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ABSTRACT

The catalytic activity for Fischer-Tropsch (FT) reaction over cobalt-based catalysts mainly
depends on two parameters, namely the reducibility of cobalt precursors and cobalt
dispersion. Therefore, a perfect catalyst would comprise of an optimal combination of these
two parameters. Cobalt precursor’s reduction is usually performed in the presence of H, and
is usually limited by metal-support interactions which, in some cases, lead to the formation of
metal-support compounds that are not reducible under a practical reduction temperature
range. The water vapour that is formed during cobalt-based reduction by H; has been
reported to promote the formation of these metal-support compounds in some cases. An
investigation on a reduction process that does not produce water would potentially offer
opportunities for better cobalt-based catalyst reduction. Therefore, the aim of this project was
to investigate the effect of activating Co/Al,O3 FT catalyst using H, or CO on the catalyst
structure and performance for FT reactions. The catalyst was prepared by impregnation of the
support (Al,O3) with a cobalt nitrate (Co(NO3),*6H,0) solution and calcined in air at 500°C
for 10 hours to decompose and transform the cobalt nitrate to cobalt oxide. XRD analysis was
performed to determine the structure of the catalyst prepared. BET analysis was performed to
determine the surface area and porosity of the catalyst. Temperature programmed reduction
(TPR) was performed on calcined Co/Al,O3 catalyst using a H, and CO containing gas
mixture respectively to study the reduction behaviour of the catalyst. The catalyst
morphology was studied using scanning electron microscopy (SEM) analysis. The catalyst
was tested for FT reaction in a fixed bed reactor and the outlet gas products were analysed
using a Dani master gas chromatograph (GC) equipped with thermal conductivity detector
(TCD) and flame ionisation detector (FID).

It was found that CO activates the Co/Al,O3 catalyst at a lower temperature than H, and is
accompanied by carbon deposition on the catalyst surface. The main forms of cobalt species
in catalyst samples reduced by CO or H, at 300 °C were CoO. Co® and CoO were the major
cobalt phases for the catalyst samples respectively reduced by CO and H, at 350 °C.

The highest catalytic activity for FT reaction with the highest rate of Cs, hydrocarbons
formation were measured on CO-activated catalyst samples. The deposited carbon on CO-
reduced samples is believed to be a precursor for possible cobalt carbide formation during FT

reaction that led to high methane selectivity.
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CHAPTER 1: INTRODUCTION

1.1. Background

Fischer-Tropsch (FT) synthesis is a group of chemical reactions that transforms the
combination of CO and H; into liquid hydrocarbons [1]. It was initially established in 1925,
by Franz Fischer and Hans Tropsch. The process has been considered as another way of
producing a transportation fuel, from typically coal, biomass or natural gas with low emission
of pollutants. The FT process is considered as the origin of low-sulphur diesel fuel and

increases the supply of petroleum-derived hydrocarbons.

A good cobalt-support interaction is one of essential properties to achieve a high quality
catalytic performance as it is intensely associated with Co3O, reducibility [2]. Cobalt catalyst
surface properties are influenced by the cobalt particles nature and the preparation
techniques, which may result in the strong interaction between cobalt and the support. Two
contradictory parameters play a crucial role when it comes to the catalytic activity for FT
reaction: i) metal dispersion and ii) catalyst reducibility. A perfect catalyst would comprise an
ideal amalgamation of these two parameters. A Strong interaction between the catalyst and
the support is generated by a highly dispersed catalyst and has a tendency to inhibit the
catalyst reduction to the metallic state. The type of cobalt precursor used in the preparation

of the catalyst may have an impact on the catalyst reducibility and dispersion [3].

The FT process consists of numerous chemical reactions which produce diverse
hydrocarbons which are given by the general formula C,Hzn+2. The utmost valuable reactions

produce alkanes as follows:
(2n+1)Hz + NCO — CyHons2 + NHO. .o (1.1)

Where n is a positive number. The generation of methane (n=1) is not desirable, as methane
is a gas at standard temperature and pressure (STP). Most alkanes formed are straight chains.
In addition to alkanes formation, competing reactions produce trivial amount of alkenes as

well as alcohols and additional oxygenated hydrocarbons.

A range of catalysts may be employed to execute FT synthesis; however the utmost
frequently used are the transition metals iron, ruthenium and cobalt. Nickel may as well be
ideal on the other hand tends to promote the formation of methane. Cobalt-based catalysts are

1



very active particularly when the feedstock used is natural gas; however Fe-based catalysts
are more appropriate for poor hydrogen syngas derived from low quality feedstocks like coal
or biomass [4]. Catalysts are supported with materials with high surface area such as SiO,,
Al,O3 or zeolite. Due to good mechanical properties allied with Al,O3 as a catalyst support,
Al,O3-supported catalysts are frequently employed for the FT reaction. Yet, the main
problem with the Co/Al,O3 catalyst is the imperfect reducibility of Co as the consequence of
the strong interaction between the metal and the support [5-9]. Water vapour favours the
formation of Co-support composites as it increases the interaction between cobalt metal and
the support and by assisting the movement of cobalt ions into the tetrahedral sites of Al,O3 to
produce non-reducible cobalt aluminate [10-12]. SiO, possesses a weaker interaction with Co
which results in a low metal (Co®) dispersion on SiO, and a good reducibility of Co304. FT
catalysts are very reactive to poisoning by sulphur. The reactivity of FT catalyst to sulphur is

superior for Co based catalysts relative to their iron equivalents [13].

1.2. Problem statement

It is vital for the petrochemical and energy sector to produce transportation products like
petrochemicals and high quality fuels with low emission of pollutants. FT is a chemical
process which is used to produce petrochemicals and high quality fuels. During FTS; addition
of a catalyst is always required. There are various catalysts which can be used in the FTS
process. Cobalt catalysts supported either on alumina, titanium dioxide; etc. are used in order

to acquire high catalytic activity and favour the formation of longer chain hydrocarbons.

Co-based FT catalysts are prepared using various techniques and calcination is typically the
final preparation step which converts cobalt nitrate to cobalt oxide. The active site for FTS is
metallic cobalt and thus it is always required to reduce the catalyst before FT synthesis.
Generally, Co based catalysts are activated using H; [14]. It has been reported in the literature
that during reduction with H, cobalt oxide species which strongly interact with the support
are formed [15]. These compounds limit the reducibility of cobalt oxide to the metallic form
and are generally inactive for FTS. Likewise, during reduction with H,, water is also formed
and it has been reported in the open literature that water stimulates the formation of these
compounds [10-12]. Metal carbides [16-17] and metal nitrides [16] may possibly also
catalyse the FT reaction. Various researchers have discovered some positive effects on the
reduction of Co-based catalyst using CO [18]. During cobalt oxide reduction with CO, carbon

dioxide is formed instead of water. The question is: can the use of other reducing agents such

2



as CO which does not form water during cobalt oxide reduction avoid the formation of Co-
support compounds and improve the reduction process? According to Karaca et al [19] the
presence of CO during reduction prevents a catalyst from forming a strong interaction with
the support. This was also suggested by Jongsomjit and Goodwin Jr. who reported that
adding CO during H, reduction of a Co/Al,O3 catalyst caused an increase in catalyst activity
relative to the catalyst reduced without CO [20]. Moreover, higher catalytic activity is linked

with improved catalytic reducibility.

