchers. Five possible reaction mechanism are suggested, which
are believed to occur either simultaneously or consecutively [51].

3.6 Silanes Used for Surface Modification

Six different silanes varying in type of functional group, number of functional groups
and size of organic group were selected in this research work. Chlorotrimethylsilane,
methoxytrimethylsilane, dichlorodimethylsilane, chlorodimethyloctylsilane, methoxydimethy-
loctylsilane, trichloroctylsilane were used for surface modification. Table 3.1 summarizes
the important properties of silanes used.

Chemical formulas and structures of the silanes used are shown in Figure 3.5.
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Table 3.1: Silanes used for surface modification

Silane Alternate Namea Abbreviationb Mol. Weight Boiling Point [oC]

Methoxytrimethylsilane Trimethylmethoxysilane TMMeS 104.22 57-58
Methoxydimethyloctylsilane – DMMeOS 202.41 221 - 223
Chlorotrimethylsilane Trimethylchlorosilane TMCS 108.64 57
Chlorodimethyloctylsilane Dimethyloctylchlorosilane DMOCS 206.83 222 - 225
Dichlorodimethylsilane Dimethyldichlorosilane DMDCS 129.06 70
Trichloroctylsilane Octyltrichlorosilane OTCS 247.67 233

(a) Reported in MSDS
(b) Abbreviation key, T = Tri, M= Methyl-, Me=Methoxy-, C=Chlro-, O=Octyl-, S=Silane

(a) Chlorotrimethylsi-
lane
((CH3)3SiCl)

(b) Methoxytrimethylsilane
(CH3OSi(CH3)3)

(c) Dichlorodimethyl-
silane
((CH3)2SiCl2)

(d) Chlorodimethyloctylsilane
(CH3(CH2)7Si(CH3)2Cl)

(e) Methoxydimethyloctylsilane
(CH3(CH2)7Si(CH3)2OCH3)

(f) Trichloroctylsilane
(CH3(CH2)7SiCl3)

Figure 3.5: Silanes used for surface modification of γ-Alumina

Depending upon the type of active/functional group, silanes can be classified into two
classes: methoxy-silanes and chloro-silanes. Out of six silanes used, two were classi-
fied as methoxy-silanes and both of them contain same number of functional groups i.e
1, but they differ in the length of the organic group. Methoxytrimethylsilane contains
three -(methyl) groups while methoxydimethyloctylsilane comprises one -(octyl) and two
-(methyl) groups. Table 3.2 summaries the important structural characteristics of silanes.

Chloro-silanes differ in two respects, number of active groups and length of organic
groups. Number of active groups varies from one to three. Both chlorotrimethylsilane
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and chlorodimethyloctylsilane contain only one active group but differ in terms of organic
group. Only dichlorodimethylsilane contains two functional groups with -(methyl) as the
organic group. Trioctylsilane contains highest number of functional groups i.e 3 as well
as the bulkiest -(octyl) side group.

Table 3.2: Chemical structure analysis of the silanes used for surface modification

Silane Active group No of active groups Organic group

Methoxytrimethylsilane -OCH3 1 -Methyl
Methoxydimethyloctylsilane -OCH3 1 -Octyl
Chlorotrimethylsilane -Cl 1 -Methyl
Chlorodimethyloctylsilane -Cl 1 -Octyl
Dichlorodimethylsilane -Cl 2 -Methyl
Trichloroctylsilane -Cl 3 -Octyl

Ability of the silane to form mono- or multilayer on the surface depends upon the
number of active groups. The presence of one functional group permits only mono-
layer formation [31]. Four of the silanes used contain only one functional group whereas
dichlorodimethylsilane and trichloroctylsilane contained two and three chlorine functional
groups respectively.

Length of the bulky group dictates the maximum extent of surface modification pos-
sible. Eakins et el. reported a maximum of 60% surface modification of silica with
trimethylsilane [54]. The extent of surface modification decreases with increase in size and
steric hinderance of bulky groups. Two of the silanes used contained -(trimethyl) organic
group, one contained -(dimethyl) organic group and two contained -(dimethyloctylmethyl)
group.
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Chapter 4
Theory

4.1 Catalyst Preparation

Heterogeneous catalysts can be broadly divided into two classes: Bulk (unsupported) and
supported catalysts. Figure 4.1 shows the main steps involved in the two routes

Figure 4.1: Preparation route of heterogeneous catalyst. Adapted from [38]

Traditionally heterogeneous catalysts are prepared by impregnation methods consist-
ing of immersing the solid in a solution of metal salt and inducing deposition. The support
is dried to remove the extra liquid and in the final step it is calcined at higher temperature
to get the final catalyst.

Impregnation can be sub classified into two classes depending upon the relationship
between support pore volume (Vp) and liquid volume (Vimp) : (1) Wet impregnation (2)
Dry/Incipient wetness impregnation. Impregnation is called wet impregnation when liquid
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volume is greater than support pore volume Vimp > Vp whereas in incipient wetness
impregnation the volume of the impregnating solution is equal to the pore volume of the
support bodies Vimp ≈ Vp. [55]. This method offers several advantages- no risk of loss
of precious precursor and no production of waste water. Impregnation method is mostly
employed for impregnation of precious metals onto the support [38].

After impregnation, the sample is dried to evaporate the acqueous phase and finally
calcined. Calcination is performed to thermally decompose nonoxide precursor, oxidise
the support and surface species and remove unwanted ligands [55].

4.2 Catalyst Characterisation
Catalysts were characterized by hydrogen chemisorption, nitrogen adsorption, tempera-
ture programmed reduction (TPR), thermal gravimetric analysis (TGA), Fourier transform
infra-red spectroscopy (FT-IR) and X-ray diffraction (XRD). Activity and selectivity of
catalysts have been determined in a fixed bed reactor at 20 bar and 210 oC.

4.2.1 Hydrogen Chemisorption
Chemisorption is one of the most important catalyst characterisation techniques to deter-
mine metal dispersion defined as

D =
Metal atoms deposited on the surface

Total number of metal atoms
(4.1)

Dispersion can be calculated by knowing the amount of gas adsorbed at monolayer cov-
erage given that the adsorption stoichiometry is known. Adsorption stoichiometry refers
to the number of surface metal atoms associated with the adsorption of each adsorbed gas
molecule.

Different gases can be used as adsorbate but H2, CO and O2 are most commonly used
[38]. An ideal adsorbate gas should adsorb irreversibly and should have minimum or
no adsorption on support material. Choice of gas depends upon nature of the metal and
the operating conditions. Adsorption isotherms are obtained by successively increasing
the pressure and determining the amount of gas adsorbed while keeping the temperature
constant. To calculate the amount of gas chemisorbed at monolayer i.e vm the isotherm
is extrapolated back to zero pressure as shown in figure 4.2. [38]. The metal surface area
and dispersion are calculated by equations 4.2 and 4.3 [38]

A =
vm

22414
NA

n

m
am

100

wt
(4.2)

D =
vmn

22414m
/

wt

100M
(4.3)

where vm is expressed in cm3 (STP), NA is the Avogadro’s number (6,022 * 1023

mol−1), n the chemisorption stoichiometry, m the mass of the sample (g), am the surface
area (m2) occupied by a metal atom, wt (%) the metal loading and M is the atomic mass
of the metal.
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4.2 Catalyst Characterisation

Figure 4.2: Isotherms for the adsorption of CO on EUROPT-1 Pt/SiO2 catalyst at room temperature
from different laboratories for a pressure range 0 - 1.33 kPa (solid circles) and 10 - 50 kPa (open
circles) [38]

Hydrogen generally adsorbs dissociatively according to the equation 4.4.[38]

H2 + 2MS → 2MS −H (4.4)

where Ms represents a surface metal atom. The adsorption of hydrogen on cobalt is also
dissociative i.e n = 2, one hydrogen molecules occupies two cobalt sites.

4.2.2 Nitrogen Adsorption
Nitrogen adsorption is used to calculate the surface area of supports and catalysts. The
method is based on the physisorption of N2 on a certain amount of material. The gas uptake
is measured at a constant low temp (-193 oC) as a function of N2 pressure and is usually
well described by Brunauer-Emmett-Teller (BET) isotherm [56]. BET equation(4.5) is a
further development of the Langmuir isotherm to describe the multilayer adsorption and in
addition to Langmuir isotherm assumptions it is based on the following assumptions [56].

• Heat of adsorption for the first layer is constant.

• Heat of adsorption for the second and the subsequent layers is equal to the latent
heat of evaporation.

• A dynamic equilibrium exists between each layer and gas phase.

p

V (p0 − p)
=

1

Vmc
+
c− 1

Vmc
.
p

p0
(4.5)

Where V is the volume of the adsorbed gas, p is the pressure of the gas, p0 is the
saturated vapour pressure of the liquid at the operating temperature and Vm is the volume
equivalent to an adorbed monolayer and c is a constant [57].

BET surface area calculation involves two stages. Firstly physisorption isotherm is
transformed to a BET plot and BET monolayer capacity is derived from it. Secondly,
specific surface area is calculated which requires a knowledge of the molecular area [38].
Plotting of p

V (p0−p) vs p
p0

gives a linear BET plot and the constant “c” and monolayer
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coverage can be easily calculated from the slope and the intercept of the straight line
respectively. The number of molecules is calculated from the monolayer coverage and
knowing the area occupied by one nitrogen molecule σN = 0.162nm2 [38], the total BET
surface area per gram of material can be calculated. Although BET method is widely used
for surface area measurement, it has some limitations as well. It is based on oversimplified
model of physiosorption, so as a consequence, this method is used only in an empirical
manner. Also the assumption about the constant packing of N2 molecules does not hold in
each case due to adsorbate structure [38].

4.2.3 Temperature Programmed Reduction (TPR)
In a TPR experiment, the sample is loaded inside a fixed bed reactor, temperature is ramped
at a specific rate, with a specific flow rate of reducing gas i.e hydrogen. Gas compositions
are analyzed by using thermal conductivity detector (TCD) or mass spectrometer (MS).
The consumption of hydrogen is recorded against the temperature and plotted as TPR
spectrum.

TPR results are typically discussed in a qualitative manner mainly due to the com-
plexity of the reduction processes [38]. The most useful information obtained from the
TPR analysis is the temperature required for the complete reduction of the catalyst. It
also reveals the information that either the reduction is single step or multi step. Effect of
promoter, support of metal loading on reduction temperature can be also be studied.

4.2.4 X-ray Diffraction
X-ray diffraction is one of the most frequently used characterization techniques for iden-
tification of the crystalline phases inside catalysts and estimation of the crystallite size.
X-rays, on the crystalline sample, are elastically scattered by atoms in the periodic lattice.
Scattered monochromatic X-rays that are in phase undergo constructive interference, as
shown in Figure 4.3 [56].

Figure 4.3: Constructive interference of scattered X-rays by crystal lattice governed by Bragg’s Law
adopted from [56]

Constructive interference occurs when Bragg’s Law is satisfied [56]

nλ = 2dSinθ (4.6)
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where n is an integer called order of reflection, λ is the wavelength of the X-rays, d is the
lattice spacing, θ is the angle between the incident X-rays and the normal to the reflecting
lattice plane.

The diffraction peaks are unique for each crystalline phase, possessing a long range
order, and width of the peak carries information about the dimensions of the reflecting
plane. Scherrer formula relates the crystallite size to the peak width. [58]

dv =
Kλ

βCosθ
(4.7)

where dv is the volume-weighted crystallite diameter, λ is the wavelength of X-rays, β
is the line broadening of a particular peak due to the crystallite size, θ is the angle of
the diffraction peak and K is a constant. Assuming uniform and spherical crystallites, a
geometrical factor of 4/3 is applied to crystallite thickness to get the average spherical
Co3O4 particle size as shown in equation 4.8 [59]. The diameter of the metallic cobalt
is calculated by multiplying average spherical particle size by a factor of 0.8 as shown by
equation 4.9. [60].

d(Co3O4) =
4

3
.dv(Co3O4) (4.8)

d(Co) = 0.8.d(Co3O4) (4.9)

where d(Co3O4) and d(Co) are the particle sizes of cobalt oxide and metallic cobalt
respectively.

4.2.5 Fourier Transform Infra-red Spectroscopy (FT-IR)

Infrared spectroscopy is a vibrational spectroscopy technique, which has found wide spread
applications in catalysis. Sample is subjected to Infrared waves, molecules vibrate upon
absorption of specific wavelengths depending upon chemical structure. An IR spectrum
is obtained by plotting the intensity of infrared (%transmittance or % absorbance) against
the wavenumber. Interpretation of the infrared spectrum can help from simple qualita-
tive analysis to in depth quantitative analysis revealing information about the molecules
present and their concentration. [61, 62]

Infrared can be divided into three regions depending upon the wave number as shown
in Table 4.1. Infrared spectroscopy is mostly performed in mid-IR region

Table 4.1: Infrared Regions

Infrared Wavelength (cm−1)

Near IR 14,000-4000
Mid IR 4000-400
Far IR 400-4
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Attenuated total reflection (ATR) is the FT-IR sampling technique, that focuses on ob-
taining spectral information from reflection properties. ATR is a contact sample technique
that measures the changes that occurred in a totally reflected infrared beam as it comes
into contact with the sample. A good contact between sample and crystal surface is im-
portant to ensure good quality of results. Advantage of ATR is that it requires no sample
preparation, quick and non-destructive [62].

4.2.6 Thermal Gravimetric Analysis
TGA is used to measure the microscopic weight changes either as function of increasing
temperature or isothermally as function of time in a gas atmosphere like helium, air, carbon
monoxide or in vacuum [63].

A small amount of catalyst is loaded into a quartz pan suspended in a microbalance.
A controlled gas flow and temperature ramp is initiated and a profile of weight change
versus temperature is recorded. TGA units are frequently coupled with mass spectrometer
to analyse the off gasses as the function of temperature. The weight temperature curves are
used to characterize materials through analysis of the decomposition patterns, establishing
procedures for regenerating the catalyst and studies of degradation patterns.

4.2.7 Activity and Selectivity Measurement
Activity and selectivity of the catalysts are determined in fixed bed reactor with Fischer-
Tropsch synthesis carried out at 20 bar and 210 oC with H2/CO = 2.1. Detailed process
flow diagram of FT rig is given in Appendix F. Gas chromatography analysis is used to
calculate gas conversion and selectivity. Activity is reported in terms of site time yield
(s−1).

Site-Time Yield

Site Time Yield (STY) is defined as the number of molecules of a specific product pro-
duced per catalytic site and per unit time [64]. STY is calulated by using Equation 4.10.

STY =
rCO.M

wm.D
(4.10)

Where M is the molecular weight of the active metal, cobalt in this case, wm is the
weight fraction of active metal, and D is the dispersion.

STY is quite similar to turn over frequency but not identical. Turn over frequency is
defined as the number of revolution of catalytic cycles per second [64]. In Fischer-Tropsch
synthesis, it is quite difficult to measure the completion of catalytic cycle because of the
polymerization reactions. Therefore Site Time Yield is more convenient for reporting of
activity of catalyst having C+ as the specified product. Reporting activity in terms of TOF
or STY offers several advantages. It is possible to compare the results of STY/TOF pro-
duced in different laboratories provided that the conditions and methods of measurement
of rate, method of counting active sites are fully described. It can also be a measure of the
life time of the catalyst by showing how many cycles a catalyst lasts before dying [64].
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4.2.8 Gas Chromatography
Gas chromatography is an analytical technique used for separation and analysis of volatile
compounds. Components of the sample under analysis are partitioned between two dif-
ferent phases, a stationary phase with a large surface area and a mobile gas phase ,as the
sample is carried along by the mobile phase over the stationary phase bed in a separa-
tion column. The extent of partition of the components between the two phases depends
upon respective solubility in each phase. Components having greater solubility in station-
ary phase take longer to emerge from the stationary phase bed as compared to those with
less solubility. The partition equilibrium between the solute and the stationary phase is
controlled by distribution constant, Kc defined as [65, 66]

Kc =
AS

AM
(4.11)

where AS is the concentration of the component A is stationary phase and AM is the
concentration in the mobile phase. In gas chromatography mobile phase is an inert gas
usually helium, hydrogen or nitrogen and stationary phase is high molecular weight liquid
deposited either on the walls of a long capillary tube or on the surface of finely divided
particles. A modern gas chromatograph consists of (1) Carrier Gas (2) Flow Controller
(3) Sample inlet / injector (4) Column (5) Controlled temperature zones (6) Detectors
(7) Data system. The inert carrier gas flows through the injection port, the column and the
detector. Carrier gas flow rate is carefully controlled to minimize detector noise and ensure
reproducible retention times. The sample is injected into heated injection port, where it is
vaporised (if necessary) prior to introduction to separation column. The sample partitions
into individual components in the column depending upon relative affinity for the liquid
phase and relative vapor pressures. Upon exiting the column, sample and carrier gas pass
through a detector which is insensitive to carrier gas, measures the quantity of the sample
and generates an electrical signal. Most commonly used detectors are flame ionisation
detector (FID), thermal conductivity detector (TCD) and electron capture detector (ECD).
Data handling system generates a chromatograph based upon these signal [65, 66].
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Experimental

5.1 Catalyst Preparation

A Catalyst with 20 wt% cobalt and 0.5 wt% rhenium on alumina (Co/γ-Al2O3) was se-
lected as reference catalyst for the study. Catalyst was prepared by one step incipient
wetness impregnation of γ-Al2O3 support (53-90 µm) with aqueous solutions of cobalt
nitratehexahydrate Co(NO3)2.6H2O and perrhenic acid HReO4. Catalyst was sieved to
the size range of 53-90 µm in order to ensure elimination of diffusion limitations during
the Fischer Tropsch reactions [50, 67].

The incipient wetness point of the γ-Al2O3 support was determined by drop wise
addition of deionized water. Values of incipient wetness points are given in Appendix
C. After calculation of water required, calculations were performed for the amount of
precursor salts required, keeping in mind that the salts were hydrated. Precursor solution
was prepared and stirred until it was homogenized. It was then added gently to the support
and dried in ventilated oven at 120 oC for 2 hours. It was stirred every quarter in the first
hour and every half an hour in the second hour.

The dried sample was calcined in a fixed bed quartz reactor under 0.7L/(g.h) air flow
at 300 oC with a temperature ramp rate of 2 oC/min for 16 hrs.

Calculations for the preparation of the reference catalyst can be found in Appendix B.

5.2 Surface Modification

Various samples were prepared by treating either support or reference catalyst with dif-
ferent silanes. Same concentration of modifier solution i.e 1% v/v silane/n-hexane was
used for preparation of all samples. Modified samples were denoted as Co/(γ-Al2O3)x.n.
Where “x” denotes method of preparation i.e Pr = pre-modified and Po = Post-modified
and “n“ denotes the silane. n=1 is for methoxy-silanes for both pre- and post-modified
samples. Details are shown in Table 5.1.
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Table 5.1

Catalyst Silane used Modification Methoda

Co/(γ-Al2O3)Pr1 Methoxytrimethylsilane Pre-modification
Co/(γ-Al2O3)Pr2 Chlorotrimethylsilane Pre-modification
Co/(γ-Al2O3)Pr3 Dichlorodimethylsilane Pre-modification
Co/(γ-Al2O3)Pr4 Chlorodimethyloctylsilane Pre-modification
Co/(γ-Al2O3)Po1 Methoxydimethyloctylsilane Post modification
Co/(γ-Al2O3)Po2 Trichloroctylsilane Post modification

5.2.1 Modification Procedure
A modified version of the method adopted by Weiwei et al. aiming at complete substitution
of the surface hydrogen groups to yield superhydrophobic alumina aerogel was used. [10].

Surface modification was carried out by immersing 5g of sample in 100 ml of 1% v/v
solution of silane/n-hexane, contained in a three neck round bottom flask, placed in an oil
bath preheated to 50 oC. All reaction products were kept at 50 oC while being magneti-
cally stirred for 24 hours. A local thermometer was used to monitor the actual temperature
of the reaction mixture. Cooling water at an appropriate flowrate was used to condense
any evaporating n-hexane in order to keep concentration of the modification mixture con-
stant. After 24 hours of operation, reaction mixture was cooled down, modified sample
was separated from the silane/n-hexane solution by centrifugation and subsequent wash-
ing with n-hexane three times. Experimental setup is graphically depicted in Figure 5.1.
Calculations for the preparation of the modification mixtures can be found in Appendix D.

Figure 5.1: Experimental setup for surface modification

Modification methods can be divided into two classes with respect to execution order
of modification and cobalt impregnation.

• Pre-modification: Surface modification of γ-Al2O3 support and subsequent incip-
ient wetness impregnation of cobalt and rhenium.
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• Post modification: Incipient wetness impregnation of cobalt and rhenium on γ-
Al2O3 support and subsequent surface modification.

Pre-treatment of γ-alumina was carried with all the silanes and then subsequent impregna-
tion of cobalt. Only methoxydimethyloctylsilane and trichloroctylsilane were prepared by
post modification as they yielded completely hydrophobic supports prohibiting incipient
impregnation with water.