1.3. Aim and objectives

The aim of this project was to investigate the effect of activating Co/Al,O3 Fischer-Tropsch
catalyst using H, or CO on a catalyst support structure and to establish whether this enhances

FT reaction. The specific objectives include:

» Co/Al,O5 catalyst synthesis;

» Catalyst reduction using H, or CO;

» Catalyst characterization in order to determine the effect of a reducing gas (H, or CO)
on the catalyst structure and morphology;

> Catalyst testing for FTS in order to evaluate the effect of reducing agents (H, or CO)

on CO conversion, product distribution and catalyst stability.
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CHAPTER 2: LITERATURE REVIEW

2.1. Background

As a results of the depletion of petroleum reserves, and crude oil price escalation from the
1980°s [1]; it is crucial to move energy resources from petroleum oil to alternative fuels that

are more economical and have a reduced negative effect on the environment [2].

Fischer-Tropsch synthesis (FTS) is of substantial importance due to use as a replacement for
the fabrication of fresh transport petroleum and chemicals from different sources of carbon
such as natural gas, biomass and coal [3]. The full FTS process comprises coal/biomass
gasification or natural gas reforming to produce synthesis gas and the catalytic conversions of
the latter into liquid hydrocarbons through the following general chemical reaction:

(20 + 1)H, + nCO — CnHanez + NH2O .o oooeies oo, 2.1)

A range of products such as paraffins, alcohols, olefins, and aldehydes are formed during an
FT reaction. The required products are those which contain low methane, low alcohol, a high
ratio of olefins/paraffins, and a high Cs. content. The product state may be manipulated by
the reactor type and/or the reaction conditions and by modifying the catalyst [4]. The
products generated during the FT process do not contain nitrogen, sulphur or aromatics; this
decreases the negative environmental impact of FTS and makes it potential to synthesize high
quality liquid fuels [2]. When the synthesis gas is biomass-derived, the process yields a

renewable fuel and is carbon neutral.

One of the ultimate challenges in the FTS is to reduce the formation rate of low molecular
weight hydrocarbons, predominantly methane, and also increase the formation rate of longer-
chain hydrocarbons (Cs. selectivity). This is a significant objective on developing new FTS
catalysts [5]. For the process to be effective a catalyst’s performance plays a critical role in

industrial applications.



2.2. Fischer-Tropsch product distribution

The FTS products are generally linear paraffin, whose distribution complies with the
Anderson-Schulz—Flory (ASF) model [6].

One form of the ASF model is given below [7]:
Wi = (IN2 000" e, (2.2)

where Wn represents the mass fraction of the products with n = number of carbon atoms and

a is the chain growth probability or growth factor.
This Kkinetic expression can be expressed in logarithmic form as displayed below:
10gCh=10g(IN% @) + NIOZA .. eeevveeeeeeeeeeieeeeee, (2.3)

where Cn = Wn/n = mole fraction (more accurately, the selectivity of carbon fraction to

abolish the mass dissimilarities among olefins and the ancillary product paraffin’s).

The equation implies that if logCn is plotted against n, a straight line should be obtained
(ASF plot) [7].

It is worth mentioning that some deviations from the ASF model have been reported in
literature. Most ASF plots present a straight line in the C,—C;, product range [7]. The
deviations from the ASF plot could potentially be due to the complications in accomplishing
reproducibility and the exact quantifiable analyses of the products varying from gases to
waxes [8]. For instance, heavyweight products might not be volatilized at the temperature of
the injection port. Condensation in the heated sample lines in programmed systems may well
give non-representative sampling. Reaction conditions typical for FT, e.g. testing a new
catalyst, can lead to unforeseen and anonymous reactions other than CO hydrogenation,

instigating deceptive deviations from the ASF distribution [7].

On the other hand, ASF models with two a values have also been reported. For example Huff
Jr. and Satterfield [9] have reported that deprived of alkali promoters, Fe provided a perfect
ASF distribution with little value of growth probability (o value of 0.65). When a K-
promoted Fe catalyst was used, the product distribution gave a curved ASF plot. These
researchers claimed that alkalization of the catalyst produced binary catalytic sites with



differing chain growth features. The un-promoted sites created products with a small a-value;
the alkalized sites provided a high o-value. Grounded on this idea, they proposed a
mathematical model (known as the two superimposed ASF distribution) and found that 61%
of the product was generated on un-alkalized sites with a equal to 0.57 and 39% on alkalized

sites with an o value of 0.87.

A greater chain growth probability means that the product comprises mostly of longer chain
hydrocarbons, and therefore a reduced amount of CH,4. The selectivity of a catalyst to longer
chain hydrocarbons is frequently expressed as the selectivity to Cs.. It is known that the
higher the pressure, or the lower the temperature and inlet H,/CO ratio, the greater the value
of a. The chain growth probability is also reliant on the characteristics of the catalyst. It is
ordinarily recognized that the maximum vyield to diesel is reached by first creating wax,
which is then hydrocracked into the diesel fraction [10]. In this way the formation of smaller
chain hydrocarbon by-products is diminished, particularly CH4. Today, global Fischer-
Tropsch research is motivated on exactly how to prepare catalysts that provide a high a value.
An o of about 0.9 is associated with a wax-producing Fischer-Tropsch process, which
approximately corresponds to a C-atom selectivity between Cs. and Cyo+ (78 % and 74 %,

respectively) [11].

2.3. Catalysts used in Fischer-Tropsch synthesis

The FT reaction proceeds in the presence of a catalyst and there are different types of
catalysts which can be employed to facilitate the process. Transition metals such as cobalt
(Co), iron (Fe) and ruthenium (Ru) are the most commonly used [12]. Nickel (Ni) may, under
certain circumstances, also be employed but it tends to favour the formation of methane [13].
For many years the topic of cobalt catalysts for use in the FT reaction, supported with
different materials, has been of interest [14]. In general, cobalt catalysts are highly active
relative to iron catalysts since a lower reaction temperature is required for it to be active in
FTS [15]. It is widely known that Co catalyst activity for FTS is a function of the number of
metallic cobalt atoms on the surface [16]. To achieve high dispersion, a variety of catalyst
supports are utilised in this reaction, including SiO,, Al,O3, TiO, and carbon [17]. Cobalt-
based catalysts are generally preferred for the FT reaction particularly when natural gas is
used as the feedstock. Iron-based catalysts are recommended for low quality feedstocks such
as coal [13].



2.3.1. lron-based catalysts

Iron-based catalysts are recommended for industrial applications as they display higher
activity to the water-gas-shift (WGS) reaction which is essential in the transformation of
syngas with inferior H,/CO ratios (resulting from coal or biomass) and low selectivity toward
the formation of CH,4 [18]. Fe catalysts can be employed under a comprehensive range of
temperatures (up to 340 °C) and convert syngas at low cost. Furthermore, linear
hydrocarbons and oxygenates can be produced under diverse operating conditions over iron
catalysts. Nevertheless, the main challenges related with the use of a Fe catalyst takes account
of low productivity at high conversion, high olefins selectivity, high water-gas-shift activity,
and its poor resistant to swift deactivation from coking, carbon deposition and iron carbide
formation [17].

2.3.2. Ruthenium-based catalysts

It is commonly acknowledged that Ru catalysts are the most active catalysts for the FT
synthesis. At low temperature and high FT system pressure, it yields longer chain
hydrocarbons. The use of Ru metal is limited from concerns of cost and restricted
availability. Thus, catalyst improvement is necessary to attain high and stable activity [19].
Tang et al. [20] indicated that Ru catalysts have been extensively used to study the FTS
reaction mechanism as a result of their higher intrinsic activity which permits one to execute
FTS at low temperatures and to acquire higher selectivity towards longer-chain (Cs.)
hydrocarbons. Supports materials such as SiO, [21], Al,O3, TiO, [22], mesoporous molecular
sieves [23] and carbon materials [24] are used in preparing FT catalysts. It is clear from the
open literature that the nature of the support displays substantial impact on the morphology,

redox property, activity of the catalyst and product selectivity of the subsequent catalysts.

Titania has received a lot of consideration as a support material for metal catalysts as it shows
a strong interaction between metal and the support. The carrier impact is commonly known as
a strong metal-support interaction (SMSI). According to Vannice and Garten [25], Ru
catalysts supported on TiO, do not demonstrate advanced catalytic activity but lead to lower
methane selectivity and tend to favour the formation of olefins. The activity of a Ru catalyst
is influenced by the crystallite structure of the supports. Reducing a rutile-supported catalyst
at high temperature resulted in a catalyst with better activity relative to an alumina supported

catalysts.



2.3.3. Cobalt-based catalysts

Cobalt based catalysts have been reported to be the most efficient catalysts for FT as a result
of their high selectivity to linear hydrocarbon, high activity, and low activity to the water-gas-
shift reaction [26]. They are also exceptional when there is a necessity for high chain growth
and minimal branching probabilities [27]. Co-based catalysts are generally highly active
relative to catalysts based on iron and they proceed under a lower reaction temperature [28].
On the other hand, Co is highly expensive as compared to Fe. For this reason, in order to use
Co catalyst in the FT process, an optimum design of the catalyst is vital. This objective can
be proficient by means of reducing the Co particle size with the intention of increasing the
exposed surface area per unit mass of Co metal. The influence of particle size has been
investigated by a number of researchers. The particle size of Co has been associated with the

metal-support interactions [29].

It is mostly recognized that the activity of Co catalysts for FT depends on the number of Co
sites available. Consequently, supports with high surface area have been used to deposit
cobalt with the aim of increasing dispersion of active Co metal species [30]. It is widely
reported in the open literature that cobalt catalyst performance during FT is predominantly
administered by the reducibility of cobalt oxide to the metallic form and dispersion, both of
which are allied with the nature of the support utilized [31].

Recently; various Al,O3 supports were studied to define the influence of crystal phase and
pore size on the Co catalyst properties and activity [32]. Different Al,O3 supports were
prepared through calcination at various conditions. It was established that the Co particle
structure (e.g. the degree of Co reduction, particle size distribution and dispersion) and
Co/Al,O3 catalyst activity for FT is primarily influenced by the pore diameter of Al,O3
support rather than the crystal phase. The highest catalytic activity was attained using a
catalyst supported on Al,O5; with adequate surface area (ca. 80 m?g ). In addition to Al,O5
supports with moderate surface area, the appropriate average pore size of the Al,O3; support
would improve the Co dispersion and stimulate the formation of Co particle with
comparatively identical size, bringing about the increase in Co surface area, turn-over-
frequency (TOF) and overall activity. Co is normally deposited on supports with high surface
area like SiO,, Al,O3, TiO, and carbon materials with the aim to advance the dispersion of

active Co metal species [32].
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2.4. Activation of cobalt based catalysts

It is always very important to activate a catalyst before an FT reaction [33]. The last step in
cobalt-based catalyst preparation usually involves calcination in air that yields cobalt oxides.
These species must be reduced to metallic cobalt, the active form for the FT reaction. The
reducibility of cobalt plays a central part in the activity of supported cobalt catalysts and on
the product selectivity. Cobalt reducibility is determined by cobalt dispersion [34]. High
metal dispersion and good reducibility of the catalyst are necessary to achieve higher catalyst
activity [15]. These requirements seem conflicting; a strong interaction between cobalt and
widely used support materials such as titania, silica, zirconia and alumina produces cobalt
species with a high dispersion, but these vastly dispersed cobalt species possibly will be
reduced at high temperatures. One way to improve the reducibility of cobalt catalysts is to
reduce the interaction between the metal and the support by adding another metal which acts
as a catalyst promoter [12]. For instance, adding a second metal on a support prior to addition
of cobalt could minimise the interaction between Co and the support material by generating a
support enclosed within the second metal [15]. Another way could be an optimal selection of
the reducing gas mixture. Therefore, this section will discuss the effect of promoters and the

composition of reducing gas mixtures on cobalt catalyst reducibility.

2.4.1. Effect of catalyst promoters

A number of researchers have revealed that adding a small amount of noble metal such as Ru,
Re or Pt boosts the activity of cobalt based FT catalysts. However, it is still unclear whether
or not these promoters affect the product selectivity [1]. The activity of a supported Co
catalyst is a function of the reducibility of Co. To improve Co reducibility, which is well
dispersed on a support, a trivial quantity of noble metal such as Pt, Ru, Ir, Re or Pd may be
added.

2.4.1.1. Promotion with Ru

There are many researchers who described Ru as a catalyst promoter for cobalt catalysts in
the FTS process to improve cobalt reducibility and CO conversion. Ru has been described to
enhance the reducibility and activity of supported cobalt catalysts [35, 36]. This has been
reported to be the result of hydrogen spillover from Ru being able to advance the reduction of
cobalt oxides. Adding Ru has been widely reported to considerably increase the turnover
rates on cobalt-based catalysts, and it has been suggested that Ru inhibits the deactivation of
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cobalt catalysts by catalysing the hydrogenolysis of carbonaceous deposits [37]. Ru has been
reported in the literature [38] to act as a structural promoter for Co-based catalysts which
avoids the accumulation of cobalt oxide particles during calcination and results in high
activity for FT and improves selectivity for longer chain hydrocarbons.

The existence of Ru in a catalyst moves both Co reduction peaks to lower temperatures [39].
Ru is reported to have an incredible promoting influence on the performance of a cobalt
catalyst. Hosseini et al. [35] studied the effect of Ru loading on the activity and selectivity of
a catalyst using typical FT operating conditions. The outcomes indicated that, up to 1.5%
loading, the Ru promoter boosted catalyst activity and longer chain hydrocarbon selectivity.
Comparable results over Ru-promoted Co catalysts were found by Xu et al. [40]. Based on
Kapoor et al. [41] findings Ru promoted cobalt-based catalyst tend to favour the formation of

Cs. hydrocarbons.

2.4.1.2. Promotion with Re

Adding Re to a Co/Al,O3 catalyst considerably increased the catalytic activity for FT, while
the selectivity stayed unaffected [42]. It was proposed that the higher activity was a result of
better reducibility and an increased number of active cobalt sites. Promotion with Re is
reported to improve the hydrogenation rate of the CO. Bertole et al. [43] studied the effect of
Re on the performance of Co catalyst and found that Re did not have an impact on either the
catalyst activity or the selectivity of CH,4. The existence of the Re promoter only diminished
the CH,4 formation and hardly increased the selectivity of heavy weight hydrocarbons. On the
other hand, a Re promoter was noticed to have a small influence on the total gaseous (C>—C,)

olefin and paraffin distribution.