5.2.2 Pre-modification of γ-Al2O3 Support

Figure 5.2 shows a block diagram of pre-modification procedure. γ-Al2O3 support was
surface modified by procedure mentioned in section 5.2 and subsequently followed by ac-
tive metal deposition by incipient impregnation method as mentioned in section 5.1. Cata-
lyst prepared by methoxytrimethylsilane, chlorotrimethylsilane, dimethyldiclorosilane and
chlorodimethyloctylsilane modified supports were prepared by this method and denoted as
Co/(γ-Al2O3)Pr1, Co/(γ-Al2O3)Pr2, Co/(γ-Al2O3)Pr3, Co/(γ-Al2O3)Pr4.

Figure 5.2: Block diagram of pre-modification method for preparation of surface modified catalyst

5.2.3 Post modification of Reference Catalyst

Figure 5.3 shows a block diagram of post modification procedure. Catalyst with 20 wt%
Cobalt and 0.5 wt% Rhenium loading was prepared by the procedure mentioned in section
5.1 and subsequently surface modified by procedure mentioned in section 5.2.

Reference catalyst was surface modified with methoxydimethyloctylsilane and trichloro-
octylsilane and denoted as Co/(γ-Al2O3)Po1 and Co/(γ-Al2O3)Po2.

Figure 5.3: Block diagram of post modification method for preparation of surface modified catalyst
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5.3 Catalyst Characterisation

Reference catalyst and modified samples were characterized by hydrogen chemisorption,
nitorgen adsorption, temperature programmed reduction, X-ray diffraction, Fourier trans-
form infra-red spectroscopy. Activity and selectivity of catalysts were determined in fixed
bed reactor at 20 bar and 210 oC with H2/CO ratio of 2.1.

5.3.1 Hydrogen Chemisorption

Dispersion for different samples was measured by using a Micromeritics ASAP-2010N
unit. The catalyst was loaded (around 100 mg in each case), between two layers of quartz
wool, in U-shaped quartz reactor. A thermocouple was used to measure the temperature
of the sample under consideration. Thermocouple was located outside the reactor at the
same height as the sample. The reactor was placed inside an electric furnace. The samples
were first evacuated for about two hours and manual leak test was performed to ensure
minimum pressure drop change of 50 µmHg/min.

After successful leak test, the automatic analysis sequence was started. The sample
was first evacuated at 40 oC for one hour and leak test performed again. The temperature
was increased to 350 oC at the rate of 1 oC/min in continuous flow of hydrogen for in-situ
reduction of catalyst. After reduction, the samples were evacuated for 1 hour at 330 oC,
evacuated for 30 minutes at 100 oC and finally cooled down to 40 oC. The analysis was
performed at 40 oC. The analysis sequence is summarized in Table 5.2.

For the purpose of cobalt dispersion measurement, it was assumed that rhenium and
support do not adsorb any hydrogen. An adsorption isotherm was constructed by measur-
ing the amount of hydrogen adsorbed at 40 oC at 11 different values of pressure ranging
from 15-500 mmHg. After the adsorption isotherm is obtained, dispersion is calculated by
the procedure mentioned in section 4.2.1.

Table 5.2: Chemisorption Analysis Conditions and Sequences

Task Number Analysis Step Temp [oC] Time [min]

1 Evacuation 40 60
2 Leak Test 40 1
3 Hydrogen Flow 350 600
4 Evacuation 330 60
5 Evacuation 100 30
6 Leak test 100 1
7 Analysis 40 255

5.3.2 Nitrogen Adsorption

BET surface area was measured by using Micromeritics TriStar 3000 instrument by ad-
sorption of nitrogen at liquid nitrogen temperature i.e -196 oC. The samples were degassed
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at 200 oC overnight prior to measurement. Amount of sample used in each case was around
100 mg.

Physisorption isotherm was obtained and procedure mentioned in section 4.2.2 was
used to calculate the BET surface. Based on the Barrett-Joyner-Halenda (BJH) model [68],
the pore-size distribution and the pore volume of all the catalysts samples were determined.

5.3.3 Temperature Programmed Reduction (TPR)

TPR profiles of catalysts were recorded using a Altamira Benchcat Hybrid-1000HP unit.
Samples (approximately 100 mg) were charged in a U-shaped quartz reactor (in between
two quartz wool layer). The reactor was mounted in an electric furnace. Temperature
of the catalyst bed was measured by a thermocouple inserted in the sample. The TPR
was performed using a 10% H2/Ar gas mixture at a flow rate of 50 cm3/min. The catalyst
samples were heated from ambient temperature to 800 oC at a rate of 10 oC/min. A thermal
conductivity detector was used to measure the hydrogen consumption as a function of
temperature.

5.3.4 X-ray Diffraction

The XRD apparatus Bruker D8 Advance DaVinci X-Ray Diffractometer - D8 DaVinci 1
with CuKα radiation was used for obtaining the XRD profiles spectra. The catalysts were
prepared in the sample holders, and the 2θ angles chosen ranged from 15 to 75 o with 15
seconds steps in 30 minutes.

Raw XRD data was converted using the program PowDLL [69]. Pawley [70] fit of the
obtained data sets was applied with fityk [71] for acquisition of FWHM. A K value of 1
and instrumental broadening 0.024o 2 θ was used in Scherrer equation for calculation of
crystallite size of Co3O4.

5.3.5 Thermal Gravimetric Analysis

Thermal gravemetric analysis were performed using Netzsch STA 4496. The samples,
approximately 10 mg, were heated from room temperature to 800 oC at a rate of 10 oC/min
with an air flow of 75 ml/min. Mass spectrometer was coupled with TGA and analysis was
performed for chlorine, methane, silicon, water and carbon dioxide.

5.3.6 Fourier transform infrared Spectroscopy

The samples were investigated in ATR FTIR using a Nicolet IS50 FTIR KBr Gold Spec-
trometer using ATR diamond crystal. A 60 psi pressure tower was used to increase contact
between crystal and sample. Absorbance spectra were acquired using a resolution of 4
cm−1 over a wave number from 400-4000 cm−1. An empty cell was used as background
at room temperature.
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5.3.7 Activity and Selectivity Measurement
Activity and selectivity of the catalysts were determined in fixed bed reactor with Fischer-
Tropsch synthesis carried out at 20 bar and 210 oC with H2/CO = 2.1. Detailed process
flow diagram of FT rig is given in Appendix F. Gas chromatography analysis is used to
calculate gas conversion and selectivity.

Activity is reported in terms of site-time yield (s−1). The selectivity of C5+ hydro-
carbons was calculated by subtracting the amount of C1C4 hydrocarbons and CO2 in the
product gas mixture from the total mass balance. When C5+ selectivity is given as a single
value, it refers to the value calculated at 50±1 % CO conversion.

Fischer Tropsch Synthesis Experiment

Fischer Tropsch synthesis was carried out in fixed bed reactors made of stainless steel
and having an inner diameter of 10mm. All catalyst samples ca 1g, were diluted with
20g of silicon carbide in order to ensure isothermal conditions inside the reactor. The
catalyst samples were loaded between quartz wool inside the reactor in order to keep the
samples in place. After mounting the reactors on the experimental setup, the reactors
were surrounded by aluminium blocks to ensure uniform heat distribution and minimize
temperature gradient inside the reactor. An electric furnace was used for heating.

Prior to the start of experiments, the reactors were leak tested by pressurising with he-
lium up to 20 bars. The catalysts were reduced insitu at 350 oC with hydrogen flowing at
250 ml/min with temperature ramped at the rate of 1 oC/min for 10 hrs. After reduction,
the samples were cooled down to 170 oC and hydrogen was replaced with helium. The
pressure was increased to 20 bars and the helium was replaced with syngas at a flowrate
of 250ml/min. Syngas comprised 31.4 mole % CO and 65.6 mole % hydrogen with he-
lium as internal standard. To avoid runaway and catalyst deactivation, the catalysts were
heated to the operating temperature of 210 oC in three stages. First from 170 oC to 200
oC, then to 208 oC and finally to 210 oC with ramp rates of 20 oC/min, 5 oC/min and
manual adjustment respectively. Heavier products like hydrocarbon wax and liquid prod-
ucts were removed in the hot trap (85-95 oC) while lighter components were removed in
cold trap (25 oC). Compositions of both feed and product gas were measured using a gas
chromatograph.
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Alumina support was modified with silanes by procedure mentioned in section 5.2.1 to
yield six surface modified alumina samples. Details of the samples are given in Table 6.1

Table 6.1: Surface modified γ-Al2O3 samples

Sample Surface Modifier
Silane Abbreviation

(γ-Al2O3) Un-modified –
(γ-Al2O3)Pr1 Methoxytrimethylsilane TMMeS
(γ-Al2O3)Pr2 Chlorotrimethylsilane TMCS
(γ-Al2O3)Pr3 Dichlorodimethylsilane DMDCS
(γ-Al2O3)Pr4 Chlorodimethyloctylsilane DMOCS
(γ-Al2O3)Po1 Methoxydimethyloctylsilane DMMeOS
(γ-Al2O3)Po2 Trichloroctylsilane OTCS

6.1 Surface Modification of γ-Al2O3 Support

Silane modification aims at rendering hydrophobic surface by forming alkylsilyl layer on
the surface. Surface modification of supports was investigated by analytical hydrophobic
test and FT-IR spectra.

Hydrophobic nature of surface modified supports was checked analytically by absorp-
tion of water. Methoxydimethyloctylsilane ((γ-Al2O3)Po1) and trichloroctylsilane ((γ-
Al2O3)Po2) modified supports displayed complete hydrophobic characteristics. Rest of
the samples absorbed water but displayed reluctance in absorption of water indicating par-
tial hydrophobic characteristics.

FT-IR analysis was used to characterize surface of modified supports. Figures 6.1 and
6.2 show the FT-IR spectra of modified supports.
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Figure 6.1: FT-IR spectra (4000-2500 cm−1) of surface modified supports.
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Figure 6.2: FT-IR spectra (2500-400 cm−1) of surface modified supports.