2.4.1.3. Promotion with Pt

Pt can also act as a catalyst promoter for cobalt-based catalysts. According to Schanke et al.
[44] adding a small quantity of Pt (0.4 wt.%) can significantly increase the reducibility of
supported cobalt-based catalysts. This statement was also supported by Li et al. [45] and
Jacobs et al. [46]. The addition of Pt was found to increase oxygenate formation. Pt as a
promoter was found to slightly increase WGS activity and oxygenates production [47]. In
addition, the presence of a Pt promoter has been reported to increase CH, formation and

slightly decrease Cs. selectivity. According to Vada et al. [42] promotion with Pt does not
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influence the selectivity of hydrocarbon under typical FTS conditions. The apparent turnover
frequency (TOF) increase as a result of promotion has been attributed to a higher coverage of
sensitive intermediates, and this statement is in agreement with what has been reported by
Iglesia [48].

2.4.1.4. Promotion with Pd

Pd has also been known to assist the reduction of cobalt oxides [49, 50]. It is generally known
that noble metal promoters advance the extent of Co catalyst reduction and consequently
increase the conversion of CO. Pd as a promoter on a cobalt catalyst can act as an adsorption
site for H, and improve the hydrogenation rate in FTS but has not been noticeably
investigated [1]. Such enhancement may possibly provide vital paraffin products and avoid
the formation of hard waxes, which are inactive carbons that cause catalyst deactivation.
Some researchers revealed that the addition of Pd to Co/SiO, caused an increase in the
relative fraction of paraffin’s during FTS. This influence was credited to a higher
concentration of surface hydrogen on the Pd promoter. Osakoo et al. [51] related
physicochemical properties of Co/SiO, prepared by both incipient wetness impregnation in
absolute ethanol and precipitation with a reverse micelle technique and their influence on the
addition of Pd. They found that adding 0.2%wt of Pd improved the reducibility of cobalt,
catalyst activity for FTS and selectivity of paraffins. Moreover, adding 1.0%wt of Pd was

found to promote the formation of methane, hence the conversion declined.

2.4.1.5. Promotion with Au

Adding small amount of Au is well-known for improving the reducibility of cobalt oxides
[52-54]. According to Jacobs et al. [50], adding small amount of Au into Co/Al,0O3; enhanced
cobalt oxide reducibility as well as improved the density of surface cobalt sites. The
mechanisms for these promoting effects take account of hydrogen spillover and formation of
bimetallic particles. If Au is used as a promoter, the turnover frequencies (TOF) usually
decline to a certain value and then become constant, as the amount of metal increases in the
catalyst. It is generally acknowledged that Group 11 metals (including Au) segregate to the
catalyst surface and mount up first in highly active low coordinated surface sites and as a
result this causes the reduction in the TOF [55].
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2.4.2. Effect of reducing gas

Traditionally, hydrogen is used for activating cobalt catalysts. However, other reducing
mixtures have been considered in order to overcome a number of challenges related to the
activation process with hydrogen. Studies involving carbon monoxide and carbon monoxide-

containing mixtures used for cobalt catalyst activation are reviewed in this section.

2.4.2.1. Cobalt activation with CO

Generally, reduction of supported a Co catalysts with CO containing gas mixture occurs in a
two-step reduction but it is more complex because of cobalt carbide formation and carbon
deposition [56]:

Step 1 : C0304 +CO — CoO + COp .o, (2.2)
Step 2 : CoO + CO — CO+COp .oviresir e, (2.3)
£ 2C00 +CO —> CHCO2 v, (2.4)

CO has been reported to prevent a catalyst from strong interaction with the support and to
lead to rapid cobalt carbide formation [57]. Luo et al. have reported that a catalyst activated
using CO outperformed a catalyst activated in the presence of H; [58].

Jongsomjit and Goodwin Jr [26] measured a lower methane selectivity when a cobalt-based
catalyst was reduced in the presence of CO. Pan and Bukur [59] activated a Co/ZnO Fischer-
Tropsch catalyst with CO (25 bar and 215°C) and found that CoO and Cos04 were the main
cobalt phases in the catalyst with Co,C and Co® as minor phases. They found that cobalt
reduction started to take place at a lower temperature when CO was used as a reducing agent
as compared to when H, was used. Moreover, the catalyst activated in the presence of H,
yielded higher CO conversion, lower methane selectivity and higher Cs. product selectivity
as compared to the catalyst activated using CO. Azizi et al. [27] suggested that a catalyst
reduced by H, showed the best catalytic performance as compared to catalysts reduced using
either CO or syngas and had higher selectivity towards C,-C4 hydrocarbons and low methane
selectivity.
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2.4.2.2. Cobalt activation with CO/H», mixture

A Co Catalyst activated by syngas for FT was reported to result in higher activity, low
selectivity to CHy, higher selectivity towards Cs: hydrocarbon products and higher C3-Cs
olefin to paraffin ratio as compared to catalyst activated by H, during an entire reaction [33].
This was explained by better catalyst reduction and dispersion for syngas-reduced catalyst
samples. Catalyst activation by syngas was reported to be followed by the formation of
carbon nanostructures, which are catalysed by cobalt particles [60]. The reduction of the
cobalt oxide to metallic cobalt perhaps may be preferred to the use of H, in syngas, and the
sintering of cobalt catalyst particles could be prevented by the formation of carbon
nanostructures supporting the dispersion of cobalt particles. Pan et al. [61] reported the
lowest quantity of methane over a cobalt catalyst activated in CO/SG.

2.4.2.3. Sequential activation with H,/CO/H,

Activation of a cobalt catalyst by reduction in the presence of H, followed by carburization in
CO followed by reduction with H, treatment (H,/CO/H,) gave good catalytic activity (i.e.
resulted in higher conversion of carbon monoxide and higher rate of reaction per unit mass of
a catalyst), and did not influence product selectivity, and increased activity and improved
selectivity [61]. The composition of a reducing gas mixture and the temperature at which the
catalyst is activated has an impact on the different phases of cobalt which can be formed
which can in turn have an effect on the performance of the catalyst [60]. Thus, not only
metallic cobalt metal (Co®) will be available after activation, but different phases of cobalt
carbides and oxides can be obtained when H,, CO or a H, + CO mixture (syngas) are used. It
has been testified in the literature that a three-step activation process involving H, reduction,
followed by carburization in CO and later H, treatment (H,/CO/H, activation) resulted in
enhanced activity with no influence on selectivity [57] and gave both superior activity and
better selectivity [62]. The existence of a hexagonal metallic cobalt phase which is produced
in the last stage of reduction (activation) is related to the high catalytic activity. The BET
surface area and the pore volume was reduced when the catalyst was activated with CO/SG
relative to a CO activated catalyst hence the size of the pore did not considerably change
[61].

Pan et al [61] established that activation of the catalyst, expressed in terms of CO conversion,

tended to follow the following sequence: CO reduced < H; reduced < CO/SG reduced. In
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addition, the catalyst activated in the presence of CO/SG was described to give the best
activity and generated the lowest quantity of methane which is an undesirable component in
FT reaction. Differences in methane selectivity are ascribed to dissimilarities in the degree of
conversion; therefore poor methane selectivity is allied with advanced conversion. Cobalt
based catalyst performance in the FT reaction depends on the availability and the quantity of

active sites of cobalt [63].
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CHAPTER 3: RESEARCH METHODOLOGY

3.1. Introduction

The central objective of this chapter is to provide information on the main steps, procedures
and apparatus used in order to accomplish the goals of this project. The project was
comprised of a literature review, catalyst preparation, catalyst characterization and catalyst

evaluation.

3.2. Materials and chemicals used

3.2.1. Gases

All gasses used in this study were of ultra-high purity (UHP) and supplied by AFROX. The

details on all gases used are outlined below.
Calibration gas mixture

This gas mixture was used to calibrate the gas chromatograph (GC) and had the following
molar composition:

CzH4: 0.98 %

C,He: 0.98 %

CO,:4.8%

CH4:5.2%

CO: 24.0%

N,: 10.4 %

H,: Bal

Synthesis gas
The synthesis gas was used for FT runs. It contained 10 % N, 30 % CO with H, balance.

Nitrogen was used to purge and flash the system and for pressurizing the system to check for
leaks before starting an FT run.

GC carrier gases

» Pure Ar was used as a carrier gas for the thermal conductivity detector
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» Pure H; and air were used as flame gases and H, was also used as carrier gas for the

flame ionization detector.

Gases used as reducing agents:
» 5% Hy/Arand 5 % CO/He were used during reduction
> 10 % Hy/Ar and 10 % CO/He were used to perform temperature programmed
reduction and chemisorption.
3.2.2. Chemicals

Cobalt nitrate hexahydrate [Co(NOs3),.6H,0] was used to load Co metal on the Al,O3
support. Both cobalt nitrate and the alumina support were supplied by Sigma-Aldrich.

3.3. Equipment used

Various equipment were used to achieve the objectives of this project. A drying oven was
used to dry both the blank support and the impregnated support before calcination to remove
moisture from the sample. The calcination oven was used to remove excess moisture in both
the blank support and the impregnated support and to convert cobalt nitrate to cobalt oxide on

the impregnated support.

A number of characterization procedures were employed in this project. An X-Ray
diffractometer (RigakuUltima 1V) was used to determine the structure of the catalyst. A
Micrometritics ASAP 2460 was used to perform the Brunauer-Emmett_Teller (BET)
analysis. A vega 3 XMU was used to perform scanning electron microscopy (SEM)
measurement in order to determine the morphology of the catalyst. A Micrometritics ASAP
2020 was used to perform H,-chemisorption on the catalyst. Temperature programmed
reduction (TPR) was conducted using a Micromeritics Autochem Il. A TESCAN Vega 3
XMU was used to perform SEM analyses.

The catalyst was tested for Fischer-Tropsch using a fixed-bed tubular reactor constructed at
the university. The reactor used was 400 mm long with the internal diameter of 6 mm.

Fischer-Tropsch products were analysed using a DANI Master GC.

3.4. Experimental Procedure

The various steps followed in order to accomplish the objectives of this project are detailed in

this section and include catalyst synthesis, characterization and testing.
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3.4.1. Catalyst synthesis

3.4.1.1. Support preparation

The support was prepared by mixing 25 g of Al,O3 with 20 g of distilled water and dried in
air at 120 °C for 24 hours. The support was then calcined in air at 500 °C for 10 hours [1].

3.4.1.2. Catalyst preparation

The catalyst was prepared by wetness impregnation of the support using an aqueous solution
of cobalt nitrate (CoN,0¢.6H,0). The impregnating solution was added to the Al,O3 to give a
cobalt metal loading of 15 % by mass. The impregnated support was dried in air at 120 °C
and calcined in air at 500 °C for 10 hours to decompose and convert the cobalt nitrate to
cobalt oxide [1].

3.4.2. Catalyst characterization

3.4.2.1. X-Ray diffraction (XRD) analysis

XRD analysis was conducted on an ENRAF NONIUS FR590 powder diffractometer using
Cu-Ka radiation. XRD is a quick analytical method predominantly applied to detect phases of
a crystalline material and may perhaps make available evidence on unit cell sizes. The
analysed sample is finely crushed, made uniform, and the average bulk structure is

determined. Figure 3. 1 shows the X-ray diffractometer that was used to perform XRD

analysis for this study.

Figure 3. 1: X-ray diffractometer
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3.4.2.2. BET analysis

Surface area and porosity are capable of influencing the quality and usefulness of various
materials. As a result, it is essential to define and manipulate them correctly. Equally, the
understanding of porosity and surface area are often vital keys in understanding the structure,
formation and possible uses of different natural materials. BET was employed to determine
catalyst surface area and pore distribution in the catalyst. Nitrogen gas was used in all the
BET surface area measurements. The analysis was done on the Micrometritics Tristar

apparatus shown in Figure 3. 2.

Figure 3. 2: Micrometritics Tristar apparatus

3.4.2.3. Temperature programmed reduction (TPR) analysis

TPR analyses were performed to compare the behaviour of Co catalyst during reduction in
the presence of H, and CO correspondingly. The first analysis was performed with a gas
mixture containing 5 % H, in Ar and the second with 5 % CO in He. 100 mg of calcined
catalyst sample were initially loaded in a U-shaped quartz tube reactor and degassed using
nitrogen gas (30 ml/min) at 150 °C for 30 min and cooled to room temperature. The catalyst
was subsequently subjected to a continuous flow of the reducing gas mixture (5 % H; in Ar
or 5 % CO in He) and the reactor temperature was elevated to either 900 °C with a heating
rate of 10 °C or to 350 °C (10 °C/min and maintained isothermal at 350 °C). The flow-rate of

the reducing gas was kept at 30 ml/min for all the analyses and a thermal conductivity
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detector (TCD) was located at the reactor outlet to quantity the amount of H, or CO uptake.

The analysis was conducted on a Micromeritics Autochem Il shown in Figure 3. 3.

——\\_bt
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Figure 3. 3: Micromeritics Autochem 11

3.4.2.4. Scanning electron microscopy (SEM) analysis

SEM is a technique that produces information of a sample by irradiating sample with
electrons [2]. The electrons inferat with atoms in the sample, generating information signals
that can be detected and that provide data on the sample's surface topography and
composition. The analysis was used to study the morphology of the catalyst. A TESCAN
Vega 3 XMU was used to perform SEM analysis and is shown in Figure 3. 4.

Figure 3. 4: TESCAN Vega 3 XMU
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3.4.3. Catalyst evaluation for Fischer-Tropsch reaction

The catalyst was evaluated for Fischer-Tropsch reaction in a fixed bed reactor constructed at
the university. A 0.5 g sample of the catalyst was loaded in the reactor and various
parameters such as the space velocity, pressure, temperature and effect of reducing gas
mixture were evaluated. The catalyst was activated by reducing with either 5 % H, in Ar or 5
% CO in He for 17 hours to convert cobalt oxide to metallic cobalt since this is the active
form for FTS. The flow rate of the reducing gas mixture was set to 30 ml/min at atmospheric
pressure. The temperature was elevated from room temperature to either 350 °C or 300 °C at

a rate of 10 °C per minute and kept there for 17 hours.

FT runs were performed using syngas as a feed containing 10 % N, 30 % CO and 60 % H..
The outlet gas products were analysed using a Dani master gas chromatograph (GC)
equipped with thermal conductivity detector (TCD) and flame ionisation detector (FID).
Pictures showing the GC and the FT rig used in this study are shown in figure 3.5.