Adsorption bands at 3430 and 1635 cm−1 were assigned to O-H stretching modes and
H-O-H bending vibrations of the free and adsorbed water [6, 10]. Adsorption peaks at
2960, 2923 and 2853 cm−1 correspond to CH stretches of CH3 groups. Peaks at 1466
and 1252 cm−1 correspond to bending and rocking vibration of C-H group respectively
[6, 10]. Broad peak at 1100 cm−1 corresponds to Si-O-Si vibrations [5].
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FT-IR spectra of modified supports indicated presence of hydrocarbon groups on the
surface of all modified supports evident from peaks corresponding to CH3 group as shown
in Figure 6.1. As indicated in water absorption test, strongest surface modification effect
was observed for (γ-Al2O3)Po2 and (γ-Al2O3)Po1. Relatively sharp peaks were observed
for (γ-Al2O3)Po2 as compared to (γ-Al2O3)Po1, which is in agreement with the fact that
OTCS is capable of multilayer formation. Broad peak at 1100 cm−1 corresponding to Si-
O-Si vibrations confirms multilayers formation capability of OTCS. DMMeOS can only
form monoloayer and correspondingly less alkyl groups are attached to the surface.

Methoxytrimethylsilane, chlorotrimethylsilane, dimethyldichlorosilane and chlorodi-
methyloctylsilane modified supports show relatively less sharp organic peaks indicating a
lower extent of surface modification, which is in agreement with water absorption test.

Both Water absorption test and FT-IR analysis revealed successful surface modification
of γ-Al2O3 with silanes although the extent of surface modification varied for different
silanes.

6.1.1 Structure of Modified Supports
Table 6.2 shows BET surface area, pore size and pore volume of modified supports deter-
mined by N2 adsorption respectively.

Table 6.2: Surface area, pore volume and pore size of modified supports calculated from N2 adsorp-
tion

Catalyst BET Surface Area Pore Volume Avg. Pore Dia.a
(SA) [m2/g] (PV) [cm3/g] (PD) [nm]

(γ-Al2O3) 173 0.69 15.9
(γ-Al2O3)Pr1 164 0.71 17.4
(γ-Al2O3)Pr2 160 0.62 15.4
(γ-Al2O3)Pr3 160 0.66 16.5
(γ-Al2O3)Pr4 168 0.66 15.8
(γ-Al2O3)Po1 166 0.63 15.3
(γ-Al2O3)Po2 158 0.54 13.6

Calculation of pore size and pore volume were based on BJH desorption method.
a PD = 4(PV/SA).

Results indicate that surface modification leads to a decrease in BET surface area,
pore volume and pore size. (γ-Al2O3)Po2 experienced highest decrease of all modified
samples which is attributed to OTCS capability of formation of multilayers leading to a
higher surface modification.

6.2 Pre-modification Method
Surface modification of alumina with chlorotrimethylsilane, dichlorodimethylsilane, methoxy-
trimethylsilane and chlorodimethyloctylsilane yielded partially hydrophobic supports. These
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supports were aqueous impregnated via pre-modification method. Thus these silane were
termed as pre-modifying silanes and γ-Al2O3 supports modified by pre-modifying silanes
were termed as pre-modified supports.

Hydrophobicity of pre-modified supports plays a vital role in aqueous impregnation.
In order to retain hydrophobic characteristic after calcination, it is important that surface
hydrophobic layers remain stable during calcination. Therefore in this section hydropho-
bicity and thermal stability analysis of pre-modified supports and pre-modified catalyst is
performed. Subsequently effect of pre-modification on structure of catalyst, cobalt crys-
tallite size, reducibility and dispersion was studied.

6.2.1 Hydrophobicity of Pre-Modified Supports

Thermal gravametric analysis of modified supports was carried out to find relative ex-
tent of surface modification of different silanes. Mass spectrum analysis of exhaust gases
from TGA was performed for methane, silicon, chlorine, water and CO2. Only Water and
carbon dioxide peaks were observed at same temperatures indicating burning of surface
alkylsilyl groups whereas methane, chlorine and silicon signals were not detected in any
of the samples.

Figures 6.3, 6.4, 6.4 show the TGA profiles, derivative of TGA profile and ion current
curves for water obtained from MS for pre-modified supports respectively. Mass loss
occurred between 30-150 oC and 150-800 oC is mentioned on the curve in Figure 6.3.
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Figure 6.5: Ion current curves of water from MS for pre-modified supports.
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Capel et al. [72] showed that initial mass loss due to desorption of water, during TGA
can be used as an indirect measure of hydrophobicity. TGA was carried out in O2/N2

atmosphere and mass loss occurred between 30-150 oC, which is attributed to desorption
of water was selected as an indirect measure of hydrophobicity.

Surface modified supports do not undergo any treatment after modification. Small
quantities of unreacted silanes, solvent n-hexane and adsorbed water can be present. Sol-
vent n-hexane and all pre-modifying silanes (except chlorodimethyloctylsilane) have boil-
ing points less than 75 oC. In this research work, owing to the evaporation of unreacted
species, initial mass loss cannot be taken as an absolute measure of hydrophobicity. Mass
loss and ion current curves of water from MS were analyzed simultaneously to get an
insight of hydrophobic nature.

Mass loss of pre-modified supports are tabulated in Table G.1 in Appendix G. During
the temperature zone of 30-150 oC, mass loss follows the order

(γ-Al2O3)Pr1 < γ-Al2O3 (γ-Al2O3)Pr3 < (γ-Al2O3)Pr4 < (γ-Al2O3)Pr2

During the same temperature zone, peak of ion current curve of water follows the order as
shown in Figure 6.5.

(γ-Al2O3)Pr1 < (γ-Al2O3)Pr3 < (γ-Al2O3)Pr4 < (γ-Al2O3)Pr2 < γ-Al2O3

Neglecting position of γ-Al2O3 in the trends, mass loss and peak height of water curve
followed the same trend for pre-modified supports. (γ-Al2O3)Pr1 showed less mass loss
than γ-Al2O3 and the lowest water peak indicating that TMMeS modification has the most
hydrophobic effect. Chlorosilanes modified samples ((γ-Al2O3)Pr2−4) exhibited less in-
tense water peaks than γ-Al2O3 but experienced more mass loss in comparison with γ-
Al2O3. This implies that chloro-silane modified support were hydrophobic in comparison
with γ-Al2O3 and extra mass loss was due to the evaporation of unreacted species present
on the surface.

Among chlorosilanes modified samples, (γ-Al2O3)Pr3 displayed the most hydropho-
bic behavior. Intrinsic ability of DMDCS to form multilayer enables it to yield more
hydrophobic alumina in comparison with silanes capable of monolayer formation. (γ-
Al2O3)Pr2 shows almost the same height of water peak as γ-Al2O3 and more mass loss
than γ-Al2O3. This indicates that TMCS modification has very little hydrophobic charac-
teristics despite of its presence on the surface evident by higher mass loss than γ-Al2O3.

6.2.2 Thermal Stability of Pre-modified Supports
Thermal stability of pre-modified supports during calcination was studied using TGA in
O2/N2 atmosphere for 150-800 oC temperature range. Figures 6.3, 6.4, 6.4 show the TGA
profiles, derivative of TGA profile and ion current curves for water obtained from MS for
pre-modified supports respectively.

As shown in Figure 6.4, (γ-Al2O3)Pr1 shows the first minimum of differential curve
at 268 oC. Mass loss in this temperature range was insignificant and water peak was
not detected as well. Most probably, condensation or partial decomposition of alkylsilyl
layer occured at this temperature. It is important to note that only hydrophobic groups get
decomposed during calcination and silicon groups which replaced the surface hydroxyl
groups were retained on the surface. (γ-Al2O3)Pr3 showed most stable behavior as it
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shows the lowest mass loss. This stable behavior was attributed to multilayer formation
capability of DMDCS.

(γ-Al2O3)Pr4 differential curve has a dip at 224 oC which corresponds to boiling
point of DMOCS in range of 222-225 oC, as shown in Figure 6.4. Although mass loss
in this region is not so significant but it gave the important indication that some unreacted
DMOCS was present on the surface.

TGA analysis in relation to water analysis showed that burning of surface alkyl layer
for all modified samples occurs above 300 oC. Therefore all the modifiers will be stable
during calcination except for TMMeS which partially decomposed.

6.2.3 Surface Characterization of Pre-modified Catalysts

Pre-modified catalyst undergo calcination after surface modification. FT-IR analysis of
pre-modified catalysts was performed to analyze the effect of calcination on hydrophobic
surface alkylsilyl layer.

Figures 6.6 and 6.7 show the FT-IR spectra of pre-modified catalysts.
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Figure 6.6: FT-IR spectra (4000-2500 cm−1) of pre-modified catalysts.
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Figure 6.7: FT-IR spectra (2500-400 cm−1) of pre-modified catalysts.

Adsorption bands at 657 and 555 cm−1 correspond to Co-O vibrations [5]. In con-
trast to pre-modified supports, pre-modified catalysts did not exhibit any organic peaks
as shown in Figure 6.6. Ojeda et al. [8] also reported no peaks in FT-IR spectra of
pre-modified catalysts. Pre-modified supports had not gone through any heat treatment
after surface modification. Disappearance of organic peaks indicated that evaporation of
unreacted species and partial decomposition of surface alkysilyl layer occured during cal-
cination leaving behind little concentration of organic groups which were not detectable
in FT-IR spectra.

6.2.4 Hydrophobicity of Pre-modified Catalysts

Hydrophobicity of pre-modified catalysts becomes a function of stability of hydrophobic
alkylsilyl surface layer during calcination. Only TMMeS decomposition below calcination
temperature was identified from TGA. Only decomposition of hydrocarbon groups was
identified from TGA and silicon that substitutes the surface hydroxyl groups was retained
on the surface.

Figures 6.8, 6.9, 6.10 show the TGA profiles, derivative of TGA profiles and ion cur-
rent curves for water obtained from MS for pre-modified catalysts respectively.
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Figure 6.10: Ion current curves of water from MS for pre modified supports.

Hydrophobic effect of the organic groups retained on the surface was estimated by
initial mass loss occurred between 30-150 oC. Mass losses are tabulated in Table G.2 in
Appendix G and followed the order

Co/(γ-Al2O3)Pr3 < Co/(γ-Al2O3)Pr4 < Co/(γ-Al2O3) < Co/(γ-Al2O3)Pr1 < Co/(γ-Al2O3)Pr2

Co/(γ-Al2O3)Pr1 and Co/(γ-Al2O3)Pr2 showed more mass loss than the reference cata-
lyst. Higher mass loss of Co/(γ-Al2O3)Pr1 confirmed the partial decomposition of TMMeS
hydrophobic surface layer during calcination as indicated in TGA of support. Lowest sur-
face TMCS modification potential has already been established as discussed in section
6.2.1 and confirmed by highest mass loss by Co/(γ-Al2O3)Pr2.

Lowest mass loss of Co/(γ-Al2O3)Pr3 is in agreement with multilayer formation ca-
pability of DMDCS and stability of surface hydrophobic layer during calcination.

6.2.5 Stability of Pre-modified catalyst
Pre-modified catalyst are reduced at 350 oC during dispersion measurement and Fischer-
Tropsch synthesis. TGA analysis was used to get an indication of stability of modified
surface layer at reduction temperature.

As shown in Figures 6.8, 6.9, 6.10, similar behavior was observed for all samples until
300 oC in terms of mass loss profile. This is due to the fact that all samples have gone
through calcination at 300 oC previously. After 300 oC the mass loss profile becomes
steep with significant mass loss in the temperature range of of 350-500 oC. A gradual
mass loss up from 500-800 oC occurs attributed to the release of residual hydroxyl groups.
Mass loss, derivative of mass loss and water curve confirm that decomposition of surface
alkylsilyl layers occurs beyond 350 oC for all samples. Therefore it is confirmed that the
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hydrophobic groups retained on the surface after calcination will not decompose during
reduction conditions.

6.2.6 Structure of Pre-modified Catalysts
Table 6.3 shows BET surface area, pore size and pore volume of pre-modified catalyst
determined by N2 adsorption. BET surface areas of all samples are within the experimental
accuracy range of BET (±10). All samples (except Co/(γ-Al2O3)Pr2) showed a higher
BET surface area than the reference catalyst. This indicates that grafting of the surface
with silanes resulted in roughening of the surface leading to a higher BET surface area.

Pore volume and average pore diameter of the modified samples decreased as a result
of surface modification.

Table 6.3: Surface area, pore volume and pore size of pre-modified catalyst calculated from N2

adsorption

Catalyst BET Surface Area Pore Volume Avg. Pore Dia.a
(SA) [m2/g] (PV) [cm3/g] (PD) [nm]

Co/γ-Al2O3 129 0.44 13.6
Co/(γ-Al2O3)Pr1 133 0.42 12.5
Co/(γ-Al2O3)Pr2 127 0.38 12.0
Co/(γ-Al2O3)Pr3 139 0.37 10.7
Co/(γ-Al2O3)Pr4 135 0.38 11.2

The calculation of pore size, surface area and pore volume are based on BJH desorption method.
a PD = 4(PV/SA).
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6.2.7 Cobalt Crsytallite Size
Figure 6.11 shows the XRD profiles of pre-modified catalysts.
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Figure 6.11: XRD profile of pre-modified catalysts

Table 6.4 shows cobalt crystallite sizes calculated from Scherrer equation and disper-
sion of cobalt calculated based on cobalt crystallite size.

Table 6.4: Cobalt crystallite sizes of pre-modified catalysts

Catalyst Crystallite Size [nm] Dispersionb

Co3O4
a Coo [%]

Co/(γ-Al2O3) 13.4 10.7 8.90
Co/(γ-Al2O3)Pr1 13.4 10.7 9.00
Co/(γ-Al2O3)Pr2

d 8.60 6.90 13.9
Co/(γ-Al2O3)Pr3 9.70 7.80 12.4
Co/(γ-Al2O3)Pr4 10.7 8.60 11.2

a Calculated from the Scherrer equation
b Calculated using using D [%]= 96 / dCoo

Co/(γ-Al2O3)Pr1 showed the same particle size as the reference catalyst. Chlorosi-
lane modified catalysts (Co/(γ-Al2O3)Pr2−4) showed a decrease in particle size. Cobalt
particle size varied with the amount of chloro-silane present on the surface. Figure 6.13
in section 6.2.9 shows variation of crystallite size with amount of chloro-silane present on
the surface. Co/(γ-Al2O3)Pr2 showed highest mass loss and lowest cobalt crystallite size.
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6.2.8 TPR Profiles of Pre-modified Catalysts
Figure 6.12 displayes the TPR profiles of pre-modified catalysts. During TPR of silane
modified samples hydrogen is consumed for decomposition of surface alkylsilyl layer in
addition to cobalt reduction. Due to this measurement of degree of reduction and reduction
temperature of cobalt became difficult. Analysis of reduction profiles in assistance with
TGA profiles facilitates understanding of the reduction behavior.
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Figure 6.12: TPR profiles for pre-modified catalyts catalysts

Reference catalyst, Co/γ-Al2O3 showed reduction peaks at 316 oC and 410 oC for
stepwise reduction of cobalt to metallic specie as shown in Figure 6.12 which is in agree-
ment with literature [73].

Co/(γ-Al2O3)Pr1 showed reduction peaks at exactly the same temperatures as refer-
ence catalyst. The second reduction peak is broad as it encapsulates the decomposition
temperature of TMMeS.

For chloro-silane modified samples (Co/(γ-Al2O3)Pr2−4), first reduction peak was
shifted from 316 oC of reference catalyst to the range of 325 oC. Co/(γ-Al2O3)Pr2 has
first reduction peak at 326 oC, while the second peak is at 402 oC, but it shows a shoulder
at 446 oC which corresponds to decomposition of the modifier as indicated in TGA Figure
6.9.

Co/(γ-Al2O3)Pr3 shows first reduction peak at 322 oC, while the second peak is broad
with a maximum at 492 oC. The second peak covers the decomposition temperature of
DMDCS and second reduction step of cobalt to metallic specie. Co/(γ-Al2O3)Po1 first
peak occurs at 329 oC while second broad peak appears at 418 oC encapsulates the de-
composition temperature of DMMeOS.

All chlorine modified samples have smaller cobalt crystallite sizes as compared to
reference catalyst. Despite of the fact that difficulty of reduction increases with decrease
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in the crystallite size [44, 74], insignificant increase in difficulty of reduction was observed,
if hydrogen consumed for decomposition of surface hydrophobic layer is neglected. This
can be attributed to decrease in cobalt support interaction due to surface modification.

6.2.9 Dispersion

Table 6.5 shows the dispersion of cobalt measured from hydrogen chemisorption.

Table 6.5: Dispersion of pre-modified catalyst measured from hydrogen chemisorption

Catalyst Dispersion [%]

Co/(γ-Al2O3) 7.37
Co/(γ-Al2O3)Pr1 8.36
Co/(γ-Al2O3)Pr2

a 2.22
Co/(γ-Al2O3)Pr3 5.63
Co/(γ-Al2O3)Pr4 3.49

a Average value of two independent dispersion runs

Cobalt is impregnated after surface modification of γ-Al2O3 for preparation of pre-
modified catalysts and coverage of cobalt with surface modifier is unlikely. TMMeS
modified catalyst, Co/(γ-Al2O3)Pr1 exhibited enhanced dispersion than reference cata-
lyst. This enhanced dispersion confirmed that increase in peak height in TPR profile was
due to consumption of hydrogen in decomposition of alkylsilyl layer, not due to increased
difficulty in reduction. TMMeS modification resulted in highest substitution of surface
hydroxyl groups of γ-Al2O3 among all pre-modified samples. It can be inferred that this
lower concentration of surface hydroxyl groups enhanced the dispersion but it needs fur-
ther investigation.

In contrast, chlorosilanes pre-modified catalysts (Co/(γ-Al2O3)Pr2−4) experienced a
sharp decrease in dispersion. Experiments were performed twice for Co/(γ-Al2O3)Pr2 to
ensure accuracy of the results and average values are reported. Insignificant increase in
difficulty of reduction was observed in TPR profiles therefore this decrease in dispersion
of chloro-silane modified samples is attributed to the presence of chlorine. Borg et al. [75]
observed similar sharp decrease in dispersion of Co/γ-Al2O3 catalysts upon introduction
of chlorine impurity by post-impregnation of CoCl2.6H2O.

An inverse correlation is found between dispersion and amount of chloro-silane present
on the surface of catalyst as shown in Figure 6.13. Numerical values are tabulated in
Table G.3 in Appendix G. Total mass loss of modified catalyst is treated as an indirect
measure of modifier present on the surface. Dispersions of the modified catalysts decreases
with increase in amount of chloro-silane. Co/(γ-Al2O3)Pr2 has the highest mass loss and
exhibits the lowest dispersion.
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Figure 6.13: Correlation between cobalt dispersion, Coo particulate size and amount of chloro-
silane present on the surface

6.3 Post-modification Method

Surface modification with Methoxydimethyloctylsilane and trichlorooctylsilane yielded
completely hydrophobic supports. This made aqueous impregnation impossible. There-
fore, catalysts surface modified by these silanes were prepared by post-modification method.
Hence these silanes were termed as post-modifying silanes and catalysts surface modified
by these silanes were termed as post-modified catalysts.

Post-modifying silanes render completely hydrophobic surface therefore hydropho-
bicity analysis of post-modified catalysts was not required. Post-modified catalyst do not
undergo any treatment after surface modification. Therefore thermal stability of post-
modified catalyst is studied in this section. Subsequently effect of post-modification on
structure of catalyst, cobalt crystallite size, reducibility and dispersion was studied.

6.3.1 Surface Characterization of Post-modified Catalysts

Figures 6.14 and 6.15 show the FT-IR spectra of post-modified catalysts. As post-modified
catalysts do not undergo any heat treatment after surface modification so their FT-IR spec-
tra remains same as those of post-modified supports as shown in Figures 6.1 and 6.2.
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Figure 6.14: FT-IR spectra (4000-2500 cm−1) of post-modified catalysts
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Figure 6.15: FT-IR spectra (2500-400 cm−1) of post-modified catalysts
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6.3.2 Thermal stability of post modified catalyst
Thermal stability of hydrophobic surface layer of post-modified samples at calcination and
reduction temperatures was studied using TGA. Mass spectrum analysis of exhaust gases
from TGA was performed for methane, silicon, chlorine, water and CO2. Only water and
carbon dioxide peaks were observed at same temperatures indicating burning of surface
alkylsilyl groups whereas methane, chlorine and silicon signals were not detected in any
of the samples.

Figures 6.16, 6.17, 6.18 show the TGA profiles, derivative of TGA profile and ion
current curves for water obtained from MS for post-modified catalysts respectively.

0 100 200 300 400 500 600 700 800
90

91

92

93

94

95

96

97

98

99

100

2.36%

1.81%
1.19%

0.91%

2.87%

2.65%

5.30%

8.68%

Temperature [oC]

W
ei

gh
tl

os
s

[%
]

(γ-Al2O3)
Co/(γ-Al2O3)
Co/(γ-Al2O3)Po1

Co/(γ-Al2O3)Po2

Figure 6.16: TGA profiles in O2/N2 for post-modified catalyst
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Figure 6.18: Ion current curves of water from MS for post-modified supports
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TGA profile of Co/(γ-Al2O3)Po1 showed a steep mass loss starting from 221 oC which
is the boiling point of DMMeOS indicating that unreacted DMMeOS was present in the
sample. A mass loss of 2.5 % occurs in 200-350 oC region with a dip of differential curve
at 300 oC. Water peak appears at 295 oC. This indicates that decomposition of the surface
alkyl groups occurs below calcination and reduction temperatures.