Figure 3. 5: a) Dani master GC and b) fixed bed reactor setup

N2 (10 %) was present in the reaction feed as an internal standard used for accurate

calculations of the CO conversion.
As N, was inert under FT conditions, its balance was written in Equation 3.1

ﬁTin' %Nzin == l:lTout' %Nzout .................................................... (31)

Where ng, and np_ . are the total molar flow rate in and out of the reactor and %Nz, and

%N,y are the percentahe of N, flowing in and out respectively.
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The %CO conversion was calculated as follows:

; nco fico;, —Nco
%CO conversion = —Xeacted x 1009 = —2 out

- DO X 100% (3.2)
Where

fg0y, = A, X Y0C01n oveveeeeseeeseeeee e (3.3)
A00ge = MTyue X Y0C00UE. + e vevrrereeeseseeee e, (3.4)
fr %N, = Bp TN L v (3.5)
fip, T//lizt .................................................................... (3.6)

After substitution of equations 3.3 to 3.6 in equation 3.2, the % CO conversion was
calculated as

%N2.
in
N ).%coout

out

%COjp

%com—<

%CO conversion = X 100% .oovvvviiii (3.7)

The rate of CO conversion was calculated as:
—rCO = fiy, . %C0;y. —ooConversion e (3.8)

100

The rate of CH,4 production was calculated as:

The selectivity of CH4 was expressed as follows:
CH, Selectivity = Z0% X 100% ......o..voeeeeeeeeeeceee e (3.10)

CO

The selectivity of C,-C, was calculated using the following expression
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[(rCnHn41+1rCnHn42)Xn]

— X 100 <o, 3.11)

Cpselectivity =
Where n is the number of carbons (positive integer 2, 3 or 4)

The selectivity of Cs. was calculated as follows:

Cs.selectivity = 100% — CHyselectivity — ).(C, + C3 + C,) selectivity .....(3.12)
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CHAPTER 4: RESULTS AND DISCUSSIONS

4.1. Introduction

The results generated in this study are presented and discussed in this chapter. The data
include catalyst characterization and testing results. Characterization analyses were
performed on the fresh catalyst sample and on catalyst samples after reduction using 5%
Ha/Ar or 5% CO/He respectively.

A number of Fischer-Tropsch reaction runs were performed using both H,- and CO-reduced
catalyst samples and various space velocities. The performance data for FT reaction,
respectively over H,- and CO-reduced catalyst samples are compared

4.2. Catalyst characterization
4.2.1. Brunauer, Emmett and Teller (BET) Analysis

BET analysis was performed on both the blank calcined y-Al,O3 support and the fresh
calcined Co/Al,O; catalyst. The BET surface area, total pore volume and average pore size

are presented in table 4.1 below.

Table 4. 1: Summary for BET analysis data

Calcined blank Al,O3 Calcined 15%Co/Al,04
support catalyst
BET surface area [m?/g] 123.6 110.0
Pore Volume [cm®/g] 0.229 0.193
Pore size [nm] 56.2 62.0

The BET surface area and the total pore volume for the calcined y-Al,Os-supported cobalt
(Coly-Al,O3) catalyst were found to be 110m?/g and 0.193cm®/g respectively. These values
were lower than those for the blank y-Al,O3 support which had a surface area of 123.6 m%/g
and pore volume of 0.229cm®/g. The decrease in surface area and pore volume after addition
of cobalt metal is possibly due to some cobalt being deposited inside the pores of the y-Al,O3
support [1]. An increase in pore size from 56.2 to 62 nm was measured upon cobalt addition
to the support. This could suggest that some pores possibly collapsed during the second
calcination process used to decompose the added cobalt nitrate to cobalt oxide.
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4.2.2. TPR analyses

TPR analyses were performed to study the catalyst reduction behaviour in a presence of CO-

or Hp-containing gas mixture. The data are presented in figure 4.1.

TCD Signal |a.u]

150 250 350 450 550 650 750 850
Temperature [°C|

Figure 4. 1: TPR profiles for: a) blank Al,O3 support in presence of 10% CO/He, b) Co/Al,0O3
catalyst in presence of 10% CO/He and c) Co/Al,O3 catalyst in presence of 10% Hj/Ar.

When the Co/Al,O3 catalyst reduction was conducted with CO/He (fig. 4.1a), the first peak
started at ca. 180 °C and reached its maximum at ca. 250°C. This peak was followed by a
second peak with a maximum at ca. 320°C before observing a huge peak that started at 330°C
and extended to 850°C. To facilitate peak identification, a similar analysis was performed on
a blank Al,O5; support and the profile is reported as fig 4.1b. Although the latter had an
unstable signal, it showed a rapid increase in TCD signal that also started at ca. 330°C and
was extended to higher temperatures. This was attributed to carbon deposition on the sample.
Therefore, the first two peaks observed at ca. 250 and 320°C for the Co/Al,O3 catalyst in
presence of 5% CO/He were respectively attributed to the two-step reduction of cobalt oxide

species to CoO and Ca° respectively following equations 4.1 to 4.3.
Step 1: Co304 + CO — 3C00 +CO2. v, 4.1)

Step 2: 3Co0 +3CO — 3Co+3C00....iviiiiiiiiiiii, (4.2)



The overall reaction is
C0304 +4C0O = 3COH4CO . ..o, 4.3)

The first peak for the Co/Al,O3 sample in presence of 5% H,/Ar (Fig. 4.1c) started at ca. 225
°C with its maximum at 280 °C and was attributed to the first step reduction of Cos0,4 species
to CoO. The second peak with a maximum at 352°C was attributed to the reduction of CoO to
Co® and was followed by an extended peak from ca. 400 to 680 °C attributed to the reduction

of cobalt species in strong interaction with Al,O3 support.

The two-step reduction of cobalt oxide species in presence of H, can be summarized by

equations 4.4 to 4.6
Step 1: Co304 + Hy — 3C0o0 +H20....ooiiiiiien, (4.4)
Step 2: 3Co0 + 3Hy; = 3Co +3H20. i, 4.5)

And the overall reaction is written as:
Co304+4H; > 3Co+3Ho0. oo, (4.6)

The data in figure 4.1 show that the two-step catalyst reduction to Co® using CO in He occurs
at lower temperatures (ca. 30 — 32 °C lower) compared to reduction using H, in Ar. This

suggests that CO improves Co/Al,O3 catalyst reduction.
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4.3.3. XRD analyses

XRD analyses were performed on the catalyst to compare the structure of the calcined
support (y-Al,O3), the fresh y-Al,O3-supported cobalt catalyst (CoszO4/y-Al>,O3) and Co/ y-
Al,O3 catalyst samples after reduction using H,- or CO-containing gas at 300 and 350°C

respectively. The data are summarized in figure 4.2.

+ Co304 e Al203 mCo CoO

& [ ] [ ]
a

e o b
El .
S, 3 E%- [ ] u m
%) C
*g . o
o b n d
(@)

[ ]
|
[ ]
o . . ¢
| ‘ l' ‘ e
»-.....-»J Sy et f
10 20 30 40 50 60 70

0 80 90 100

20 [degree]

Figure 4. 2: XRD data for a) Hp-reduced catalyst at 300 °C; b) CO-reduced catalyst at 300 °C;
¢) H,-reduced catalyst at 350 °C; d) CO-reduced catalyst at 350 °C; e) calcined fresh catalyst
(Co304/Al,03) and f) calcined blank y-Al,O3 support

Three major diffraction peaks which were due to gamma Al,O3; were observed at diffraction
angle 20 equal to 39.9° 45.9° and 67.7°. Diffraction peaks corresponding to Coz0, particles
in the fresh calcined catalyst (fig. 4.2 e) were detected at diffraction angles 20 equal to 19°,
31.4°% 59.2° and 65.3°. These are additional peaks which are not observed on the XRD
patterns for the blank Al,O3 support (fig. 4.2 f). The crystallite size for Co30,4 as predicted

using the Williamson-Hall method was found to be 50 nm.