Boiling point of OTCS is 233 oC but Co/(γ-Al2O3)Po1 did not show any significant
mass loss at this temperature. It indicates that negligible amount of unreacted OTCS and
n-hexane were present in the sample. TGA curve showed stable behavior until 300 oC with
a gradual mass loss. However TGA curve showed a steep slope with a mass loss of 5%
in 300-400 oC region. Derivative of the mass loss curve showed a dip at 373 oC and ion
current curve of water in Figure 6.18 showed peak at 346 oC with a secondary shoulder at
374 oC. This indicates that much of the decomposition occurs in the temperature zone of
300-400 oC. This zone includes the reduction temperature i.e 350 oC implying that partial
decomposition of OTCS surface layer will occur during reduction.

A gradual mass loss was shown by both samples until 800oC which is attributed to the
removal of residual -OH groups.

6.3.3 Structure of post-modified catalysts

Table 6.6 shows BET surface area, pore size and pore volume of post-modified catalysts
determined by N2 adsorption respectively.

Table 6.6: Surface area, pore volume and pore size of post-modified catalysts calculated from N2

adsorption

Catalyst BET Surface Area Pore Volume Avg. Pore Dia.a
(SA) [m2/g] (PV) [cm3/g] (PD) [nm]

Co/γ-Al2O3 129 0.44 13.6
Co/(γ-Al2O3)Po1 117 0.39 13.3
Co/(γ-Al2O3)Po2 112 0.35 12.5

The calculation of pore size, surface area and pore volume are based on BJH desorption method.
a PD = 4(PV/SA).

Post silylation resulted in a significant decrease in surface areas for both samples. The
BET surface area decreased from 129 m2/g for reference catalyst to 117 m2/g and 112
m2/g for Co/(γ-Al2O3)Po1 and Co/(γ-Al2O3)Po2 respectively. A parallel decrease in pore
volume was also observed. Similar decrease in surface area and pore volume was observed
by Ojeda et. al and Capel Sanchez for silane modified silica support [8, 72].
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6.3.4 Cobalt crsytallite Size
Figure 6.19 shows the XRD profiles of catalysts.
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Figure 6.19: XRD profile of post-modified catalysts

Cobalt particulate sizes calculated from Scherrer equation and dispersion of cobalt
calculated based on cobalt crystallite size are reported in Table 6.7.

Table 6.7: Cobalt crystallite sizes of post-modified catalysts

Catalyst Crystallite Size [nm] Dispersionb

Co3O4
a Coo [%]

Co/(γ-Al2O3) 13.4 10.7 8.90
Co/(γ-Al2O3)Po1 14.6 11.6 8.20
Co/(γ-Al2O3)Po2

c 14.6 11.7 8.20
a Calculated from the Scherrer equation according to the diffraction peak of Co3O4

b Calculated using Coo crystallite size using D [%]= 96 / dCoo

c Average value of two independent dispersion results

Cobalt crystallite sizes of post modified catalysts are comparable with the reference
catalyst, keeping in view the experimental accuracy of ±1 nm. This is because impregna-
tion was carried before surface modification, therefore it was unlikely that crytallite sizes
will be effected by modification. This observation is in agreement with the literature [5, 8].
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6.3.5 TPR Profiles of Post-modified Catalysts
Figure 6.20 shows the TPR profiles of post-modified catalysts.
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Figure 6.20: TPR profiles for post modified catalyts catalysts

For methoxydimethyloctylslane modified catalyst, Co/(γ-Al2O3)Po1 broad reduction
peaks occur at 348 oC and 446 oC. Despite lower decomposition temperature of DMMeOS
surface alkylsilyl layer, there is a significant increase in difficulty of reduction as both
reduction peaks are shifted to a higher temperature.

For trichloroctylsilane modified catalyst, Co/(γ-Al2O3)Po2, two significant peaks were
observed at 428 oC and 572 oC with a small shoulder at 481 oC. From TGA, the water peak
was at 346 oC and max mass loss at 370 oC. First broad reduction peak includes the surface
layer decomposition. The second shoulder at 481 oC and very high second reduction
peak at 572 oC indicate significant increase in difficulty of reduction. This significant
increase in difficulty of reduction of Co/(γ-Al2O3)Po2 is explained by the multilayers
formation capability of OTCS, which are three dimensional networks on the surface. After
decomposition of surface hydrocarbon groups, distorted network of silicon keeps the active
cobalt sites blocked which prohibits cobalt reduction.

Decomposition of organic group can be difficult in hydrogen atmosphere as compared
to burning in oxidizing atmosphere. This can also contribute to increase in difficulty of
reduction. Post-modification clearly increases the difficulty in reduction which is contrary
to Ojeda et al. observation of insignificant change in reduction behavior [8].
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6.3.6 Dispersion
Table 6.8 shows the dispersion of cobalt measured from hydrogen chemisorption.

Table 6.8: Dispersion of post-modified catalyst measured from hydrogen chemisorption

Catalyst Dispersion
[%]

Co/(γ-Al2O3) 7.37
Co/(γ-Al2O3)Po1 5.41
Co/(γ-Al2O3)Po2

d 0.66

In post-modification method, surface modification of the catalyst was performed af-
ter impregnation of cobalt. This resulted in coverage of active metal with hydrophobic
alkylsilyl layer. Dispersion becomes a function of stability of the surface layer at reduc-
tion temperature. Silicon network retained on the surface after decomposition of organic
groups dictates the dispersion.

Lower dispersion of methoxydimethyloctylslane modified catalyst, Co/(γ-Al2O3)Po1

is attributed to increase in difficulty of reduction. Decomposition of organic groups Co/(γ-
Al2O3)Po1 occurs below reduction temperature, as evident from TGA. DMMeOS can
only form monolayer so less silica groups react to the surface and after decomposition
of organic group their shielding effect is lower. Therefore relatively higher dispersion is
shown by Co/(γ-Al2O3)Po1 as compared to Co/(γ-Al2O3)Po2.

Negligible dispersion of Co/s-(γ-Al2O3)Po2 is explained by significant increase in dif-
ficulty of cobalt reduction.

6.4 Comparison of Surface Modification Potential of Dif-
ferent Silanes

Identical experimental conditions and concentrations of modifier solutions were used for
surface modification of γ-Al2O3 and Co/s-(γ-Al2O3). Hydrophobic characteristics varied
for different silanes depending upon the chemical structure and reactivity of the silanes at
modification conditions.

Trichloroctylsilane and methoxydimethyloctylsilane yielded completely hydrophobic
γ-Al2O3 support indicating significantly higher surface modification potentials. Other
silanes yielded partially hydrophobic supports with surface modification potential of silanes
decreasing in the order TMMeS > DMDCS > DMOCS > TMCS as evident from TGA
analysis discussed in section 6.2.1.

Methoxysilanes displayed higher surface modification potential as compared to their
chlorosilanes counter parts. In case of methoxydimethyloctylsilane and chlorodimethy-
loctyl silane, former one yielded completely hydrophobic γ − Al2O3 while modification
with later one resulted in partial surface modification. In case of methoxytrimethylsilane
and chlorotrimethylsilane, higher potential of TMMeS was evident from the higher hy-
drophobic characteristic.
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6.5 Fischer-Tropsh Synthesis
Table 6.9 shows the activity and selectivity results for catalytic run performed in Fischer-
Tropsch rig operated at 210 oC and 20 bar and H2/CO =2.1.

Table 6.9: Activity & selectivity of surface modified catalysts

Catalyst rCO Initiala CO Conversion STYb Selectivities [%] O/P ratio

[molCO/gcat.h] [%] [s−1] CH4 C2-C4 C5+ C3=/C3-
Co/(γ-Al2O3) 0.0577 50.2 0.0529 7.43 6.88 85.69 2.5
Co/(γ-Al2O3)Pr1 0.0719 49.3 0.0656 9.01 5.84 85.15 1.4
Co/(γ-Al2O3)Pr2 0.0796 50.2 0.0468 7.97 6.04 85.99 1.7
Co/(γ-Al2O3)Pr3 0.0675 49.8 0.0446 7.83 6.01 86.16 1.8
Co/(γ-Al2O3)Pr4 0.0621 50.4 0.0453 8.78 6.45 84.77 1.8
Co/(γ-Al2O3)Po1 0.0469 49.9 0.0466 8.7 8.25 83.04 1.9
Co/(γ-Al2O3)Po2 0.0232 53.7 0.0231 7.15 6.99 85.86 2.2
a Initial rate of reaction calculated at 20 hours of service
b STY calculated on the basis of dispersion calculated from XRD

Contrary to low dispersion of chlorosilane pre-modified catalysts Co/(γ-Al2O3)Pr2−4,
initial rates of reactions of chlorosilanes modified samples are quite high. This implies
that the dispersion of chlorosilanes calculated from hydrogen chemisorption is apparently
low. Therefore dispersion that is calculated based upon cobalt crystallite size and site time
yield (STY) based on that dispersion is used for modified samples to ensure consistency
of comparison.

Apparent low dispersion was only exhibited by chlorosilane modified samples. TMMeS
modified sample Co/(γ-Al2O3)Pr1 showed actual dispersion. Dispersion of post-modified
samples calculated from cobalt crystallite size does not take into account the coverage of
cobalt sites by surface alkylsilyl layer and results in higher apparent dispersion. A com-
parison of site time yield based on hydrogen chemisorption and cobalt crystallite size for
methoxytrimethylsilane and post-modified catalyst is shown in Table 6.10.

Table 6.10: STY comparison of post-modified and methoxytrimethylsilane pre-modified catalysts

Catalyst STY (H2 Chemisorption) STY (Co Crystallite Size)
[s−1] [s−1]

Co/(γ-Al2O3) 0.064 0.053
Co/(γ-Al2O3)Pr1 0.070 0.066
Co/(γ-Al2O3)Po1 0.071 0.047
Co/(γ-Al2O3)Po2 0.253 0.023

6.5.1 Post-Modified Catalysts
STY of post-modified samples calculated from hydrogen chemisorption gives an insight
to actual dispersion and is used for comparison of activity of post-modified samples as
shown in Table 6.10.
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Methoxydimethyloctylslane modified catalyst, Co/(γ-Al2O3)Po1 has a higher STY
and lower C5+ selectivity than the reference catalyst. This higher STY is attributed to the
lower concentration of surface hydroxyl groups. Steric hindrance of hydrocarbon groups
of methoxydimethyloctylslane can be a probable reason of lower C5+ selectivity.

Co/(γ-Al2O3)Po2 showed very low Fischer-Tropsch activity in agreement with high
difficulty in reduction and negligible cobalt dispersion. C5+ selectivity is approximately
similar as the reference catalyst but it is important to note that C5+ is reported at a higher
CO conversion level i.e 50.4 %. Trichlorooctylsilane yields the most hydrophobic cata-
lyst but contrary to Co/(γ-Al2O3)Po1, very low STY is observed. It seems that surface
modification with OTCS surpasses the optimum extent of surface modification required
for enhanced Fischer-Tropsch activity.

Olefin to paraffin ratio (O/P ratio) of both post-modified samples was lower than for
the reference catalyst.

6.5.2 Pre-Modified Catalysts

As discussed dispersions of chlorosilane modified samples Co/(γ-Al2O3)Pr2−4 are ap-
parently less than actual dispersions. Therefore activities of pre-modified catalysts are
compared on the basis of STY calculated from cobalt crystallite sizes.
Selectivities to C5+ hydrocarbons of all pre-modified catalysts were similar as the refer-
ence catalyst except Co/(γ-Al2O3)Pr4 keeping in view the experimental accuracy of ±0.5
%.

Methoxytrimethylsilane modified catalyst, Co/(γ-Al2O3)Pr1 has higher STY (both hy-
drogen and cobalt particle size based) than the reference catalyst. Among all pre-modified
catalysts, Co/(γ-Al2O3)Pr1 also has lowest O/P ratio and highest CH4 selectivity. As dis-
cussed, methoxytrimethylsilane had the highest surface modification effect which means
that it replaced the most surface hydroxyl groups. Higher STY of Co/(γ-Al2O3)Pr1 is at-
tributed to lower concentration of surface hydroxyl groups. This rules out the assumption
that Co/α-Al2O3 has higher C5+ selectivity than Co/γ-Al2O3 catalyst due to lower sur-
face hydroxyl groups [30]. In fact, surface modification with methoxy-silanes resulted in
similar increase in STY for both pre-modified Co/(γ-Al2O3)Pr1 and post-modified Co/(γ-
Al2O3)Po1 catalysts.

All chlorosilanes modified catalysts Co/(γ-Al2O3)Pr2−4 showed lower STY than the
reference catalyst. In case of chloro-silanes modified catalysts it was difficult to analyze
the effect of surface modification alone as cobalt crystallite size changed for all samples
and dispersion measurement from hydrogen chemisorption was apparently inaccurate. Ef-
fect of chlorine on particle size and dispersion needs further investigation.

Effect of particle size on STY and C5+ selectivity

Bezemer [76] investigated the effect of cobalt particle size on acitivity and selectivity of
cobalt catalyst supported on carbon nanofibers. They found that site-time yield (STY) for
CO hydrogenation was independent of cobalt particle size for catalysts with sizes larger
8 nm (FT synthesis at 35 bar). C5+ selectivity increased with cobalt particle size upto 10
nm and became constant for larger particles. It is important to note that C5+ was reported
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at CO conversion varying from 60-80% and it is demonstrated that C5+ varies with CO
conversion [30].

Borg [30] observed very small variation in turn over frequency (TOF) with particle size
for cobalt catalyst supported on γ-Al2O3. C5+ selectivity increased with particle size with
a maximum selectivity at 7-8 nm and became constant for larger particle sizes. Similar
selectivity results were obtained by Rane et al. [46] for cobalt supported on θ–Al2O3 and
δ-Al2O3.

Pre-modification with chloro-silane resulted in lower cobalt crystallite sizes. Figure
6.21 shows plot of cobalt crystallite size against site-time yield and C5+ selectivity. Co/(γ-
Al2O3)Pr2 has smallest cobalt crystallite size of 6.90 nm which is at the threshold of
maximum C5+ selectivity and site-time yield. Contrary to Bezemer, Borg and Rane an
abrupt variation exists between cobalt crystallite size, STY and C5+ selectivity. This is
due to the fact that in addition to particle size surface structure of γ-Al2O3 has changed.
It is already established that supports play an important role in FT synthesis.
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Figure 6.21: Catalytic stability of the post modified samples

Olefin/paraffin ratio

All modified samples have a lower olefin/paraffin ratio than the reference catalyst. This
can be attributed to hydrophobicity. Iglesia [2] showed that addition of water at moder-
ate partial pressure increase site-time yield, C5+ selectivity and olefin/paraffin ratio for
Co/TiO2 and Co/SiO2 catalysts. Storsæter [26] observed similar increase in C5+ selec-
tivity and olefin/paraffin ratio for Co/Al2O3 catalyst. Irreversible chain termination by
hydrogen addition and secondary hydrogenation pathways is inhibited by water addition
leading to a higher O/P ratio [2]. This implies that hydrophocity will lead to a lower O/P
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ratio. Results in current research work are in agreement with this observation. All samples
experienced similar reduction in O/P ratio with Co/(γ-Al2O3)Po2 as an exception.

Addition of water at moderate partial pressure during FT synthesis, increases C5+

selectivity which means that hydrophobicity induced in catalyst by surface modification
will decrease C5+ [29]. Relatively minor variations in C5+ selectivities of pre-modified
catalysts is observed.

Variation in product selectivity

Figure 6.22 shows plot of C5+ selectivity against CH4 and C2-C4 selectivitites. It has
been shown that CH4 selectivity decreases linearly with increasing C5+ selectivity [46].
In contrast a diversified behaviour is shown by surface modified catalysts.

Figures 6.21 and 6.22 suggest that grafting of silanes onto the surface of the cata-
lyst interfere with mechanism of chain propagation and also termination evident by varied
change in O/P ratio independent of the effect of particle size. This needs further investiga-
tion for complete understanding.

It is difficult to analyze effect of hydrophobicity on C5+ selectivity as several vari-
ables i.e particle size, surface structure of support, steric hindrance of surface hydrophobic
groups and effect of chlorine are changing simultaneously.
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Figure 6.22: Catalytic stability of the post modified samples
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Chapter 7
Conclusion

This research work focused on investigating the effect of silane modification on activity
and selectivity of Co.Re/γ-Al2O3 Fischer-Tropsch catalysts. Catalysts with 20 wt % cobalt
promoted with 0.5 wt% rhenium were prepared by one step aqueous incipient wetness im-
pregnation. Surface modification was carried out by two methods, pre-modification: silane
modification of γ-Al2O3 prior to cobalt impregnation and post-modification: silane mod-
ification of catalyst after cobalt impregnation. Catalysts were characterized by hydrogen
chemisorption, nitrogen adsorption, TPR, TGA, FT-IR and XRD. Activity and selectivity
of catalysts have been determined in a fixed bed reactor at 20 bar, 210 oC and H2/CO =
2.1.

Six silanes, methoxytrimethylsilane (TMMeS), chlorotrimethylsilane (TMCS), dichloro-
dimethylsilane (DMDCS), chlorodimethyloctylsilane (DMOCS), methoxydimethyloctyl-
silane (DMMeS) and trichloroctylsilane (OTCS), differing with respect to numbers and
types of organic groups and active groups, were used for surface modification. Silylation
of γ-Al2O3 results in substitution of surface hydroxyl groups with hydrophobic organic
groups connected to surface via ≡Si-O-Al bond. Surface modified catalysts were com-
pared with un-modified reference catalyst.

Analytical hydrophobicity test via water absorption and FT-IR spectra of silane modi-
fied alumina supports revealed successful modification of surface with DMMeS and OTCS
yielding completely hydrophobic alumina support. Among partially hydrophobic sup-
ports, TMMeOS modified support had the most hydrophobic characteristics.

Most promising results were displayed by catalyst pre-modified with TMMeS, Co/(γ-
Al2O3)Pr1. It had similar cobalt crystallite size as reference catalyst. Insignificant change
in difficulty of reduction was observed but dispersion increased to 8.36 % as compared to
7.37 % for reference catalyst. TGA suggested that Co/(γ-Al2O3)Pr1 catalyst experienced
partial decomposition of surface hydrocarbon groups. TMMeS pre-modification had the
most positive influence on FT activity with similar C5+ selectivity and increase in STY
to 0.071 s−1 in comparison with 0.064 s−1 for reference catalyst, probably as a conse-
quence of substitution of surface hydroxyl groups with silane inducing an hydrophobicity
to the surface keeping in view that TMMeS modification resulted in highest substitution
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of surface hydroxyl groups among pre-modifying silanes.
Other three pre-modifying silanes: TMCS, DMDCS, DMOCS contained chlorine as

an active group and corresponding pre-modified catalysts Co/(γ-Al2O3)Pr2−4 observed a
decrease in cobalt crystallite size in comparison with the reference catalyst. Dispersion
of Co/(γ-Al2O3)Pr2−4 catalysts measured from hydrogen chemisorption was apparently
lower than actual cobalt dispersion. Both these effects were attributed to the presence
of chlorine and further investigation is needed for complete understanding. However a
positive correlation was observed between cobalt crystallite size and amount of chloro-
silane present on the surface. Despite of smaller cobalt cyrtallite size, insignificant change
in reducibility was observed, probably due to lower cobalt support interactions as a re-
sult of surface modification. TG suggested that Co/(γ-Al2O3)Pr2−4 catalysts remain sta-
ble during calcination and reduction. Co/(γ-Al2O3)Pr2−4 catalysts observed relatively
small change in C5+ selectivity but STY decreased significantly with highest decrease for
DMOCS modified catalyst, having STY of 0.0453 s−1 in comparison with 0.064 s−1 for
reference catalyst.

Post-modification of reference catalyst with DMMeS and OTCS to produce Co/(γ-
Al2O3)Po1 and Co/(γ-Al2O3)Po2 catalysts respectively resulted in coverage of cobalt ac-
tive species. Although TGA suggested that both catalysts undergo partial decomposition
of hydrocarbon groups but remaining silica network keeps the surface blocked leading
to a significant increase in difficulty of reduction and very low cobalt dispersion. Both
Co/(γ-Al2O3)Po1−2 catalysts had similar cobalt crystallite sizes and lower dispersions
than reference catalyst with Co/(γ-Al2O3)Po2 having a negligible dispersion of 0.66 % as
compared to 7.37 % dispersion of reference catalyst, attributed to the multilayer formation
capability of OTCS. Correspondingly Co/(γ-Al2O3)Po2 had negligible FT activity.