The XRD patterns after the catalyst was activated with CO and H, were found to be similar.
After reduction at 300°C, both H,- and CO-reduced (fig. 4.2 a and b) catalyst samples
contained CoO as major cobalt phase. CoO and Co® were the major cobalt forms in the
catalyst samples reduced using H (fig. 4.2 ¢) and CO (fig. 4.2 d) at 350 °C.
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4.1.3. SEM analyses
SEM analyses were performed to study the morphology of Co/Al,O3 samples after reduction

using 5%H,/Ar or 5%CO/He at 300 and 350°C respectively. The results are summarized in
figure 4.3

-
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Figure 4. 3: SEM micrographs for a) CO- reduced catalyst at 300°C, b) H, -reduced catalyst
at 300°C, ¢) CO-reduced catalyst at 350°C and d) H, reduced catalyst at 350°C.

The micrographs show some levels of coverage of CO-reduced catalyst samples (fig. 4.3 a
and c) by some amorphous materials. This was not observed on H,-reduced catalyst samples
(fig. 4.3 b and d). In combination with TPR data discussed in section 4.2.2, the covering
material is believed to be deposited carbon.
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4.3. Fischer-Tropsch catalyst evaluation

4.3.1. Effect of space velocity on H,-reduced Co/Al,O3 catalyst

The CO conversion, CH, selectivity and CO conversion rate results when the catalyst was
reduced with 5%H,/Ar are presented in figure 4.4 below.
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Figure 4. 4: Effect of space velocity on CO conversion, CH, selectivity and CO conversion
rate

The CO conversion was found to possess an inversely proportional trend with respect to the
space velocity. At 4 ml/gcat/min the CO conversion was ca. 13.7%. Increasing the space
velocity to 14 mil/gcat/min resulted in CO conversion decreasing from 13.7% to 12.2%.
Further increase of the space velocity to 20 ml/gcat/min did not significantly have an impact
on the CO conversion as it only decreased to 12%. The rate of CO conversion was found to
linearly increase with the space velocity. As the latter was increased from a lower value of 4
to 14 and 20 ml/gcat/min, the CO conversion rate increased from 0.414 x 10° to 1.293 x 10°
and 1.810 x 10® mmol/gcat/h respectively.

Increasing the space velocity resulted in a decrease of reactants residence time in the reactor
and explains the decrease in CO conversion as the space velocity was increased. The increase
in CO conversion rate with an increase in space velocity can be explained by the following: i)
Improved mass transfer in the catalyst. Liu et al.[3] also observed a similar behaviour where
the specific activity of a SiC-supported cobalt catalyst increased from 0.46 to 0.55 and 0.77 g

of hydrocarbons/gCat/h when the gas hourly space velocity was increased from 1900 to 2600

35



and 3800 h™* respectively. This was explained by a higher liquid hydrocarbons removal rate
from the catalyst at higher space velocities. ii) Higher reactants partial pressures at higher
space velocities as the CO conversion was low. The CH4 selectivity was not significantly
affected by the space velocity as it showed a tendency to fluctuate between 5% and 6%.

Figure 4.5 shows Cs; selectivity as function of the space velocity
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Figure 4. 5: Effect of space velocity on Cs. selectivity

Increasing the space velocity from 4 to 14 and 20 ml/gcat/min did not significantly affect Cs.
product selectivity as corresponding values of ca. 94.6, 93.6 and 94.5% were respectively

obtained.
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Figure 4.6 shows the effect of space velocity on the olefin to paraffin (O/P) ratio.
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Figure 4. 6: Effect of space velocity on O/P ratio for: a) C,; b) C3;¢c) C4and d) Cs

The olefin to paraffin ratio for C, hydrocarbons did not significantly change as it remained

between 0.35 and 0.47 when the space velocity was increased from 4 to 14 and 20

ml/gcat/min. On the other hand, the olefin to paraffin ratio for C3 hydrocarbons seems to be

directly proportional to the space velocity. Increasing the space velocity from 4 to 14 and 20

ml/gcat/min resulted in the olefin to paraffin ratio increasing from 1.46 to 1.84 and 2.04

respectively. A similar trend was also noticed for C4 hydrocarbons. As the space velocity was

increased from 4 to 14 and 20 ml/gcat/min, the olefin to paraffin ratio also escalated from a

lower value of 0.97 to 1.06 and a higher value of 2.19. Increasing the space velocity from 4 to

14 ml/gcat/min caused the Cs olefin to paraffin ratio to increase from 0.34 to 0.76. Further

37




increasing the space velocity from 14 to 20 ml/gcat/min resulted in a slight decrease in olefin
to paraffin ratio from 0.76 to 0.63.

It is known that at lower space velocity the residence time increases and therefore the
possibility of products formed during Fischer-Tropsch to undergo secondary reaction (i.e.
hydrogenation of olefin to paraffin) increases. Thus, olefin to paraffin ratio generally
increases with increasing the space velocity [4].
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Figure 4.7 below shows how the space velocity influenced the chain growth probability (a) for olefin, paraffin and overall products.
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Figure 4. 7: Effect of space velocity on alpha (based on gas products) for a) olefins; b) paraffins and c) overall hydrocarbons

39



Within experimental error, the data suggest that the chain growth probability was not
significantly influenced by the space velocity. Values for the chain growth probability of ca.
0.48, 0.43 and 0.44 for olefins; 0.72, 0.80 and 0.78 for paraffins, resulting in overall chain
growth probability of 0.61, 0.65 and 0.62 were respectively obtained when the space velocity
was increased from 4 to 14 and 20 ml/gcat/min.
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4.3.2. Effect of space velocity on CO-reduced catalyst

Figure 4.8 below shows the CO conversion, CH, selectivity and CO conversion rate as
function of space velocity over a CO-activated Co/Al,O3 catalyst.
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Figure 4. 8: Effect of space velocity on CO conversion, CH, selectivity and CO conversion
rate

It was observed that CO conversion linearly decreased with increasing the space velocity.
Increasing the space velocity from 4 to 14 ml/gcat/min caused the CO conversion to decline
from a value of 33.1% to 24.8%. As the space velocity was further increased to 20
ml/gcat/min, the CO conversion went down to a lower value of 18.8%. As expected, the rate
of CO conversion was found to increase with increasing the space velocity. As the space
velocity was increased from 4 to 14 and 20 ml/gcat/min, the rate of CO conversion also
increased from 0.999 x 10 to0 2.619 x10™ and 2.843 x 10 mmolCO/gca/h respectively. A
similar trend was observed for the Hj-activated catalyst as discussed in section 4.2.1 and was
explained by high rate of liquid product removal from the catalyst and high partial pressures

of reactants at high space velocities.

The CH, selectivity was found to decrease with increasing the space velocity. When the
space velocity was increased from 4 to 14 and 20 ml/gcat/min the CH, selectivity decrease
from ca. 28 to 17 and then 15% respectively. Generally, the selectivity of CH, decreases with
increasing CO conversion rate (lower space velocity or longer residence time). This has been
reported to be a result of olefins competing with methyl groups for surface sites which in turn

improves the readsorption of the olefins at lower space velocities, causing methyl
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intermediates to decrease and therefore results in the decrease in CH4 production [5]. Also,
Everson et al. [6] investigated the effect of space velocity on product selectivity and found
that at temperatures lower than 275°C, as the space velocity increases, the CO conversion
decreases; hence the selectivity of methane decreases and Cs. selectivity increases as the
conversion decreases. This was explained by the hydrogenolysis of longer chain
hydrocarbons at temperatures lower than 275°C and low CO coverage. Secondary

hydrogenolysis which may generate methane has been reported to take place on FT catalysts
[3, 7]

Figure 4.9 shows the influence of space velocity on Cs. products
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Figure 4. 9: Effect of space velocity on Cs. selectivity

It can be observed that the selectivity of Cs. products was positively influenced by increasing
the space velocity. Increasing the space velocity from 4 to 14 and 20 ml/gcat/min resulted in

an increase of Cs. products selectivity from ca. 72 to 83 and 85% respectively.
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The effect of space velocity on O/P ratios is summarized in figure 4.10.
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Figure 4. 10: Effect of space velocity on Olefin/paraffin ratio of a) C,; b) Cs; ¢) Cy; d) Cs; €)
Csand f) C;

Within experimental error, the overall data suggest that the space velocity did not have a
significant effect on the O/P ratio. The O/P remained around 0.59 — 0.75, 1.2 - 1.4, 1 — 1.3,
0.75 - 0.76, 0.4 — 0.7 and 0.31 — 0.45 for C, (Fig. 4.8a), C3 (Fig. 4.8b), C,4 (Fig. 4.8¢c), Cs
(Fig. 4.8d), C¢ (Fig. 4.8e) and C; (Fig. 4.8f) hydrocarbons respectively when the space

velocity was varied from 4 to 20 ml/gCat/min.
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The effect of space velocity on the chain growth probability is summarized in figure 4.11.
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Figure 4. 11: Effect of space velocity on the chain growth: ASF plot of a) Olefin; b) Paraffin and c) Overall
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It can be observed that the chain growth probability a for olefin products (fig. 4.9a) increased
with increasing space velocity. Values of 0.44, 0.50 and 0.50 were obtained for space
velocities of 4, 14 and 20 ml/gcat/min respectively. The alpha value for paraffins (fig. 4.9b)
was also found to increase with increasing the space velocity. Increasing the space velocity
from 4 to 14 and then 20 ml/gcat/min caused the chain growth probability to increase from
0.56 to 0.61 and 0.63 respectively. The overall chain growth probability (fig. 4.9¢c) was also
found to increase with the increase in the space velocity. Values of 0.48, 0.52 and 0.54 were
obtained for space velocities of 4, 14 and 20 ml/gcat/min respectively. These data are
consistent with those presented in figures 4.6 and 4.8 which respectively showed a decrease
in methane selectivity and an increase in Cs. products selectivity with an increase in space

velocity.
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4.3.3. Catalyst activation with CO compared to H,

In this section, the performance of CO-activated catalyst for FT reaction is compared to that of the H,-activated catalyst. The catalyst samples

were reduced at 300 and 350°C respectively. The data are summarized in table 4.2.

Table 4. 2: FT catalyst evaluation over CO- and H,-reduced Co/Al,O3 catalyst

Catalyst

Carbon-based selectivit .
Catalyst Space reduction co. -rCox10° [%] Y O/P ratio rCs.
reducing velovity conversion 0
. . temperatute 0 [mol/h/gCat] [g/gCat/h]
gas [ml/gca/min] oC [%]
[C] CH;, C;-Cq Cs Cc C C GC GCo G
5% Ho/Ar 20 300 11.58 1.749 3.28 0.0084 96.71 001 239 223 080 043 0.29 2.369
4 350 13.69 0.414 569 0.0117 94.30 035 146 0.97 034 057 0.17 0.546
14 350 12.23 1.293 6.55 0.0067 93.45 047 184 106 076 031 O 1.692
20 350 11.98 1.810 5.68 0.0084 94.31 039 204 219 0.63 0 0 2.39
5%CO/He 20 300 14.85 2.244 831 0.2150 91.48 0.00 144 232 135 1.06 0.66 2.874
4 350 33.05 0.999 27.94 0.1118 71.95 074 121 128 0.76 056 0.44 1.006
14 350 24.76 2.619 16.94 0.1014 82.95 06 136 111 0.79 048 0.33 3.042
20 350 18.81 2.843 15.00 0.0645 84.94 074 135 109 0.76 067 0.32 3.380
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The data in table 4.2 show that, under similar operating conditions, CO-reduced catalyst
samples exhibited higher catalyst activity and methane selectivity with higher net rate for Cs.
formation compared to Ho-reduced catalyst samples. For example, 15% CO conversion, 8.3%
CHj, selectivity and a rate of Cs. production (rCs.) of ca. 2.9 g/gCat/h were obtained for the
catalyst sample reduced at 300°C using 5% CO/He compared to respective values of ca. 12%
CO conversion, 3.3% CH, selectivity and rCs. of ca. 2.4 g/gCat/h] for catalyst sample
reduced at the same temperature using 5% Hj/He. The high activity for the CO-reduced
catalyst could be due to better catalyst reduction as suggested by TPR data discussed in
section 4.2.2. The high methane selectivity measured on CO-reduced catalyst samples could
be due to some possible cobalt carbide in the catalyst. Even though XRD data did not show
any significant peak for cobalt carbide, the deposited carbon on the catalyst surface (as
suggested by TPR and SEM data) could be the cobalt carbide precursor during FT reaction.

Cobalt carbide has been reported to be more selective for CH, formation [8].
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CHAPTER 5: CONCLUSIONS

The aim for this project was to investigate the effect of activating a Co/Al,O3 catalyst with
5% CO/He or 5% Hy/Ar on its performance for FT reaction. The catalyst was prepared by
incipient wetness impregnation of the support with cobalt nitrate solution and calcined in air
at 500°C. BET, SEM, TPR and XRD analyses were used to characterize various catalyst
samples. FT reactions were performed in a fixed bed reactor at 220°C, 20 bar and space
velocities of 4, 14 and 20 ml/gcat/min using CO- and Hj-reduced catalyst samples
respectively. TPR data revealed that CO activates Co/Al,O3 catalyst at a lower temperature
than H,. Supplemented with SEM data, it was found that carbon deposits on the catalyst
surface during catalyst activation with CO. XRD data for catalyst samples reduced either with
CO or H, at the same temperature were found similar. The main form of cobalt species in
catalyst samples reduced by CO or H, at 300 °C was CoO. Co” and CoO were the major
cobalt phased for the catalyst samples respectively reduced by CO and H, at 350 °C.

Under similar catalytic testing conditions, CO-activated catalyst samples displayed higher
catalytic activity for FT reaction with higher rate of Cs; hydrocarbons formation than H,-
activated samples. The high methane selectivity measured on CO-reduced catalyst samples is
believed to be due to some possible cobalt carbide in the catalyst. It is believed that the

deposited carbon is the precursor for cobalt carbide formation during FT conditions.
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APPENDIX

Appendix A: Example of GC chromatogram
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Figure Al: TCD chromatogram
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Figure A2: FID chromatogram
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