Olefin/Paraffin ratio decreased for all modified samples suggesting that surface modi-
fication changes mechanism of chain growth and termination.

Methoxy-silanes exhibited higher surface modification potentials than corresponding
chloro-silanes and a positive effect of methoxy-silanes modification on the activity of cat-
alysts was ascribed to hydrophobicity induced by surface modification. Effect of surface
modification with chlorosilane on dispersion, cobalt crystallite size and activity of cata-
lysts need further investigation.
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Chapter 8
Further Research Work

The project work has revealed that silane modification affects the activity and selectivity
of Co/(γ-Al2O3) Fischer-Tropsch catalysts. Modification with methoxy-silanes had pos-
itive effect on activity of Co/γAl2O3 catalysts, whereas modification with chloro-silanes
resulted in a decrease in activity of the catalysts. Also effect of chloro-silane modification
on cobalt dispersion and crystallite size was not clearly understood.

In this research work, successful surface modification of γ-Al2O3 with silanes was
confirmed but quantitative extent of modification was not calculated i.e how many sur-
face hydroxyl groups have been substituted. Furthermore, all samples were modified at
identical experimental conditions but due to difference in reactivities of silanes, surface
modification to different extents was anticipated. It is proposed for future work to calcu-
late the extent of modification and modify all samples to a similar extent of modification.
This will enable a comprehensive comparison between samples modified with different
silanes.

Effect of chloro-silane modification can be investigated by gradually increasing the
concentration of modifier/n-hexane solution and observing effect on cobalt dispersion and
crystallite size as amount of chlorine increases.

It is suggested to use mass spectrometer coupled with TPR to analyze off gases and also
measure degree of reduction for each sample. More advanced characterization techniques
like X-ray Fluorescence and Transmission electron microscopy (TEM) can be used to
identify the surface phenomena occurring during the surface modification.
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Appendix A
Risk Analysis

Risk evaluation performed for laboratory experiments is given in this appendix.
Material safety data sheets of chemicals and NTNU HSE handbook are the basis of

this assessment. Risk analysis was performed in collaboration of supervisor. Appropriate
safety measure were suggested for identified potential hazards.
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Appendix B
Calculation of amount of chemicals
required for catalyst preparation

Fischer Tropsch catalyst with 20 wt% cobalt and 0.5 wt% rhenium on γ-alumina was
prepared by one step incipient wetness impregnation of γ-Al2O3 supports with aqueous
solutions of cobalt nitratehexahydrate, Co(NO3)2.6H2O, and perrhenic acid, HReO4. Im-
portant properties of precursor salts are summarised in table B.1

Table B.1: Chemical properties of metal precursors

Property Cobalt Rhenium

Chemical Formula CoN2O6.6H2O HReO4

Physical State Solid Solution
Molecular Weight 291.03 g/mole 251.21 g/mole
Density 2.16 g/mole
Purity 65-70 %

B.1 Catalyst preparation
The calculations to determine amount of precursor salts and de-ionised water needed for
aqueous incipient impregnation of 10 g γ-Al2O3 support to get a metal loading of 20 wt
% cobalt and 5 wt % rhenium are shown below and summarized in table B.2.

Amount of alumina support = 10g

Incipient wetness point = 12.8g

Total mass of catalytic metals =
10

1− (0.2 + 0.005)
− 10
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mmetals = 2.5786g

Total mass of cobalt = 2.5786 ∗ 0.2

0.2 + 0.005

mCo = 2.5157g

nCo = 2.5157/58.9331

nCo = 0.04269 moles
Mass of cobalt precursor required = 0.04269 ∗ 291.03

mCoprecursor
= 12.4233g

Hydrated water in cobalt precursor = nCoprecursor ∗ 6
Hydrated water in cobalt precursor = 0.04269 ∗ 6
Hydrated water in cobalt precursor = 0.2561moles water
Hydrated water in cobalt precursor = 4.6098g water

Total mass of rhenium = 2.5786 ∗ 0.005

0.2 + 0.005

mRe = 0.06289g

Moles of rhenium =
0.06289

186.207

nRe = 3.37 ∗ 10−4moles

mReprecursor
= 3.37 ∗ 10−4 ∗ 251.21
= 0.0848gmoles

VReprecursor
=

0.0848g

2.16 g
ml

VReprecursor
= 0.03926ml

As precursor solution is 65-70% concentrated so taking average 67.5%

VReprecursorsolution
=

0.03926

0.675
VReprecursorsolution

= 0.05816

Water present in rhenium precursor = VReprecursorsolution
∗ 0.325

Water in rhenium precursor = 0.05816 ∗ 0.325
Water in rhenium precursor = 0.0189mlH2O

Water in rhenium precursor = 0.0189gH2O

Total water in both precursor solutions = 4.6098 + 0.0189

= 4.6287

Amount of water needed = 12.8− 4.6287

= 7.3713g
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Table B.2: Chemicals required to prepare Fischer Tropsch catalyst with 20 wt% Co and 0.5% Re

Component Amount

Co Precursor 12.42 g
Re Precursor 0.058 ml
Water 7.371 g
γ-Al2O3 10.00 g
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Appendix C
Incipient Wetness Point of
Modified Supports

Hydrophobicity of surface modified supports was checked analytically by absorption of
water. Trichloroctylsilane and methoxydimethyloctylsilane modified supports showed
completely hydrophobic characteristics. All other supports absorbed water. Incipient wet-
ness point of partially hydrophobic supports was found by dropwise addition of de-ionized
water and reported in Table C.1.

Table C.1: Incipient wetness point of modified supports

Catalyst Incipient wetness point
[gH2O/ g support]

(γ-Al2O3) 1.33
(γ-Al2O3)Pr1 1.39
(γ-Al2O3)Pr2 1.22
(γ-Al2O3)Pr3 1.06
(γ-Al2O3)Pr4 1.35
(γ-Al2O3)Po1

a Hydrophobic
(γ-Al2O3)Po2

a Hydrophobic
a Completely hydrophobic behavior.
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Appendix D
Calculations for Amount of
Chemicals Required for Surface
Modification

Surface modification of the Fischer Tropsch Catalyst was carried out by immersing the
sample in 100 ml of 1 % v/v solution of silane/n-hexane at 50oC for 24 hours while con-
tinuously stirring. The sample was then washed with hexane and centrifuged three times to
wash off unreacted silane and hexane. Important properties of the modification chemicals
are given in table D.1.

Table D.1: Properties of the chemicals used in surface modification

Silane Concentration Mol. Weight Boiling point

Methoxytrimethylsilane 99 104.22 57-58
Methoxydimethyloctylsilane 98 202.41 221-233
Chlorotrimethylsilane 99 108.64 57
Chlorodimethyloctylsilane 97 206.83 222-225
Dichlorodimethylsilane 99.5 129.06 70
Trichloroctylsilane 97 247.67 233
n-hexane 95 86.18 68

85



D.1 Calculation for preparation 1 vol% silane/n-hexane
solution

Amount of chemicals required to prepare 1 vol% methoxydimethyloctylsilane/n-hexane
solution are determined by following procedure.

Methoxydimethyloctylsilane Needed =
1

100
∗ 100

= 1ml

As methoxydimethyloctylsilane is 98% concentrated so

Methoxydimethyloctylsilane solution needed =
1

0.98
= 1.020ml

n-hexane needed = 100− 1.020

= 98.98ml

As n-hexane is 95% concentrated, therefore

n-hexane solution needed =
98.98

0.95
= 104.1894ml

Similar procedure is adopted to find out the amount of different silanes required to surface
modification.
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Appendix E
Calculation of Rate of Reaction and
Site-Time Yield

The calculations to determine Site Time yield reported in activity measurement in section
are presented in this appendix. All the data required and calculations are summarized in
table. The sample calculations for the Site Time Yield calculations of reference catalyst
are shown below.
Observed rate of reaction is calculated by equation E.1

rCO =
GHSV

Vm
.XCO.xCO (E.1)

where rCO is the observed rate of reaction, Vm is the molar volume = 22400 cm3/mol,
XCO is the CO conversion and xCO is the CO mole fraction in feed.

rCO =
14921

22400
∗ 0.269 ∗ 0.313

= 0.0560molCO/gcath

STY is calulated by using equation E.2. Where M is the molecular weight of the active
metal, cobalt in this case, wm is the weight fraction of active metal, and D is the dispersion.

STY =
rCO.M

wm.D
(E.2)

=
0.0560 ∗ 58.9
0.20 ∗ 0.07588

.
1

3600
= 0.0604s−1 (E.3)
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Appendix F
Process Flow Diagram of Fischer
Tropsch Rig

Process flow diagram of Fischer-Tropsch rig used for the activity and selectivity mea-
surement of the catalysts sample is given in this appendix. The figure is adopted from
Fischer-Tropsch Rig Manual written by Rune Myrstad [77].
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Figure F.1: Process flow diagram of the Fischer Tropsch rig, adopted from Myrstad [77]
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Appendix G
TGA Mass Loss

Mass loss of modified supports and catalysts during TGA are given in this section.

Table G.1: Mass Loss of pre-modified supports from TGA

Support Mass Loss [%]
30-150oC 150-800 oC Total (30-800 oC)

(γ-Al2O3) 2.67 2.89 5.57
(γ-Al2O3)Pr1 1.81 4.00 5.81
(γ-Al2O3)Pr2 3.08 4.94 8.02
(γ-Al2O3)Pr3 2.50 4.78 7.28
(γ-Al2O3)Pr4 2.62 5.04 7.66

Table G.2: Mass Loss of surface modified catalysts from TGA

Catalyst Mass Loss (%)
30-150 oC 150-800 oC 30-800 oC

Co/γ-Al2O3 1.81 2.65 4.46
Co/(γ-Al2O3)Pr1 2.55 4.14 6.69
Co/(γ-Al2O3)Pr2 2.67 4.68 7.35
Co/(γ-Al2O3)Pr3 0.76 3.49 4.24
Co/(γ-Al2O3)Pr4 1.80 3.89 5.68
Co/(γ-Al2O3)Po1 1.19 5.30 6.49
Co/(γ-Al2O3)Po2 0.91 8.68 9.59
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Table G.3: Relation between dispersion, cobalt crystallite size and Mass loss of catalyst during
TGA

Catalyst Dispersion a Coo Particulate Size TGA Mass Loss
[%] [nm] [%]

Co/s-(γ-Al2O3)TMCS 2.33 6.90 7.35
Co/s-(γ-Al2O3)DMOCS 3.49 8.60 5.68
Co/s-(γ-Al2O3)DMDCS 5.63 7.80 4.24
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